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Celebrating 10 Years 
John Suh, MD, FASTRO, FACR

Ten years ago this October marked an excit-
ing event for ARO: the launch of our inaugural 
issue! Thanks to a tremendous team of board 
members, peer reviewers, managing editor, 
and dedicated supporters like yourselves, we 
have expanded from an online-only publica-
tion to both a print and web-based journal, 
offering numerous new features and improve-
ments over the years. These updates include 
free webinars and SA-CME opportunities, in-
troduction of research articles, a double-blind 
peer review system with an ever-growing  
panel of vetted peer reviewers, the Resi-
dent Voice editorial from ARRO leadership, 
biweekly enewsletters summarizing industry 
news, the ARO Insights blog, a climbing social 
media presence thanks to your support, and 
much more. We are very proud and grateful of 
how ARO has evolved over the past decade!

To commemorate our 10-year milestone, 
ARO has updated its look, enhancing read-
ability with artful uses of white space, color, 
and a modernized layout. We hope you enjoy 
the fresh new design, which is also featured 
in our sister publication, Applied Radiology, 
celebrating a whopping 50 years of service.

MRgRT: Magnetic Appeal 

While change is good and enlists its share 
of excitement, dependability strengthens 
trust. In every issue, ARO provides a stead-
fast array of quality editorial content to aid 
in the management and treatment of cancer 
patients. In this issue, which focuses on the 
promising field of MR-guided radiation thera-
py, we owe a special thanks to Stephen Rosen-
berg, MD, director of MRgRT at Moffit Cancer 
Center, for developing a fantastic lineup on 
the topic. Included are three comprehensive, 
SA-CME-accredited review articles on: MR 

guidance in SBRT for lung cancer treatment, 
advantages and limitations of integrating 
MRgRT into practice, and MRgRT for oligo-
metastatic cancer. The issue also features 
a well-written research article comparing 
provider costs of MRgRT with CTgRT for 
prostate SBRT delivery at a single institution. 
Adding to the theme is a Technology Trends 
article in which industry/clinical experts 
discuss the two primary MRgRT systems, 
time and workload needs, ablative doses, and 
future directions. 

We are also delighted to present the webi-
nar, MR-Guided Radiotherapy: Patient Selection 
and New Opportunities, which is moderated by 
Dr. Rosenberg and will complement the issue 
theme. This will be held on September 29th 
and archived afterward at https://appliedra-
diationoncology.com/webinars/on-demand. 
The webinar is free and features four expert 
panelists. We hope you can join us! 

In addition to the MRgRT focus, this issue 
also features: Analysis of the Radiation Oncol-
ogy In-Training Examination Content Using a 
Clinical Care Path Conceptual Framework, an 
excellent research article that challenges the 
current approach to residency education; 
the Resident Voice column, Improving Cancer 
Equity Through Advocacy, which amplifies 
the critical need to address disparities in our 
healthcare system; and two interesting case 
reports: Efficacy of Stereotactic Radiotherapy in 
Recurrent Intrahepatic Cholangiocarcinoma and 
Radiation Therapy in the Treatment of Plan-
tar Fibromatosis.

We hope you enjoy this issue and greatly 
appreciate your loyal support over the past 
decade! We look forward to your continued 
readership and hope to influence and opti-
mize the use of radiation oncology, a highly 
effective treatment for many patients. 

Dr. Suh is the editor-in-
chief of Applied Radiation 
Oncology, and professor 
and chairman, Department 
of Radiation Oncology at the 
Taussig Cancer Institute, 
Rose Ella Burkhardt Brain 
Tumor and Neuro-oncology 
Center, Cleveland Clinic, 
Cleveland, OH.

EDITORIAL
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Actualizing Risk-Adapted Thoracic SBRT  
with MR Guidance
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x-ray based, lung stereotactic 
body radiation therapy (SBRT) 
practices will likely be impacted 
by the emerging availability of MR 
guidance. This review provides 
an overview of the role of MR 
guidance in SBRT for the treatment 
of lung cancers. Limitations, 
data, and future directions for 
treatments are reviewed with a 
focus on peripheral, central, and 
ultracentral lung cancers.

Learning Objectives
Upon completing this activity, the 
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central, and ultracentral;
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based treatment of lung 
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Lung cancer is the leading cause 
of cancer death in both men and 
women in the US.1 Although most 
lung cancers are stage IV at the time 
of diagnosis,2 lung cancer screen-
ing enables the diagnosis of earlier 
lesions and reduces mortality.3 
Thoracic stereotactic body radiation 
therapy (SBRT) is a noninvasive 
alternative to surgery for patients 
with early stage lung cancers, and 
its use is supported by multiple 
studies including the randomized 
trial CHISEL, which compared SBRT 
to radiation therapy delivered with 
standard fractionation and demon-
strated improved local control with 
SBRT.4 Based on available data to 
date, 5-year tumor control with SBRT 
is considered around 90%.5,6

Randomized data comparing 
surgery with SBRT is more limited. 
Two randomized trials, STARS and 
ROSEL, which compared lobectomy 
to SBRT, were closed early due to 
slow accrual. A secondary un-
planned combined analysis showed 

excellent outcomes with SBRT, with 
3-year overall survival (OS) of 95%, 
3-year recurrence-free survival of 
86%, and grade 3 toxicity of 10%, 
with no grade 4 or 5 toxicities.7 After 
expansion of the SBRT arm of the 
STARS trial to a single-arm study 
with longer follow-up, 5-year OS was 
87% and 5-year progression free 
survival (PFS) was 77%, comparing 
favorably to a matched cohort of 
patients treated with surgery, with 
no differences in PFS or cumula-
tive incidence of local, regional, or 
distant failures. Three- and 5-year 
OS were higher with SBRT.8 Given 
the caveats of these analyses, further 
data are needed. Additional trials 
including the randomized studies 
STABLE-MATES (NCT02468024) and 
VALOR (NCT02984761) are underway.

Despite the excellent local control 
seen with SBRT, severe toxicities 
have been reported in tumors near 
the airways and mediastinal struc-
tures, leading to classification of 
tumors as peripheral (noncentral), or 

central (within 2 cm of the proxi-
mal bronchial tree including the 
distal 2 cm of the trachea and lobar 
bronchi).9 Within central tumors, 
ultracentral has emerged as a higher 
risk category of tumors.10 While the 
definition of ultracentral has differed 
across studies, ultracentral generally 
refers to abutment of the tumor or 
planning target volume (PTV) with 
critical organs at risk (OARs) such as 
the proximal bronchial tree, esopha-
gus, or great vessels. In the SUNSET 
trial, ultracentral tumors were 
defined as those with a PTV touching 
or overlapping the central bronchial 
tree, esophagus, pulmonary vein or 
pulmonary artery.10 Various SBRT 
regimens have been tested prospec-
tively for peripheral,9,11,12 central,13-15 
and ultracentral16-19 lung tumors. 
These classifications and regimens 
are summarized in Table 1.  

Reports of excess toxicity for 
tumors in high-risk locations have 
also led to risk-adapted approaches 
to SBRT, which balance tumor cov-
erage at adequate biologic effective 
dose for alpha/beta of 10 (BED10) 
with OAR sparing. An example of an 
institutional approach using a con-
ventional linear accelerator is shown 
in Figure 1. In this example, if OARs 
cannot be spared without compro-
mising tumor coverage, further 
fractionation is pursued. Based on 
data from Onishi et al,20 local control 
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and OS are inferior below a BED10 of 
100; thus, in the example approach 
in Figure 1, rather than compro-
mising adequate tumor coverage to 
meet OARs, alternate regimens are 
considered to maximize BED10 to the 
extent possible.

The risk-adapted approach shown 
in Figure 1 is impacted by the addi-
tional options afforded by MR-linacs. 
An MR-linac is a device combin-
ing an MRI scanner with a linear 
accelerator, currently available as 
FDA-approved devices from Elekta, 
as the Unity, and from ViewRay, 
as the MRIdian.21 MR-linacs allow 
for MR-guided tumor setup and 
real-time MRI monitoring during 
treatment for tumor tracking. Impor-
tantly, these technologies permit on-
line adaptive radiation therapy, the 
replanning of radiation treatment 
with the patient on the treatment ta-
ble, accounting for daily differences 
in tumor and OAR location and mor-
phology. Online adaptive radiation 
therapy is also possible on non-MR-
linacs through systems such as Ethos 
(Varian).22 OARs contoured for initial 
and adaptive MR-linac plans are sim-
ilar to OARs contoured for conven-
tional non-MR guided, nonadaptive 
radiation therapy.23 In the absence 
of new data, dose constraints for 
MR-guided SBRT are generally based 
on accepted constraints used for 
non-MR linac SBRT. Due to the dose 

fall-off with SBRT and time required 
for recontouring, MR-guided online 
adaptive recontouring may focus on 
the recontouring of structures within 
a high-dose region (2 to 3 cm from 
the target) on treatment day. Outside 
of this high-dose region, the dose 
is unlikely to violate OAR metrics. 
When delivered using an MR-linac, 
adaptive SBRT is often referred to as 
stereotactic MR-guided adaptive radi-
ation therapy (SMART), with various 
workflows previously described.24,25 
SMART is available for both Elekta26 
and ViewRay27 MR-linacs. Although 
the specific steps for SMART differ 
by vendor, SMART requires steps to 
be implemented on treatment day in-
cluding acquisition of a new MRI on 
the day of treatment, recontouring 
on the MRI acquired at treatment, 
plan reoptimization, plan approval, 
and quality assurance checks prior 
to delivery. Lung lesions have been 
treated with both systems.28,29 Major 
differences between the Elekta Unity 
and ViewRay MRIdian MR-linacs are 
shown in Table 2.30-33 Currently, there 
is no consensus on clinical indica-
tions for utilizing an adaptive replan; 
thresholds for requiring SMART vary 
by center and disease site. MR-linacs 
can be used to treat lung cancer in 
peripheral, central, and ultracentral 
locations, with relevant data and 
considerations reviewed. Due to the 
ability of SMART to account for daily 

changes in target and OARs, and the 
potential for reduced PTV margins 
with real-time MR guidance, SMART 
may also be beneficial for thoracic 
reirradiation in these locations.

Peripheral Lesions
Peripheral thoracic tumors are 

more than 2 cm from the proximal 
bronchial tree, not involving the cen-
tral pleura or mediastinum. They can 
be further classified by their prox-
imity to the chest wall. Chest wall 
proximity is important to recognize 
due to the association of chest wall 
dose with severe chest wall pain and 
rib fracture.34 V30 < 30 cc is a con-
straint used for 3-fraction regimens.34 
Optimized V37, the 5-fraction BED3 
equivalent of V30, was associated 
with reduced toxicity in a retrospec-
tive study of 5-fraction regimens.35 

Safety and efficacy of single-frac-
tion SBRT for peripheral tumors was 
demonstrated in the prospective trial 
RTOG 0915.11,36 In data from Cleveland 
Clinic, which included a review of 
patients treated on RTOG 0915, chest 
wall toxicity with single-fraction reg-
imens was increased with abutment 
or proximity of the chest wall, with 
grade 2 to 4 toxicity 5.7% in tumors >2 
cm from the chest wall and 30.6% for 
tumors abutting the chest wall.37 Prox-
imity to the chest wall or to central 
structures remains a challenge for 

Table 1. Overview of Peripheral, Central, and Ultracentral Lung Cancer Definitions and Treatment Regimens 
LOCATION DESCRIPTION REGIMENS PROSPECTIVELY EVALUATED 

(DOSE/FRACTIONATION)
PROSPECTIVE STUDIES

Peripheral More than 2 cm from proximal bronchial 
tree and with PTV not abutting 
mediastinal OARs

54 Gy in 3 fractions 
34 Gy in 1 fraction 
48 Gy in 4 fractions

RTOG 0236 (Timmeran, 2006) 
RTOG 0915 (Videtic, 2015) 
JCOG 0403 (INagata, 2015)

Central Within 2 cm of proximal bronchial tree 50-60 Gy in 5 fractions 
60 Gy in 8 fractions 
70 Gy in 10 fractions

RTOG 0813 (Bezjak, 2019) 
Ongoing EORTC 221133 (Adebahr, 2015) 
Xia, 2006

Ultracentral PTV abutting or overlapping tree or 
mediastinal OAR

50 Gy in 5 fractions 
70 Gy in 10 fractions 
60 Gy in 8 fractions 
60 Gy in 15 fractions

Washington University (Henke, 2019) 
Prospective registry at MDA (Li, 2014) 
HILUS (Lindberg, 2021) 
NCIC CTG Br.25 (Cheung, 2014)  

Key: PTV = planning target volume, RTOG = Radiation Therapy Oncology Group, JCOG = Japan Clinical Oncology Group, EORTC = European Organization for 
Research and Treatment of Cancer, OARs = organs at risk, MDA = MD Anderson, NCIC CTG = Canadian Cancer Trials Group
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the safe implementation of single-fraction 
regimens in peripheral tumors.

Peripheral tumors close to the dia-
phragm may also experience significant 
respiratory motion, leading to larger 
volume internal target volumes (ITVs) 
when motion reduction techniques are 
not used. Use of breath-hold gating, 

which has also been performed on 
conventional linacs, can mitigate this 
effect. The availability of MR imag-
ing during treatment for real-time 
breath hold monitoring may be an 
advantage of MR-guided SBRT for the 
treatment of peripheral tumors sus-
ceptible to motion (Figure 2A-2B). In 

addition, the daily adaptive replan-
ning enabled by MR-linac treatment 
may be useful for rapidly growing, or 
shrinking, tumors abutting the chest 
wall due to the ability of adaptive re-
planning to account for daily chang-
es in the relationship between tumor 
position and chest wall. An import-
ant consideration for the treatment 
of peripheral tumors with SMART is 
that arms are typically positioned at 
the sides due to the time on table. An 
arms-down position may limit beam 
angles and may also bring the infra-
mammary fold into the field.

In a report of 23 patients with 
peripheral lung tumors treated with 
SMART in the Netherlands, online 
adaptation improved PTV coverage.38 
For the subset of patients who also 
underwent free-breathing 4-dimen-
sional computed tomography (4DCT), 
SMART breath-hold PTVs were 53.7% 
the volume of PTVs generated from 
an ITV. In a subsequent study of 
17 patients simulated at the same 
center for planned single-fraction 
MR-guided SBRT,39 7 patients were 
unable to undergo single-fraction 
SBRT (because of difficulty in gross 
tumor volume [GTV] tracking due 
to tumor size in 1 patient, difficulty 
in GTV tracking due to blood vessels 
in 4, proximity to chest wall in 1 
patient, and difficulty in breath holds 
in 1 patient). Of the 10 undergoing 
single-fraction SBRT, 9 completed 
treatment in one session, and median 
total in-room procedural time was 120 
minutes. Online adaptive replanning 
improved PTV coverage but did not 
impact GTV coverage. These studies 
provide support for the use of SMART 
in peripheral tumors. The phase I 
trial SMART ONE (NCT04939246) is 
assessing the feasibility of single- 
fraction SMART in tumors in the lung 
as well as other sites.

Due to the limited availability of 
simulation appointments at many 
centers, and the difference in im-
mobilization required for MR-guid-
ed vs non-MR-guided simulation, 
additional research is also needed 

FIGURE 1. Risk-adapted approach to lung stereotactic body radiation therapy using a conventional linac. 
*Consider 34 Gy in 1 fraction. GTV = gross tumor volume, OARs = organs at risk, PTV = planning target volume
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Table 2. Summary of Key Differences Between Two Commercially Available MR-linacs 
PARAMETERS VIEWRAY MRIDIAN ELEKTA UNITY

Static magnetic field strength 0.35 Tesla 1.5 Tesla

Magnet configuration Split Closed

Bore diameter 70 cm 70 cm

Cine orientation for intrafraction tumor tracking Sagittal Multiple planes

Commercially available beam gating based on tumor motion Automated pausing of beam Manual pausing of beam

Treatment beam, relative to static magnetic field Perpendicular Perpendicular

Photon energy 6 MV 7 MV

Availability of online adaptive replanning Yes Yes

Maximum field size, superior to inferior 24 cm 22 cm

FIGURE 2. Example cases utilizing MR-guided radiation therapy. Left lower lobe lung tumor is seen on MR-linac simulation scan 
performed with breath hold (A). Maximum intensity projection (MIP) created from 4D-CT for the same tumor shows tumor motion, 
leading to a larger internal target volume for stereotactic body radiation therapy (SBRT) performed with free breathing (B). The 
treatment plan for an ultracentral lung tumor treated with SMART, 50 Gy in 5 fractions is shown, superimposed on an axial MR image 
acquired with True Fast Imaging with Steady State Precession (TRUFI). The 40 Gy line is seen curving around tree (green); 52.5 Gy line is 
seen carving out great vessel (C).

A

B

C
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to better identify optimal candi-
dates for MR-guided RT. A recent 
case report, which did not require 
online adaptive replanning, noted a 
reduced treatment time for sin-
gle-fraction lung SBRT.40 The ability 
to better predict which tumors do 
not benefit from online adaptive 
replanning could also further re-
duce on-table time.

Central Lesions
Central tumors are within 2 cm of 

the proximal bronchial tree, with fur-
ther subclassification of tumors touch-
ing the tree as ultracentral. Due to the 
proximity of the proximal bronchial 
tree, these tumors are at increased 
risk for OAR toxicity as seen on the 
phase II prospective study reported 

by Timmerman et al.9 The online 
adaptive replanning workflows utilized 
in MR-guided SBRT may be promising 
for central tumors due to the ability 
to account for daily changes in OAR 
location and morphology. In addition, 
MR-linacs allow for real-time tumor 
tracking during treatment, which may 
be helpful in decreasing appropriate 
PTV margin. A decreased PTV margin 

FIGURE 3. Radiation pneumonitis (RP) following treatment with volumetric-modulated arc therapy (VMAT) vs MR-
guided intensity-modulated radiation therapy (IMRT). Axial (left) and coronal (RT) chest computed tomography 
(CT) for a patient with Grade 1 RP treated with VMAT (A). Corresponding VMAT plan, with 15-20 Gy isodose lines 
conforming to the tumor shape and correlating with consolidation seen at CT (B). Axial (left) and coronal (right) CT 
chest for a patient with grade 1 RP treated with MR-guided IMRT (C). Corresponding IMRT plan, showing 15-20 Gy 
isodose lines correlating with consolidation in contralateral and ipsilateral lung (D).

A B

C D
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could enable improved target coverage 
while sparing OARs. 

In a retrospective analysis from 
VU Medical Center in the Nether-
lands of 25 patients with central lung 
tumors treated with SMART in 5 or 8 
fractions, the reoptimized plan was 
selected in 92% of cases.41 SMART 
also reduced the number of OAR 
violations. The feasibility of SMART 
for central lung tumors is being 
studied on a prospective, phase I trial 
in the US (NCT04115254). The pro-
spective phase II trial LUNG STAAR 
(NCT04917224) is assessing SMART 
in central lung cancers.

Ultracentral Lesions
Although ultracentral tumors have 

been defined variably across studies, 
definitions generally consider these 
tumors as touching, close to (< 1 
cm) or overlapping critical OARs. 
The SUNSET trial categorized PTVs 
abutting the tree or mediastinal OARs 
as ultracentral.10 SBRT for ultracentral 
tumors requires careful consideration 
of tumor location and motion. Retro-
spective data from Memorial Sloan 
Kettering Cancer Center identified an 
increased risk of grade 5 toxicity (haz-

ard ratio 16.9, confidence interval 3.2-
88%) in ultracentral tumors treated 
with SBRT in the setting of antiangio-
genic agents. The recent prospective 
HILUS trial reported grade 5 toxicity 
in 10 of 65 patients (15%) using a regi-
men of 60 Gy in 8 fractions, with dose 
to the hottest 0.2 cc of main bronchi 
and trachea as the strongest predic-
tor for grade 5 bronchopulmonary 
hemorrhage.42 In this trial, dose was 
prescribed to the 67% isodose line, 
with hot spots of 150%. The protocol 
did not specify OAR dose guidelines 
for the lobar and segmental bronchi.

MR-guided SBRT holds promise for 
ultracentral tumors due to the poten-
tial for MR-guided setup and tumor 
tracking with real-time MRI during 
treatment, as well as the potential for 
online adaptive replanning to ensure 
sparing of OARs based on daily ge-
ometry and morphology (Figure 2C). 
Online adaptive replanning can also 
ensure that absolute dose constraints 
are met daily. In a prospective 
feasibility study from Washington 
University in St. Louis, 5 patients 
with ultracentral tumors were treat-
ed with 50 Gy in 5 fractions, with 10 
of 25 fractions requiring adaptive 
replanning to improve PTV coverage 

or reverse OAR violations.16 Case 
reports and case series describe the 
safety and feasibility of MR-guided 
SBRT for cardiac lesions, which are 
ultracentral by definition due to their 
location in the heart.43-46

Challenges for MR-guided SBRT 
for ultracentral tumors include 
identification and contouring 
of structures that may be better 
defined on CT such as the proximal 
bronchial tree, the limited spatial 
resolution of MR and challenge in 
tracking very small tumors, and the 
use of IMRT on MR-linacs, which 
may have a less favorable distri-
bution of low dose compared to 
VMAT. In Figure 3, a case of CTCAE 
(Common Terminology Criteria for 
Adverse Events) grade 1 (asymp-
tomatic) pneumonitis is shown for a 
patient treated with SBRT on a non-
MR linac using volumetric-modu-
lated arc therapy (VMAT). A case of 
CTCAE grade 1 pneumonitis is also 
shown for a patient with an ultra-
central tumor treated with MR-guid-
ed SBRT using static field, coplanar 
(intensity-modulated radiation ther-
apy) IMRT on an MR-linac. The low 
dose is more diffuse in the MR-linac 
case, leading to radiation changes 

FIGURE 4. Example of artifact from an aortic stent interfering with tracking 
for MR-guided stereotactic body radiation therapy (SBRT). Contrast-enhanced 
pre-radiation therapy chest computed tomography shows an ultracentral lung 
tumor (A). MR-linac artifact is seen inferior and cosagittal to tumor, with tumor 
denoted by green crosshairs, impairing tracking during treatment (B).

A B
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even in the contralateral lung.
Despite the potential of MR-guided 

SBRT for the treatment of peripheral, 
central, and ultracentral primary and 
secondary lung cancers, challeng-
es to the broad application of this 
technique remain. Evidence to date 
has largely been in the form of retro-
spective or prospective phase I trials, 
motivating the need for additional 
phase II or III data. In addition, pa-
tients with primary lung cancer may 
have comorbidities such as chronic 
obstructive pulmonary disease, lim-
iting ability to breath-hold or to lay 
flat for the 1 hour or more duration 
of SMART. Careful assessment of 
patients prior to simulation is need-
ed. MR-unsafe pacemakers or other 
devices may preclude the use of 
MR-guided SBRT for some patients. 
Artifacts can also be associated with 
MR conditional implants, impairing 
the ability to contour or safely track. 
For example, in Figure 4, the sagittal 
cine obtained at MR simulation is 
shown for a patient with an ultra-
central lung metastasis and an MR 
conditional aortic stent. The artifact 
from the stent was inferior to the 
target, but cosagittal, and preclud-
ed safe tracking on sagittal cine 
during treatment. This patient was 
treated with non-MR-guided SBRT 
with an excellent response. This 
case illustrates the need for both 
MR-guided and non-MR-guided SBRT 
options for patients.

Future Directions
In light of the toxicity seen on 

HILUS and other studies, additional 
research is needed to ensure the safe 
and effective treatment of central 
and ultracentral lung cancers. Use 
of radiosensitizers could improve 
the therapeutic window by allowing 
for the utilization of lower radiation 
treatment doses, which when com-
bined with a radiosensitizer localiz-
ing to tumor, could allow for simul-
taneous local control of the tumor 
and improved normal tissue sparing. 

Given the promise of MR-guided 
radiation therapy for the treatment 
of central and ultracentral lung 
tumors, gadolinium-based nanopar-
ticles may be especially useful due 
to their ability to localize the tumor 
and serve as radiosensitizers. Such 
agents that provide both therapeutic 
and diagnostic information are also 
known as theranostics.47 

The Nano-Rad study in France 
recently demonstrated the safety 
of combining gadolinium-based 
nanoparticles with whole-brain radi-
ation in patients with multiple brain 
metastases.48 The selective distri-
bution of the nanoparticle in brain 
metastases was also demonstrated. 
A similar preferential distribution in 
lung tumors would be particularly 
beneficial for the treatment of cen-
tral and ultracentral cancers in close 
proximity to normal tissues if doses 
lower than standard ablative SBRT 
doses could be utilized. A clinical 
trial is currently open studying the 
use of gadolinium-based nanoparti-
cles in the MR-guided treatment of 
central lung cancers (NCT04789486). 
Because the clinical efficacy of gado-
linium-based nanoparticles in this 
setting is unknown, the trial utilizes 
an ablative prescription dose of 50 
Gy in 5 fractions. In the future, it 
would be particularly advantageous 
for ultracentral tumors if radio-
sensitizers could enable treatment 
of these cancers to doses of 40 
Gy in 5 fractions, or lower, facil-
itating sparing of more sensitive 
normal tissues. 

Artificial intelligence (AI) may 
help accelerate efficiency and 
facilitate the adoption of MR-guided 
radiation therapy. Currently, there 
is a daily, time-intensive process of 
manual recontouring required for 
daily online adaptive replanning. 
Due to the proximity of nearby 
normal tissues, central, ultracen-
tral, and peripheral lung tumors 
frequently require recontouring of 
dose-limiting OARs. AI algorithms, 
including deep learning, have 

shown the ability to produce highly 
accurate OARs within seconds on 
both CT and MR images.49,50 AI 
has also shown promise in tumor 
auto-contouring, which can be cou-
pled with online dose optimization 
to limit time for adaptive replan-
ning.51 Because radiation therapists, 
radiographers, and physicists also 
participate in recontouring at some 
centers,52,53 AI has the potential to 
improve workflows for the interdis-
ciplinary team. As SBRT options for 
patients broaden, AI may also be 
able to accelerate development of 
mock plans,54 allowing for compari-
son plans to be generated proactive-
ly, assisting in selection of frac-
tionation scheme and MR-linac vs 
non-MR linac for each patient. This 
will allow for truly individualized, 
risk-adaptive SBRT.

Conclusions
MR-linacs expand options for 

the treatment of thoracic tumors 
with SBRT by offering excellent 
soft-tissue contrast compared with 
CT, as well as additional advantages 
including MR-guided setup, online 
adaptive replanning, and real-time 
MRI-based monitoring of breath-
hold treatments. For peripheral 
tumors, MR-guided SBRT may be 
advantageous in minimizing dose 
to the chest wall, and in mini-
mizing normal lung treated with 
MR-guided breath-hold treatment. 
MR-guided setup may help with 
the visualization and sparing of 
OARs in the treatment of central 
and ultracentral tumors with SBRT. 
Disadvantages of MR-guided SBRT 
for peripheral, central, and ultra-
central lung tumors include the 
potential for longer times on the 
treatment table and incompatibility 
of this technology with MR unsafe 
implants. Future work evaluating 
MR-guided lung SBRT on prospec-
tive studies is needed. By allowing 
OAR sparing with the potential for 
dose escalation, MR-guidance holds 
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promise in improving risk-adapted 
SBRT for the treatment of thorac-
ic malignancies. 
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MR-guided radiation therapy 
(MRgRT) has emerged as a prom-
ising radiation treatment modality 
for a variety of solid malignancies. 
This technology is being increasingly 
adopted at practices across the US 
and abroad. ViewRay, the company 
to introduce the first MRgRT system 
into clinical practice at Washing-
ton University in 2014,1 now has 45 
treatment units installed at practices 
around the world. Meanwhile, Elekta 
developed the Unity system which 
first came into clinical practice at 
UMC Utrecht in the Netherlands 
in 2017,2 and is now installed in 25 
practices worldwide. While there 
are a number of benefits to MRgRT, 
it is a costly and resource-intensive 
investment that can strain radiation 
oncology clinics not adequately 
prepared to incorporate this new 
treatment modality into practice. The 
purpose of the present work is to re-
view both the clinical advantages and 
the practical limitations of MRgRT, 
and to suggest which patients are 
likely to derive the greatest benefit 
from this technology. We aim to 

provide a practical guide for centers 
acquiring MRI-based linear accel-
erators (MR-linacs) to incorporate 
the technology more seamlessly into 
clinical practice.

Clinical Advantages of MRgRT
There are several advantages to 

MRgRT over conventional computed 
tomography (CT)-guided treatment 
techniques. Among these advan-
tages are superior target visualiza-
tion through improved soft-tissue 
imaging, real-time tumor tracking, 
real-time image-guided gating, and 
real-time plan adaptation (Table 
1).3-5 Improved soft-tissue imaging 
has been cited as a primary reason 
patients are treated on an MR-linac 
rather than a CT-based machine.6 
A comparison of pelvic anatomy 
acquired on a CT-simulator vs an 
MR-simulator is shown in Figure 1. 

Daily MRI acquisition on an 
MR-linac allows for superior organ-
at-risk and target-volume visualiza-
tion, which, in turn, allows for plan 
adaptation.5 Online adaptive radiation 

therapy can improve planning target 
volume (PTV) coverage and reduce 
treatment toxicity.7-9 In their study 
of 10 patients undergoing pancreas 
stereotactic body radiation therapy 
(SBRT), El-Bared et al showed that 
adaptive replanning resulted in a 
10% improvement in the volume of 
the PTV receiving 100% of the pre-
scribed dose (90% vs 80%, P < 0.01) 
compared with nonadaptive plans.7 
The maximum dose to the duode-
num was achieved more frequently 
in the adaptive vs nonadaptive plans.7 

By allowing for improved target 
volume coverage with reduced 
toxicity, online adaptive replanning 
permits dose escalation. In their 
trial of MR-guided online adaptive 
radiation therapy (SMART) for 
abdominal malignancies, Henke et al 
found that plan adaptation resulted 
in improved PTV coverage in 64 of 97 
delivered fractions, with zero Grade 
3 or higher toxicity.10 Ablative doses 
of radiation could only be delivered 
with adaptive replanning, permitting 
the delivery of higher radiation doses 
than has historically been possible 
to tumors within the abdomen.11 
The ability to dose escalate using 
adaptive replanning on an MR-linac 
for inoperable pancreatic cancer has 
also been demonstrated.12 Henke 
et al also conducted a phase I trial 
of SMART for ultracentral thoracic 
malignancies and found that PTV 
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coverage was improved in 30% of 
fractions with adaptive replanning.13 
The authors found they were able to 
reverse potentially life-threatening 
severe toxicities observed in histor-
ical trials of SBRT for ultracentral 
thoracic malignancies, which has 
precluded the use of ablative SBRT 
for many of these cases.

While online adaptive radiation 
therapy is an attractive feature of the 
MR-linac, it is not utilized for every 
patient treated on these machines. 
Reporting on their first 2.5 years of 
treating patients on the world’s first 
MR-linac, Fischer-Valuk et al note 
that only about 25% of patients were 
treated with online adaptive radia-
tion therapy.6 The majority of these 
patients had abdominal malignan-
cies. Among the patients treated with 
5-fraction SBRT adaptive radiation, 
the incidence of plan adaption was 
84%, which is in keeping with other 
reports in the literature.14

Additional advantages of the 
MR-linac include real-time tumor 
tracking and gating. Unlike gating 
on a conventional linac, gating on an 
MR-linac does not require fiducials 

or increase radiation exposure to the 
patient. The two-dimensional cine 
imaging on an MR-linac provides 
real-time live cine MRI frames that 
can be deformably registered to a 
preview cine MRI scan acquired 
right before the start of treatment.15 
A boundary is created to identify the 
tracking margin and radiation is halt-
ed whenever the anatomy of interest 
moves outside the boundary. This 
allows for a reduction in the margin 
typically added for setup uncertainty 
and intrafraction motion, allowing 
for improved target accuracy and 
decreased doses to adjacent organs 
at risk.13,16-18 

MRI-based radiation treatment 
delivery also can provide functional 
imaging to guide radiation treatment. 
Diagnostic diffusion-weighted MRI, 
for example, has been shown to 
predict response to radiation therapy 
for a number of disease sites.19-23 
Diffusion-weighted MRI images can 
be used to create apparent diffusion 
coefficients (ADC), which provide 
quantitative information regarding 
changes in tumor tissue, such as 
development of necrosis, to guide 

therapy.24 Dynamic contrast-enhanced 
(DCE) MRI sequences measure 
tissue perfusion and vascularity, and 
can serve as another biomarker for 
radiation delivery.25 These imaging 
biomarkers can assist in patient 
selection for dose escalation or de-es-
calation, allowing for more individ-
ualized patient treatment.26,27 While 
the feasibility of obtaining functional 
imaging on MR-linac units has been 
demonstrated, it is not available for 
commercial use at this time.26,28,29 
The modifications necessary to adapt 
MRI scanners for use in radiation 
treatment systems, such as a low 
field strength in the case of ViewRay’s 
MRIdian or the split gradient coil 
system in the case of Elekta’s Unity, 
may degrade the quality of the quanti-
tative MRI data provided.30 Efforts are 
ongoing to overcome these challenges 
such that functional imaging can one 
day be widely available on MR-linac 
systems in use.

The many advantages of MRgRT 
make this an attractive technology to 
adopt in radiation therapy practices. 
The cancers seen most in radiation 
oncology clinics – cancers of the 

Key: MRgRT = MR-guided radiation therapy, OARs = organs at risk

Table 1. Advantages and Limitations of the Distinguishing Features of MRgRT With Examples of Cancer Sites  
Deriving the Most Benefit From Each Feature

FEATURE ADVANTAGE LIMITATION DISEASE SITES THAT MAY BENEFIT 

Improved soft-tissue visualization 
with MRI

Enhanced contouring of target and 
OARs

Time-consuming 
Requires physician training in MRI 
interpretation as well as additional 
personnel (radiologists) to assist 
with contours

All could potentially benefit

Real-time tracking and gating Smaller set-up margins required 
Enhanced target accuracy 
Decreased dose to OARs 
No need for fiducials

Time-consuming Lung cancer 
Pancreas cancer 
Liver cancer 
Prostate cancer

Functional imaging Imaging biomarkers provide 
quantitative information regarding 
changes in tumor tissue for more 
targeted therapy

Functional imaging sequences not 
available on units in clinical use

Rectal cancer 
Pancreas cancer 
Liver cancer

Online adaptive replanning Ability to assess anatomy of the 
day to make plan modifications 
to maximize dose to tumor and 
minimize dose to OARs 
Allows for dose escalation 
withoutconcomitant increase in 
toxicity

Challenging to contour anatomy of 
the day without IV/oral contrast  
Time-consuming 
Requires physician and physics 
presence

Pancreas cancer 
Ultracentral lung cancer 
Liver cancer 
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breast, lung, colorectum, and prostate – 
all appear to derive benefit from treat-
ment on an MR-linac (Table 2). In the 
case of breast cancer, MRgRT has been 
proposed as a valuable treatment tech-
nique for patients receiving partial-breast 
irradiation, given that the postoperative 
tumor bed is more clearly visualized on 
MRI than on CT.31,32 Further, chest wall 
movement requires additional margins to 
account for setup uncertainty, which can 
be avoided with MRgRT’s real-time tumor 
tracking and gating.31 MRgRT has also 
been proposed as a solution to overcom-
ing the challenges encountered when 
treating lung cancer patients by allowing 
for dose escalation, functional imaging, 
and reduced toxicity, particularly in the 
case of centrally located tumors.13,31,33 In 
the case of rectal cancer, MRgRT is an 
enticing solution for patients wishing to 

undergo organ preservation, owing 
to its improved soft-tissue visualiza-
tion, ability for adaptive replanning, 
functional imaging capabilities, and 
tumor gating, allowing for dose esca-
lation.27,34-36 Prostate cancer patients 
also appear to derive benefit from 
the implementation of MRgRT, given 
the high doses of radiation needed to 
treat prostate cancer while sparing 
the adjacent rectum and bladder, 
which are subject to significant vari-
ability in daily positioning.31,37,38

While there are potential advan-
tages to treating these common 
malignancies with MRgRT over more 
conventional treatment techniques, 
the rarer cancers appear to derive 
the most benefit from this treatment 
(Table 2). Abdominal malignancies 
are challenging to treat on CT-based 

radiation therapy delivery systems. 
These cancers, including those of the 
pancreas and liver, are proximal to 
the bowel, which is intolerant of the 
ablative doses needed for treatment 
with curative intent. Moreover, 
abdominal organs are subject to 
constant fluctuations in position due 
to respiratory motion, gastric filling, 
and bowel distention. As a result, 
larger margins are needed to ensure 
adequate dose delivery to the tumor 
targets. A number of not only retro-
spective, but also prospective studies, 
demonstrate the safety and poten-
tial efficacy of MRgRT in managing 
abdominal malignancies.10,12,39-48 
Recently, Hassanzadeh et al pub-
lished their experience treating 44 
patients with inoperable pancreatic 
cancer to 50 Gy in 5 fractions on an 

FIGURE 1. Comparison of MRI- and CT-based imaging of soft tissue. The MRI of the pelvis (left) reveals improved soft-tissue contrast relative to the 
CT of the pelvis (right).
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Key: MRgRT = MR-guided radiation therapy, CT = computed tomography; VMAT = volumetric-modulated arc therapy, OARs = organs at risk, MV = megavoltage, 
SBRT = stereotactic body radiation therapy

Table 2. Potential Role of MRgRT in Select Disease Sites

SITE SITE-SPECIFIC ADVANTAGES SITE-SPECIFIC LIMITATIONS CLINICAL SCENARIO THAT MAY 
BENEFIT

Brain Enhanced contouring of target and 
OARs

Time-consuming 
Requires physician training in MRI 
interpretation as well as additional 
personnel (radiologists) to assist 
with contours

All could potentially benefit

Head and neck Smaller set-up margins required 
Enhanced target accuracy 
Decreased dose to OARs 
No need for fiducials

Time-consuming Lung cancer 
Pancreas cancer 
Liver cancer 
Prostate cancer

Breast Imaging biomarkers provide 
quantitative information regarding 
changes in tumor tissue for more 
targeted therapy

Functional imaging sequences not 
available on units in clinical use

Rectal cancer 
Pancreas cancer 
Liver cancer

Lung Ability to assess anatomy of the 
day to make plan modifications 
to maximize dose to tumor and 
minimize dose to OARs 
Allows for dose escalation without 
concomitant increase in toxicity

Challenging to contour anatomy of 
the day without IV/oral contrast  
Time-consuming 
Requires physician and physics 
presence

Pancreas cancer 
Ultracentral lung cancer 
Liver cancer 

Upper abdominal malignancies 
(pancreas, liver)

Improved soft-tissue visualization  
Tracking and gating 
Ability for adaptive replanning 

Longer treatment times and 
resource utilization for adaptive 
cases 
Complexity of contouring on MRI

Most sites appear to derive 
benefit given current dose 
escalation limitations for primary 
abdominal malignancies with CT-
based planning

Rectum Improved soft-tissue visualization  
Ability for adaptive replanning

6 MV only 
Longer treatment times and 
resource utilization for adaptive 
cases 
Complexity of contouring on MRI 
Large field sizes needed to treat 
subclinical disease 
Long treatment course (ie, 5-6 
weeks)

Retreatment 
Nonoperative cases – potential for 
tumor boost

Uterus Improved soft-tissue visualization 
Tracking and gating

6 MV only 
Large field sizes needed to treat 
subclinical disease 
Long treatment course (ie, 5-6 
weeks)

Limited 
Potential for tumor boost in 
inoperable patients

Prostate Improved soft-tissue visualization 
Tracking and gating

6 MV only 
No VMAT 
Longer treatment time resulting in 
more variability in tumor position

SBRT cases

Anus Improved soft-tissue visualization 6 MV only 
No VMAT 
Large field sizes needed to treat 
subclinical disease 
Long treatment course (ie, 5-6 
weeks)

Limited 
Potential for retreatment of locally 
recurrent disease

Sarcoma Improved soft-tissue visualization 
Functional imaging can show areas 
of necrosis

Large field sizes needed 
No VMAT

Limited
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MR-linac. Local control and overall 
survival rates at 1 year were 84% and 
68%, respectively, with low rates of 
late toxicity.12 

Practical Limitations of MRgRT
While there are a number of ad-

vantages to MRgRT, clinicians should 
also consider several limitations 
when seeking to adopt this tech-
nology in daily practice (Table 1). 
Some inherent limitations associated 
with coupling an MRI to radiation 
treatment are geometric distortion, 
electron density disruption, suscep-
tibility artifacts, and the inability to 
treat patients with contraindications 
to MRI, such as metal implants.18 In 
addition, the features that distin-
guish MR-based from CT-based 
radiation treatment – including the 
acquisition of MR-imaging, adaptive 
replanning, and gating – result in sig-
nificantly longer on-table times for 
patients.2,10,49 MR-linacs also deliver 
fewer monitor units per minute and 
are only capable of delivering static 
step-and-shoot radiation plans, rath-
er than volumetric-modulated arc 
therapy (VMAT), increasing beam-
on time, thus further lengthening 
each treatment.50 

There are several disadvantages 
to longer treatment times for cancer 
patients. For patients with claustro-
phobia, being in an enclosed space 
for prolonged periods can be intoler-
able.6,31 Patients needing to maintain 
a full bladder to minimize dose to 
organs at risk, such as rectal and 
prostate cancer patients, may strug-
gle if treatment times are length-
ened. Further, as treatment time 
is prolonged, intrafraction motion 
increases, which in turn increases 
the need for adaptive replanning, 
further lengthening treatment time.51 
In their trial of MRgRT for patients 
with thoracic malignancies, Henke 
et al did not meet their primary 
endpoint of feasibility, defined as a 
treatment session lasting less than 
80 minutes.13 The authors note they 

have since improved their institu-
tion’s online adaptive process to re-
duce treatment times. Thus, lengthy 
treatment times are a limitation new 
MR-linac users should be aware of 
and prepared to address. 

In addition to the patient incon-
veniences associated with longer 
treatment times, lengthier treatments 
limit the number of patients who can 
be treated daily on an MR-linac. As a 
result, patients seen in consultation 
for MRgRT may have to wait several 
weeks for availability to start treat-
ment. This limitation can be prob-
lematic for patients with fast-growing 
tumors, tumors in which prolonged 
treatment time results in inferior 
outcomes, or in patients on a strict 
treatment timeline involving a sched-
uled surgery following radiation.52,53 
In addition, given the complexity of 
this technology and it being relatively 
nascent, machine downtime is not 
infrequent, resulting in further delays 
or the need to transfer patients to 
standard linacs.54 

Several planning limitations 
associated with MRgRT may further 
restrict which patients are ideal-
ly suited for treatment on these 
machines. One such limitation is 
treatment energy. The MR-linac can 
only deliver 6 to 7 MV treatments, 
which may not be ideally suited for 
larger patients undergoing treatment 
to the abdomen or pelvis. Another 
limitation is the field size (22 to 24 
cm).18,55 Size limitations may pre-
clude the treatment of certain malig-
nancies, such as sarcomas, and make 
it impractical to treat malignancies 
requiring coverage of large elective 
volumes, such as cancers of the head 
and neck. Since MRgRT treatment 
can only be done using step-and-
shoot static fields, as opposed to 
VMAT, multiple fields are required 
to optimize treatment plans. This 
can be arduous for dosimetrists and 
physicists to plan and for radiation 
therapists to deliver, in addition 
to being lengthy. In their study on 
use of MRgRT for prostate cancer, 

for example, Tetar et al found that 
15 beams were required to deliver 
the optimal treatment plan.56 The 
increased time to deliver a 15-field, 
step-and-shoot plan can create the 
very problem an MR-linac is intend-
ed to solve, given the increased time 
for fluctuations in target positioning.

Perhaps the most significant 
limitation to implementing MRgRT 
in clinical practice is the heavy 
resource utilization. Due to complex 
treatment planning and delivery, 
which differs significantly from 
conventional CT-based radiation 
therapy, a team trained specifically 
in the plan design and delivery of 
MR-based radiation therapy is need-
ed.18,57-59 This team involves physi-
cians, radiologists, and physicists.18,57 
Henke et al discuss the need to also 
hire advanced radiation therapists 
to assist with recontouring to make 
treatment delivery feasible.13 The 
time required for personnel to be sta-
tioned at MR-linacs during treatment 
delivery makes them unavailable to 
perform other duties in the clinic, 
which can result in serious con-
straints on physician and physicist 
staffing. However, not all cases 
require adaptation on a daily basis.60 

It is particularly important for phy-
sicians to consider the extended time 
required at the treatment machine for 
cases requiring daily plan adaptation. 
The process for an adaptive case re-
quires an initial isocenter verification 
check, followed by contouring of the 
normal organs to review the original 
plan on the anatomy of the day. This 
can result in significant time delays 
given the complexity of defining the 
interface between normal tissues 
and target volumes, particularly 
for abdominal malignancies.61 If an 
adaptive plan is needed, the physician 
must remain at the MR-linac while 
the new plan is run, and then evaluate 
the new plan to determine acceptabil-
ity for treatment. In some circum-
stances, additional iterations of the 
planning process are required to meet 
the objectives of the normal tissue 
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constraints and the desired target 
coverage.47 These situations chal-
lenge our physics colleagues, whose 
expertise is needed to determine how 
best to adjust the cost functions and 
which constraints to prioritize. The 
physician time involved can extend 
to up to 45 minutes per adaptive 
plan. After multiple iterations of 
the planning process, it will then 
be up to the physician to determine 
whether gross tumor volume (GTV) 
coverage should be sacrificed to keep 
the normal tissue constraints within 
appropriate limits. 

Additional personnel may also be 
required due to the complexity of 
this treatment technique. A radiolo-
gist with expertise in MRI may need 
to be recruited to the program to aid 
the transition of the physician prac-
tice to MR-based contouring, which 
differs substantially from CT-based 
planning.62,63 For some sites, such as 
the pancreas, additional fusion of 
the diagnostic CT scan, which has in-
travenous and oral contrast, may be 
necessary to delineate the GTV. For 
moving targets, such as thoracic and 
abdominal malignancies, breath-
hold techniques may be needed to 
manage the tumor motion due to 
respiration. Fusion of the planning 
MR images with the planning CT 
images, all obtained with a technique 
such as deep inspiration breath hold, 
can pose challenges when these 
planning images must also be fused 
with diagnostic images, such as PET 
(positron emission tomography) and 
CT images, to verify the target and 
its position at the time of treatment. 
Careful attention must be paid to the 
appearance of the GTV on the MRI 
images relative to the CT images, 
because the MR volumes will often 
appear smaller than on CT.62,63 For 
sites such as the pancreas, optimiz-
ing target delineation is essential to 
avoid a marginal miss.64 

Another consideration for practic-
es newly adopting MRgRT is lack of 
prospective data to guide use. Several 
trials are underway investigating 

the clinical benefits of MRgRT for 
cancer patients (eg, NCT04075305, 
NCT04351204). However, limited pro-
spective data are available to indicate 
which outcomes are improved, and 
for which cancer patients, relative 
to treatment on a conventional 
CT-based system.65 The theoretical 
benefits of this technology may not 
translate into real-world benefits.65 
Treating patients with a therapy not 
evaluated in a randomized controlled 
trial can, in the worst case, be harm-
ful to patients. Clinics with limited 
resources should consider this lack 
of data when justifying the resource 
expenditure for MRgRT. 

Future Directions
As MRgRT is increasingly used and 

newer technology becomes available, 
many clinical limitations described 
above may be improved. Improve-
ments in the workflow through 
automatic reconstruction of the daily 
delivered dose, implementation 
of an MRI-only workflow, and the 
creation of consortiums to allow for 
a more coordinated, evidence-based 
introduction of MRgRT into clinical 
practice, are being explored.66-68 
Artificial intelligence is also being 
explored as a means of automating 
aspects of treatment planning, such 
as contouring and plan optimiza-
tion, to decrease treatment time and 
resource utilization.69 The need for 
clinical trials to better address which 
patients would benefit most from 
treatment on an MR-linac is also 
being actively addressed.65 These 
improvements should eventually 
allow for more seamless integration 
of MRgRT into daily clinical prac-
tice, reducing the current burden on 
treatment facilities and patients. 

Conclusions
The practical limitations of MRgRT 

limit the number of cancer patients 
who would derive the most benefit 
from this technology. Given the 

current capabilities of MR-linacs 
and the limited prospective data, 
careful patient selection is critical for 
appropriate resource allocation in 
practices adopting this technology. 
Centers seeking to adopt MRgRT into 
their clinical practices should care-
fully consider the limitations of this 
therapy to prepare for its successful 
implementation. 
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A considerable body of evidence 
is emerging to support the existence 
of an oligometastatic state, in which 
patients with limited metastases may 
experience prolonged overall surviv-
al (OS),1 blurring the line between a 
localized disease state and what was 
previously considered incurable met-
astatic cancer. Recent clinical trials 
demonstrate the benefit of stereotac-
tic body radiation therapy (SBRT) for 
patients with oligometastatic cancer, 
typically defined as 1-5 metastatic 
lesions. Randomized phase II studies 
of oligometastatic non-small cell 
lung cancer (NSCLC)2 and prostate 
cancer3,4 showed improved outcomes 
with SBRT to all metastatic sites. The 
SABR-COMET study was a phase II 
trial of patients with up to 5 sites 
of metastatic disease of various 
histologies, in which SBRT improved 
OS and progression-free survival 
(PFS) as compared to standard pal-
liative therapy.5

The promising results of these 
trials have spawned further trials 

evaluating SBRT for oligometastatic 
disease. The NRG has opened phase 
II/III trials investigating SBRT for 
patients with oligometastatic breast 
cancer (BR-002; NCT02364557) and 
NSCLC (LU-002; NCT03137771). 
SABR-COMET-10 (NCT03721341) is an 
ongoing phase III trial investigating 
the benefit of SBRT for patients with 
4 to 10 metastases,6 potentially ex-
panding the definition of oligometa-
static cancer. A search of the national 
clinical trials database [clinicaltrials.
gov] for the term “oligometastatic” 
reveals 182 studies either active or 
completed without results, as of 
the time of this writing. Clearly, 
there is prominent interest in this 
paradigm, with large cooperative 
groups bringing the concept to the 
international stage.

While the utilization of SBRT for 
oligometastatic disease is gaining 
prominence, the potential toxicity 
should be carefully considered. In 
the recently published NRG BR-001 
trial in which patients with oligomet-

astatic cancer received SBRT to all 
sites of metastatic disease, the rate 
of late grade ≥ 3 toxicity was 20% 
at 2 years.7 Similarly, the authors of 
SABR-COMET reported a 29% rate 
of grade ≥ 2 toxicity in the SABR 
arm (including 3 treatment-related 
deaths), compared with 9% in the 
control arm. Studies of SBRT for 
central NSCLC tumors also bring to 
attention the potential for severe 
treatment-related toxicity.8,9 There-
fore, the potential toxicity associated 
with delivering SBRT to multiple sites 
necessitates caution to ensure the 
burden of late toxicity is minimized, 
especially in this population who 
may experience prolonged survival.

With accumulating evidence sup-
porting the use of SBRT in oligomet-
astatic disease, there is increasing 
interest toward leveraging technol-
ogies such as MR-guided radiation 
therapy (MRgRT) for this purpose. 
In the context of adaptive SBRT or 
hypofractionated radiation therapy, 
the use of MRI guidance has been la-
beled stereotactic MR-guided adaptive 
radiation therapy (SMART). SMART 
represents a novel modality for SBRT 
delivery in the oligometastatic setting 
to improve therapeutic efficacy and 
safety, especially in anatomically con-
strained sites or in patients who may 
require SBRT to multiple sites. Early 
evidence supports the safety and 
feasibility of utilizing MRgRT (and/

MR-Guided Radiation Therapy for 
Oligometastatic Malignancies 
*Brittany R. Derynda, BA; *Casey L. Liveringhouse, MD; John M. Bryant, MD; Stephen A. Rosenberg, MD, MS

DETAILS ON PAGE 24

Affiliations: *Ms. Derynda is a medical student at the Nova Southeastern University, Dr. Kiran C. Patel College 
of Osteopathic Medicine – Tampa Bay Regional Campus, Clearwater, FL. *Dr. Liveringhouse is a PGY3 radiation 
oncology resident; Dr. Bryant is a PGY2 radiation oncology resident; and Dr. Rosenberg is the director of MRI 
Guided Radiation Therapy, Department of Radiation Oncology, all at H. Lee Moffitt Cancer Center and Research 
Institute, Department of Radiation Oncology Tampa, FL. *contributed equally to this work. Disclosure: Dr. 
Rosenberg reports: Novocure: consulting (honoraria); ViewRay: consulting medical advisory board, Lung 
Research Consortium (noncompensated), research grants. No other authors have conflicts of interest to 
disclose. None of the authors received outside funding for the production of this original manuscript and no 
part of this article has been previously published elsewhere. Acknowledgement: The authors thank Paul V. 
Strong, PhD, for his assistance with this manuscript.

Applied Radiation Oncology 25September 2021



MRgRT for Oligometastatic Malignancies 

SA–CME

REVIEW

or SMART),10 and it is being imple-
mented into clinical practice at many 
centers. These findings have served 
as the basis for ongoing prospective 
trials utilizing MRgRT/SMART. In this 
review, we will discuss the rationale 
for SMART in the treatment of oligo-
metastases and summarize existing 
literature describing its use in various 
disease sites. Finally, we will discuss 
the future of SMART and ongoing 
prospective clinical trials evaluating 
this treatment paradigm.

Rationale for MRgRT
While achieving increased bio-

logically effective dose (BED)11 may 
improve tumor control probability 
(TCP), dose constraints for organs at 
risk (OARs) may limit the dose that 
can safely be delivered.12 Thanks to 
enhanced soft-tissue imaging resolu-
tion, workflows allowing for efficient 
online daily adaptive re-planning and 
real-time tumor tracking, MRgRT 
has distinct advantages compared 
with conventional radiation therapy 
technologies in the delivery of SBRT. 
Of note, real-time adaptive radiation 
therapy (RTT) may be achieved in 
different ways depending on the type 
of MR-linac utilized. For example, 
daily adaptive replanning on MRIdian 
(ViewRay) differs from Elekta Unity’s 
“adapt-to-position” or “adapt-to-
shape” approach. The “adapt-to- 
position” allows for repositioning  
of the isocenter for better target 
coverage during daily set-up while 
“adapt-to-shape” is a tool that auto-
matically propagates contours onto 
the online planning MRI and can be 
edited with electron densities (ED) 
being assigned based on the aver-
age ED value of the corresponding 
contour on the pre-treatment CT.13 

In comparison, the MRIdian system 
utilizes a couch with 3 degrees of free-
dom to position anatomy and tumor 
appropriately with online adaptive 
therapy focused on tumor/anatomical 
changes to ensure target coverage and 
decreased dose to OARs.14

One aspect complicating delivery 
of SBRT is the uncertainty in OAR 
location due to daily variation in 
position and filling15-17 as well as 
uncertainty of target location due to 
respiratory motion. While the use 
of image-guided radiation therapy 
with cone-beam commuted tomog-
raphy (CT) provides localization of 
soft-tissue anatomy and is com-
monly utilized prior to each SBRT 
fraction in conventional linac-based 
delivery, most workflows do not 
allow for daily plan adaptation. The 
enhanced imaging visualization 
with MRI guidance and workflow for 
many available MRgRT platforms 
allows for daily online adaptive 
re-planning, in which target volumes 
and OARs are recontoured and a 
reoptimized dose distribution is 
generated based on the day’s anat-
omy,18-20 which thus may facilitate 
dose escalation.21 Further, variation 
in target location due to respirato-
ry motion necessitates the use of 
motion management strategies for 
SBRT. The use of RTT with gated 
treatment delivery with MRgRT in 
some MR-linac systems allows for 
smaller PTV margins and may be 
advantageous over other commonly 
used motion management strate-
gies such as use of internal target 
volumes (ITVs), which increase the 
size of the target volume and may 
lead to difficulty in achieving dose 
escalation. Further advantages of 
MRgRT over CT-based SBRT include 
improved soft-tissue visualization 
for precise delineation of target and 
normal tissues on both planning and 
daily imaging. Serial MRI imaging 
during treatment may also provide 
insight into treatment response.

Overview of Evidence for Site-
Specific MRgRT

Abdomen and Retroperitoneum

Common targets for SBRT in the 
abdomen include primary and met-
astatic tumors of the liver, pancreas, 

adrenal glands, kidney, and lymph 
nodes. OARs including the stomach, 
duodenum, small bowel, and unin-
volved liver are radiosensitive organs 
subject to positional uncertainty due 
to respiratory motion and variable 
daily filling. Therefore, abdominal 
oligometastases represent an ideal 
setting for MRgRT and SMART and 
available data support excellent 
clinical outcomes with low rates of 
radiation-therapy-related toxicity.

The MOMENTUM study is a 
multi-institutional prospective registry 
conducted by the MRI Linac Consor-
tium, enrolling patients treated with 
high-field (1.5 Tesla) MRgRT to a vari-
ety of disease sites.22 In MOMENTUM, 
17% of liver, 76% of pancreas, 70% 
of rectum, and 82% of lymph node 
fractions were treated with online 
adaptation, and the rate of grade ≥ 3+ 
acute toxicity was only 4%. A phase I 
trial including 20 patients with oligo-
metastatic or unresectable primary 
intra-abdominal tumors treated with 
SBRT demonstrates the importance of 
the SMART approach in this setting, 
where adaptive plans were created for 
81 of 97 fractions and in which PTV 
coverage was increased in 64 of 97 
fractions.23 Of the 81 adapted fractions, 
75% were adapted primarily because 
the initial plan violated OAR dose con-
straints. Notably, the authors reported 
0% grade ≥ 3 acute toxicity. Authors 
from the University of California, 
Los Angeles (UCLA), published their 
institutional experience of 106 patients 
treated with SMART to abdominal 
or pelvic primary or oligometastatic 
tumors to a median dose of 40 Gy in 5 
fractions. In contrast to MOMENTUM 
and Henke et al, only 13.9% of the 
UCLA fractions were adapted. The 
2-year local control was 74%, including 
96% with those achieving BED >100 Gy 
vs 69% for BED < 100 Gy, while < 1% 
experienced grade 3+ acute toxicity 
and 7.3% experienced late grade 3+ 
late toxicity.24

For liver and hepatobiliary lesions 
specifically, MRgRT is associated 
with excellent local control and low 
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TABLE 1. LIST OF ONGOING US CLINICAL TRIALS FOR MR-GUIDED RADIATION THERAPY 

Study Title Sponsor Condition/Disease URL

SMART-ONE: Stereotactic MRI-
guided Adaptive Radiation Therapy 
(SMART) in One Fraction

Baptist Health South Florida Oligometastatic cancer, up to 10 
sites of disease

https://clinicaltrials.gov/ct2/show/
NCT04939246

Real-Time MRI-Guided 3-Fraction 
Accelerated Partial Breast 
Irradiation in Early Breast Cancer

University of Wisconsin, Madison Breast cancer 
DCIS 
LCIS

https://ClinicalTrials.gov/show/
NCT03936478

CONFIRM: Magnetic Resonance 
Guided Radiation Therapy

Dana-Farber Cancer Institute Gastric cancer Invasive breast 
cancer 
In situ breast cancer

https://ClinicalTrials.gov/show/
NCT04368702

Pilot Study of Same-Session MR-
Only Simulation and Treatment 
with Stereotactic MRI-guided 
Adaptive Radiotherapy (SMART) for 
Oligometastases of the Spine

Washington University School of 
Medicine

Oligometastases of the spine https://clinicaltrials.gov/ct2/show/
NCT03878485

Stereotactic MRI-Guided On-
table Adaptive Radiation Therapy 
(SMART) for Locally Advanced 
Pancreatic Cancer

ViewRay Pancreatic cancer https://clinicaltrials.gov/ct2/show/
NCT03621644

MRI-Guided Adaptive RadioTHerapy 
for Reducing XerostomiA in Head 
and Neck Cancer (MARTHA-trial)

Panagiotis Balermpas, University 
of Zurich

Head and neck cancer 
Xerostomia due to radiation 
therapy

https://clinicaltrials.gov/ct2/show/
NCT03972072

Three Fraction Accelerated Partial 
Breast Irradiation as the Sole 
Method of Radiation Therapy for 
Low-Risk Stage 0 and I Breast 
Carcinoma

Washington University School of 
Medicine

Breast carcinoma 
Breast cancer

https://clinicaltrials.gov/ct2/show/
NCT03612648

Stereotactic MR-Guided Radiation 
Therapy

Dana-Farber Cancer Institute Pancreas cancer 
Lung cancer 
Renal cancer

https://clinicaltrials.gov/ct2/show/
NCT04115254

Key: DCIS = ductal carcinoma in situ, LCIS = lobular carcinoma in situ, PET = positron emission tomography, CT = computed tomography,  
SBRT = stereotactic body radiation therapy

rates of toxicity. A systematic review of 16 
studies including 973 patients with 1034 
liver lesions treated with MRgRT demon-
strated local control rates of 93% at 3 
years with a 5.3% risk of grade 3 or higher 
toxicity.25 Similarly, in a multi-institution-
al retrospective study of 26 patients with 
unresectable primary or metastatic liver 
tumors treated with MRgRT, freedom 
from local progression (FFLP) at 21 
months was 80.4% overall, including 
100% for hepatocellular carcinoma vs 
75% for colorectal metastases. This ex-
cellent local control was accompanied by 
minimal toxicity, as only 7.7% of patients 
developed late grade 3 gastrointestinal 
(GI) toxicity and no patient had grade 4 or 
5 GI toxicity.26 Luterstein et al published 
the UCLA experience of MRgRT for 17 
patients with locally advanced cholan-
giocarcinoma. The 2-year local control 

was 73.3%, and only 1 patient (6%) 
experienced late grade 3 toxicity.27

While there is no defined stan-
dard of care for patients with locally 
advanced or borderline resectable 
pancreatic cancer, SBRT has emerged 
as an improvement over convention-
ally fractionated regimens.28 Given 
close proximity to radiosensitive 
intra-abdominal structures, the rate 
of severe toxicity with pancreas SBRT 
approaches 10%.29 In a phase I trial 
of 20 patients with inoperable pan-
creatic cancer treated with MRgRT 
to 24 Gy in 3 fractions, no patient ex-
perienced grade 3+ toxicity.30 Rudra 
et al described a series of 44 patients 
with unresectable pancreatic cancer 
treated with conventionally fraction-
ated radiation therapy, hypofraction-
ated radiation therapy, or SBRT with 

an MRgRT approach and demon-
strated that patients with BED >70 Gy 
were associated with improved OS 
with a nonsignificant trend toward 
improved local control (77% vs 57%), 
with only 3 patients experiencing 
grade 3+ toxicity.31 Chuong et al from 
Miami Cancer Institute reported 
their institutional experience with 
MRgRT for 35 patients with pancre-
atic cancer treated with MRgRT to a 
median dose of 50 Gy in 5 fractions 
with 1 year local control of 87.8% and 
risk of late grade 3 toxicity of 2.9%.32 
Similarly, the application of SMART 
for reirradiation for recurrent pan-
creatic cancer is being explored.33

Given proximity to critical organs 
(eg, stomach, bowel), adrenal and re-
nal tumors also represent promising 
targets for SMART. In a multi-institu-
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tional retrospective study including 
13 metastatic adrenal lesions treated 
with RTT radiation therapy with 
gold fiducial markers and 8 adrenal 
lesions treated with conventional lin-
ac-based SBRT without RTT, no grade 
2 or higher reactions were reported 
for either group. However, the group 
treated with RTT had 100% local con-
trol at 1 year, compared with 50% lo-
cal control in the group treated with-
out RTT, highlighting the importance 
of accounting for tumor motion and 
pointing toward the potential utility 
of MRgRT in this setting. Similarly, 
Palacios et al published an institu-
tional experience of patients treated 
with MRgRT for adrenal tumors at 
VU Medical Center in Amsterdam, 
Netherlands. They noted significant 
daily positional variation for bowel, 

duodenum, and stomach, resulting 
in up to one-third of baseline plans 
not meeting dose constraints for 
each fraction. Further, they noted 
that online reoptimization improved 
target coverage in 63% of fractions. 
Similarly, emerging data support 
the feasibility and utility of SMART 
for primary or secondary kidney 
tumors34-37 with a similar rationale to 
that for adrenal tumors.

Pelvis

Pelvic SBRT is most frequently 
utilized for prostate tumors and 
pelvic lymph node recurrences. 
Radiosensitive intrapelvic organs 
(ie, bladder, rectum, small bowel) 
are subject to daily variation in 
location and filling, making this 
an ideal setting for MRgRT. The 

use of hypofractionated radiation 
therapy and SBRT is increasingly 
being utilized and now represents a 
standard-of-care option for localized 
prostate cancer.38 While high-quality 
evidence supports the use of prostate 
SBRT, there is concern for potentially 
increasing the risk of urinary and 
GI toxicity compared with conven-
tionally fractionated regimens,39-42 
leading to interest in utilization of 
MRgRT in this context. The benefit of 
MRgRT for prostate cancer lies in the 
ability to account for daily variation 
in bladder and rectal filling as well as 
RTT of the prostate,43 and the ability 
to treat without implanted fiducial 
markers. A prospective single-arm 
phase II trial of 101 patients treated 
with SMART to 36.25 Gy in 5 fractions 
over 2 weeks with daily adaptation 

Study Title Sponsor Condition/Disease URL

Stereotactic Body Radiotherapy 
and Focal Adhesion Kinase 
Inhibitor in Advanced Pancreas 
Adenocarcinoma

Washington University School of 
Medicine

Pancreas cancer https://clinicaltrials.gov/ct2/show/
NCT04331041

Nivolumab, Ipilimumab and 
Chemoradiation in Treating 
Patients With Locally Advanced 
Pancreatic Cancer

Herlev Hospital Locally advanced pancreatic 
cancer

https://clinicaltrials.gov/ct2/show/
NCT04247165

Study of PSMA PET/MR-Guided 
Stereotactic Body Radiation 
Therapy With Simultaneous 
Integrated Boost (SBRT-SIB) for 
High-Intermediate and High Risk 
Prostate Cancer

Weill Medical College of Cornell 
University

Prostate cancer https://clinicaltrials.gov/ct2/show/
NCT04402151

CT-Guided Stereotactic Body 
Radiation Therapy and MRI-guided 
Stereotactic Body Radiation 
Therapy for Prostate Cancer, 
MIRAGE Study

Jonsson Comprehensive Cancer 
Center

Prostate adenocarcinoma https://clinicaltrials.gov/ct2/show/
NCT04384770

Adaptative MR-Guided Stereotactic 
Body Radiotherapy of Liver Tumors

Centre Georges Francois Leclerc Liver cancer https://clinicaltrials.gov/ct2/show/
NCT04242342

Preoperative MR-Guided Radiation 
Therapy in Gastric Cancer

Washington University School of 
Medicine

Gastric adenocarcinoma https://clinicaltrials.gov/ct2/show/
NCT04162665

Immune Checkpoint Inhibitor 
and MR-guided SBRT for Limited 
Progressive Metastatic Carcinoma

Baptist Health South Florida Metastatic carcinoma https://clinicaltrials.gov/ct2/show/
NCT04376502

Randomized Phase II Trial of 
Salvage Radiotherapy for Prostate 
Cancer in 4 weeks v. 2 weeks

Weill Medical College of Cornell 
University

Prostate cancer https://clinicaltrials.gov/ct2/show/
NCT04422132

Key: DCIS = ductal carcinoma in situ, LCIS = lobular carcinoma in situ, PET = positron emission tomography, CT = computed tomography,  
SBRT = stereotactic body radiation therapy
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demonstrated minimal GI and geni-
tourinary (GU) toxicity.44,45 Similarly, 
25 patients treated with SMART to 
35 Gy in 5 fractions on a prospective 
observational protocol had only 12% 
grade 2 GU toxicity and no grade 3 
toxicity.46 Although SMART may be 
helpful for prostate SBRT, much of 
the benefit may be derived from RTT 
and gating secondary to bowel/blad-
der changes. This was most recently 
seen in a nonadaptive, MR-guided 
prostate SBRT series by our group 
showing minimal toxicity and excel-
lent PSA (prostate-specific antigen) 
response.47 Treating the primary 
tumor (as well as limited sites of 
spread) in the setting of oligomet-
astatic prostate cancer may signifi-
cantly improve patient outcomes 
and quality of life.48 Additionally, the 
broad published experience of pros-
tate SBRT can inform the utilization 
of MRgRT for pelvic nodal oligome-
tastases and oligorecurrences as 
directed by newer imaging agents 
such as prostate-specific membrane 
antigen (PSMA) to improve the early 
detection of oligometastatic disease. 
As many pelvic malignancies such as 
prostate cancer, bladder cancer, rec-
tal cancer, and gynecologic cancers 
are managed primarily with radia-
tion therapy, treatment of recurrent 
pelvic lymph node metastases in 
the re-irradiation setting presents 
a challenging clinical scenario that 
might be ideally addressed with 
MRgRT. Small retrospective series 
have demonstrated the feasibility of 
the SMART workflow for pelvic nodal 
metastases, in which online adaptive 
replanning may decrease the dose 
to OARs and facilitate the use of 
smaller margins49,50,51 for definitive 
management of pelvic oligomet-
astatic disease.

Thorax

SBRT is the standard of care for 
early stage, unresectable or medical-
ly inoperable NSCLC. Outcomes with 
SBRT have demonstrated excellent 
local control with limited toxicity 

for peripheral lesions with 1-,52,53 
3-54-57or 5-58 fraction SBRT regimens. 
However, the potential for severe or 
life-threatening toxicity associated 
with SBRT to central or ultracentral 
lung tumors, necessitates caution.59-62 
The most recent example of this is 
the Nordic-HILUS trial. HILUS is a 
prospective, single-arm phase 2 trial 
including 65 patients with ultracen-
tral lung tumors (defined as within  
< 1cm of the proximal bronchial tree 
without endobronchial invasion)63 
treated with 7 Gy x 8 fractions in 
which 15% of patients experienced 
treatment-related death (grade 5 
toxicity). In total, the rate of grade 
3 to 5 toxicity in HILUS was 34%.64 
These sobering results illustrate that 
even with modern dose constraints 
and treatment planning techniques, 
the potential for grave toxicity re-
mains for ultracentral lung tumors. 
Opposing this concern for toxicity 
is the understanding that dose-esca-
lation is often required for durable 
control in NSCLC, with patients 
achieving BED >100 Gy associated 
with improved OS.65 Due to the 
necessity for dose-escalation and the 
high risk of severe toxicity, SBRT for 
ultracentral tumors should optimally 
be delivered with appropriate motion 
management strategies to treat with 
the smallest possible margin. Due to 
respiratory motion, the use of ITVs 
with 4D CT is often utilized to ensure 
accurate localization. 

Early experiences with MRgRT 
show promise for treatment of cen-
tral lung tumors. In a small phase I 
trial, 5 patients with oligometastatic 
or unresectable primary ultracen-
tral thorax tumors received MRgRT 
to 50 Gy in 5 fractions. Four of 5 
patients and 10 of 25 total fractions 
were planned with daily online 
adaptation. No patients had grade ≥ 3 
acute toxicity while 2 patients had 
late grade 3 or 4 toxicity. In a phase 
II clinical trial in which 41 patients 
with central lung tumors received 
SBRT, the rate of grade ≥ 3 toxicity 
was 14.6%, including 1 case of fatal 

hemoptysis.66 A retrospective series 
of 50 patients with 54 primary or 
metastatic lung tumors treated with 
SMART showed excellent outcomes, 
where 93% were able to achieve BED 
>100 Gy, and grade 3 toxicity was 
seen in only 8% without any grade 
4 or 5 toxicity.67 In a separate series 
of 25 patients with central lung 
tumors treated with SMART to 60 Gy 
in 8 fractions or 55 Gy in 5 fractions, 
Finazzi et al illustrated the benefit 
of daily adaptation, as PTV coverage 
was improved in 61% of fractions 
and reduced the number of OAR 
constraint violations.66 Thus, patients 
with central or ultracentral lung 
tumors may be ideal for treatment 
with MRgRT, in which gated delivery 
with RTT can avoid the use of larger 
ITVs68 and optimize dose-escalation, 
and should be tested in prospective 
trials (NCT 04917224). MRgRT could 
have important implications for the 
treatment of both primary and meta-
static lesions to the lung to allow for 
dose escalation with decreasing the 
risk of toxicity.

With evidence pointing to the 
effectiveness of single-fraction SBRT 
for peripheral lung tumors,51,70 there 
has also been interest in adopting 
MRgRT for this approach. Finazzi 
et al reported a series of 23 patients 
with peripheral lung tumors treated 
with SMART with breath-hold gated 
delivery. The SMART-PTVs were esti-
mated to be less than 54% of the vol-
ume of ITVs generated for the same 
tumor, while adaptation facilitated 
improved PTV coverage and allowed 
all patients to achieve BED >100 Gy. 
Only 1patient experienced grade 3 
toxicity, and there were no cases of 
grade 4 or 5 toxicity.69

The Future of MR-Guided 
Radiation Therapy: Ongoing 
Clinical Trials

A number of ongoing clinical trials 
are evaluating the use of MRgRT 
in the management of primary or 
oligometastatic disease. Notably, the 
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SMART-ONE trial, which will open 
at the Miami Cancer Institute, is a 
single-arm trial investigating the fea-
sibility of delivering single-fraction, 
MR-guided SBRT to up to 10 disease 
sites (NCT04939246). Additional 
active clinical trials include patients 
being treated with MRgRT for breast, 
prostate, pancreas, liver, and spine 
tumors, among others (Table 1). 
Isotoxic dose escalation has potential 
to improve local control and may 
even impact OS; early reports are 
encouraging but this needs to be 
tested in prospective trials.53,71 As 
of yet, no prospective comparisons 
have been reported to determine 
the benefit of MRgRT over CT-based 
SBRT. As evidence begins to accu-
mulate supporting the feasibility of 
MRgRT for various disease sites, di-
rect comparison with CT-based SBRT 
will be necessary to optimize patient 
selection for this advanced treatment 
modality. MRgRT also has potential 
to incorporate diffusion-weighted 
(DWI) imaging into its daily scans 
to assess for intra-treatment tumor 
changes before tumor size or mor-
phology changes appear on tradition-
al imaging methods.72

Barriers and Limitations of 
MR-Guided Radiation Therapy

While the use of MRgRT is grow-
ing, broad adoption is limited by 
cost, availability, practical factors, 
and technical aspects. Commis-
sioning, treatment delivery, and 
maintenance of MR-linac systems 
are resource intensive, requiring 
multidisciplinary cooperation and 
expertise from physicists, therapists, 
dosimetrists, and physicians.73 The 
use of MR systems also requires 
standardized MRI safety protocols 
in addition to typical radiation 
safety protocols, and staff must be 
appropriately trained to ensure 
safety for all involved. The use of 
online adaptation with MRgRT may 
require up to 45-120 minutes of total 
treatment time, requiring extended 

physician and physicist presence at 
the machine. Patients must be able 
to tolerate appropriate positioning 
and immobilization, and potential 
anxiety or claustrophobia must be 
managed proactively. In patients 
with oligometastatic disease who 
may receive MRgRT or SMART to 
multiple sites, this lengthy treatment 
time may be multiplied. Physical 
limitations of MRgRT may include 
Lorentz forces, which may potential-
ly lead to overdosing hollow organs; 
MRI geometric distortion; uncertain-
ty associated with MRI to radiation 
isocenter distance; multileaf colli-
mator position error; and uncertain-
ties with voxel size and tracking.26 
Similarly, the lack of electron density 
and attenuation coefficient infor-
mation on MRI requires fusion to 
CT images for dose-calculations in 
treatment planning. Due to these 
additional technical factors, physicist 
and dosimetrist experience and ex-
pertise with these issues is essential 
to ensure appropriate treatment 
planning and delivery. 

Conclusion 
MRgRT represents a promising 

treatment modality for patients with 
oligometastases. An accumulat-
ing body of evidence supports the 
feasibility of MRgRT and SMART 
for various disease sites. Thanks to 
enhanced soft-tissue resolution and 
workflows allowing for daily on-
line-adaptation and RTT, MRgRT can 
facilitate dose-escalation to optimize 
TCP and minimize normal tissue 
complication probability. Ongoing 
clinical trials will continue to define 
and potentially expand the role of 
MRgRT for primary and oligomet-
astatic disease.
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Abstract 
Background and Purpose: Stereotactic body radiation therapy (SBRT) has become a standard-of-care option for 
localized prostate cancer. While prostate SBRT has traditionally been delivered using computed-tomography-guided 
radiation therapy (CTgRT), MR-imaging-guided radiation therapy (MRgRT) is now available. MRgRT offers real-time 
soft-tissue visualization and ease of adaptive planning, obviating the need for fiducial markers, and potentially 
allowing for smaller planning target volume (PTV) margins. Although prior studies have focused on evaluating the 
cost-effectiveness of MRgRT vs CTgRT from a payor perspective, the difference in provider costs to deliver such 
treatments remains unknown. This study thus used time-driven activity-based costing (TDABC) to determine the 
difference in provider resources consumed by delivering prostate SBRT via MRgRT vs CTgRT. 

Methods: Data was collected from a single academic institution where prostate SBRT is routinely performed using 
both CTgRT and MRgRT. Five-fraction SBRT (40 Gy total dose) was assumed to be delivered through volumet-
ric-modulated arc therapy for CTgRT patients, and through step-and-shoot, fixed-gantry intensity-modulated radia-
tion therapy for MRgRT patients. Process maps were constructed for each portion of the radiation delivery process 
via interviews/surveys with departmental personnel and by measuring CTgRT and MRgRT treatment times. Prior to 
simulation, only CTgRT patients underwent placement of three gold fiducial markers. Personnel capacity cost rates 
were calculated by dividing total personnel costs by the annual minutes worked by a given personnel. Equipment 
costs included both an annualized purchase price and annual maintenance costs. Ultimately, the total costs of care 
encompassing personnel, space/equipment, and materials were aggregated across the entire chain of care for both 
CTgRT and MRgRT patients in a base case. 

Results: Direct costs associated with delivering a 5-fraction course of prostate SBRT were $1,497 higher with MR-
gRT than with CTgRT – comprised of personnel costs ($210 higher with MRgRT), space/equipment ($1,542 higher 
with MRgRT), and materials ($255 higher with CTgRT). Only CTgRT patients underwent fiducial placement, which 
accounted for $591. MRgRT patients were assumed to undergo both CT simulation (for electron density calculation) 
and MRI simulation, with the former accounting for $168. Mean time spent by patients in the treatment vault per 
fraction was 20 minutes (range 15-26 minutes) for CTgRT, and 31 minutes (range 30-34 minutes) for MRgRT. Pa-
tient time spent during fiducial placement (CTgRT only) was 60 minutes. Modifying the number of fractions treated 
would result in the cost difference of $1,497 (5 fractions) changing to $441 (1 fraction) or to $2,025 (7 fractions). 

Conclusion: This study provides an approximate comparison of the direct resources required for a radiation oncol-
ogy provider to deliver prostate SBRT with CTgRT vs MRgRT. We await findings from the currently accruing phase III 
MIRAGE trial, which is comparing these modalities, and will subsequently measure acute and late genitourinary/gas-
trointestinal (GU/GI) toxicities, temporal change in quality-of-life outcomes, and 5-year biochemical, recurrence-free 
survival. Results from studies comparing the efficacy and safety of MRgRT vs CTgRT will ultimately allow us to put 
this cost difference into context. 
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Ultrahypofractionation or stereo-
tactic body radiation therapy (SBRT) 
has now become a standard-of-care 
option for localized prostate cancer.1 
While SBRT has traditionally been 
delivered using linear accelerators 
(linacs) employing computed-tomog-
raphy-guided radiation therapy (CT-
gRT), recent technological advances 
have allowed for MR-imaging-guided 
radiation therapy (MRgRT) to treat 
patients with radiation. Initially pio-
neered for use in thoracic and gastro-
intestinal malignancies, MRgRT has 
recently been highlighted in prostate 
cancer,2,3 offering several advantag-
es including real-time, soft-tissue 
visualization and ease of adaptive 
planning, obviating the need for 
fiducial markers, and potentially 
allowing for smaller planning target 
volume (PTV) margins. 

Although prior studies have 
focused on evaluating the cost-effec-
tiveness of MRgRT vs CTgRT from 
a payor perspective,4,5 this study 
aimed to determine the difference 
in provider resources consumed by 
delivering prostate SBRT via MRgRT 
vs CTgRT. This study used time-driv-
en activity-based costing (TDABC), an 
accounting technique conceptualized 
by Kaplan and Anderson in 2004,6 
to quantify the overall personnel, 
space/equipment, and material costs 
associated with SBRT delivered with 
MRgRT vs with CTgRT. Accounting 
for numerous processes and varia-
tion in key inputs, TDABC lends itself 
well to radiation oncology, where in 
recent years it has increasingly been 
utilized – including notable studies 
in prostate cancer.7,8 In addition to 

quantifying resources utilized at 
discrete steps, the granular nature 
of TDABC may also lead to insights 
that may be used to improve care 
processes and gain efficiencies. 

Methods

Building Process Maps to Define 
the Intervention 

To inform this TDABC model, data 
were collected from a single academ-
ic institution where prostate SBRT is 
routinely performed using both CT-
gRT and MRgRT. Process maps were 
initially constructed for each portion 
of the radiation delivery process: ini-
tial consultation, simulation, treat-
ment planning, treatment delivery 
over 5 SBRT fractions, 1 on-treatment 
visit (OTV), and 1 follow-up visit. 
The amount of time spent during 
individual processes of care was 
obtained by interviews/surveys with 
departmental personnel (physicians, 
nurses, dosimetrists, physicists, 
front office personnel, and radiation 
therapists), with the exception of 
CTgRT and MRgRT treatment times, 
which were measured from patients 
undergoing prostate SBRT from April 
2021 to June 2021. A map overlooking 
the entire flow of care, including 
notable differences between CTgRT 
vs MRgRT, is seen in Figure 1. 

Technology Utilized 

Prior to simulation, CTgRT 
patients underwent placement of 
3 gold fiducial markers by a radia-
tion oncologist that was done in a 
perineal fashion using transrectal 
ultrasound, lithotomy position, and 

local lidocaine block – all in the 
outpatient setting. CTgRT patients 
were then assumed to be treated on 
TrueBeam STx (Varian) with on-table 
position management involving 
the ExacTrac patient positioning 
system (BrainLab), which utilizes 
kV orthogonal x-rays with fiducial 
matching. Treatment was performed 
via volumetric-modulated arc 
therapy (VMAT). During treatment, 
CTgRT patients initially underwent 
ExacTrac (matched to fiducials) and 
cone-beam CT (CBCT) (to ensure ap-
propriate bladder filling and rectum 
emptiness) prior to the first arc, with 
ExacTrac only performed between 
the first and second arc. 

MRgRT patients were assumed 
to be treated on MRIdian linac 
(ViewRay), a platform that inte-
grates a linac with split-magnet MRI 
technology and provides continuous 
soft-tissue imaging during treatment. 
Patients were treated with step-and-
shoot, fixed-gantry intensity-mod-
ulated radiation therapy (IMRT) 
involving 10-17 beams. Image-guid-
ance was performed by fine tuning 
localization with MRI to the prostate 
itself. Our institutional protocol did 
not routinely utilize adaptive plan-
ning in the treatment of localized 
prostate cancer; therefore, estimates 
pertaining to the additional time 
and resources for adaptive planning 
were not included. 

Both groups of patients were to 
receive prostate SBRT in 40 Gy over 
5 fractions, every other day, approx-
imately over 1.5 weeks. Preparation 
prior to simulation and treatment in 
both groups included obtaining full 
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bladder (patients asked to fully void 
and then drink 16-24 ounces of water 
approximately 30 minutes before sim-
ulation/treatment), and empty rectum 
(obtained by using two fleet enemas 
before treatment). If simulation/treat-
ment was scheduled prior to 2 pm, 
the patient was instructed to do one 
enema the night before, and another 
enema the morning of treatment 

upon waking up. If simulation/treat-
ment was instead scheduled after 2 
pm, the patient was instructed to do 
an enema that day upon waking up, 
and another enema at 12 pm. 

Estimating the Cost of Supplying 
Patient Care Resources

Personnel capacity cost rates 
(CCRs) were calculated by dividing 

total personnel costs (including 
salary, bonuses, benefits, cost of 
administrative support, malpractice 
insurance for physicians, education-
al funds, information technology, 
and office expenses) by the annual 
minutes worked by a given personnel 
member. These estimates were ob-
tained from the department chief fi-
nancial officer. Ultimately personnel 

Figure 1. Process map outlining steps shared between computed-tomography-guided radiation therapy (CTgRT) and MR- 
guided radiation therapy (MRgRT), as well as unique steps in each. The box color of each step represents the personnel 
involved. The number inside the left-handed oval represents the average number of minutes a step takes.
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seeing such procedures. The invoice 
cost of a 3-pack of gold fiducial 
markers was $210 each. Additionally, 
per-patient material costs associated 
with room turnover, draping the 
patient and preparing a sterile field, 
and medicating the patient were also 
included. Both groups of patients 
were assumed to have not undergone 
hydrogel placement.

Also included in this estimate was 
machine-specific QA for each linac 
computed by amortizing these costs 
across the percentage of a linac’s 
clinically available minutes spent 
on an individual treatment. The 
CT-guided linac and MR-guided linac 
were estimated to have daily QA of 
20 minutes/day vs 40 minutes/day, 
monthly QA of 240 minutes/month vs 
360 minutes/month, and yearly QA of 
900 minutes/year vs 1,380 minutes/
year, respectively. 

Calculating Total Cost of Care

Ultimately, the total costs of care 
encompassing personnel, space/
equipment, and materials were 
aggregated across the entire chain 
of care for both CTgRT and MRgRT 
patients in a base case. A synop-
sis of major assumptions used in 
calculating CTgRT and MRgRT costs 
is presented in Table 1. Additional 
sensitivity analysis is found in subse-
quent sections of the manuscript. 

Results

Base Case Scenario

Given the baseline models as 
discussed above, the direct costs as-
sociated with delivering a 5-fraction 
course of prostate SBRT were $1,497 
higher with MRgRT than with CTgRT 
– comprised of personnel ($210 high-
er with MRgRT), space/equipment 
($1,542 higher with MRgRT), and 
materials ($255 higher with CTgRT). 
Differences in costs are broken down 
by phase of care (Table 2), with the 
largest differences seen in treatment 

delivery ($1,303 higher for MRgRT). 
At simulation, both personnel and 

materials costs were higher with 
CTgRT ($169 and $256, respectively) 
than with MRgRT given the need for 
fiducial placement (only necessary 
for CTgRT and accounting for $591 
overall). During simulation, however, 
space/equipment costs were $410 
higher in MRgRT given the need for 
CT simulation to be performed (for 
electron density calculations) in addi-
tion to the utilization of the high-cost 
MRI linac vault for simulation scans. 

During treatment delivery, MRgRT 
resulted in $1,303 higher costs per 
course mainly due to $1,018 higher 
space/equipment costs from both 
increased time in the vault (171 min-
utes for MRgRT vs 115 minutes for 
CTgRT during treatment delivery), 
as well as higher space/equipment 
CCR ($9.62/minute vs $6.43/minute). 
When estimating the time spent 
from a patient entering to exiting the 
room (mean 20 minutes [range 15-26 
minutes] for CTgRT-based treatment 
on 5 patient encounters; mean 31 
minutes [range 30 to 34 minutes] for 
MRgRT-based on 6 patient encoun-
ters) these estimates intentionally 
excluded patients who required 
additional waiting in the room for 
bladder filling. For MRgRT, the pos-
sibility of adaptive treatment was not 
included in this analysis.

Regarding patient time, CTgRT 
patients spent 30 additional minutes 
during simulation largely due to fi-
ducial placement, which occupied 60 
minutes (excluding the variable wait 
time between fiducial placement and 
same-day simulation). This was only 
partially offset by the dual CT and 
MRI simulation scans that MRgRT 
patients underwent. During treat-
ment delivery, MRgRT patients spent 
56 more minutes across the entire 
treatment course. 

Additional Sensitivity Analyses 

Instead of performing SBRT over 
5 fractions, the study also compared 

CCRs were found to be $5.16/minute 
for attending radiation oncologists, 
$1.32/minute for technologists, $2.56/
minute for physicists, $2.27/minute 
for dosimetrists, $2.11/minute for 
radiation therapists, $2.42/minute for 
nurses, $1.09/minute for hospital as-
sistants, $0.97/minute for front desk 
staff, and $0.70/minute for environ-
mental services staff members.

The cost of equipment included 
both the average sales price amor-
tized over a useful life of 10 years, 
as well as annual maintenance 
costs. The combined sales price of 
TrueBeam STx with ExacTrac was 
estimated to be $4,750,000, with 
estimated annual maintenance costs 
of $417,500. Sales price for MRIdian 
linac was estimated to be $7,800,000, 
with estimated annual maintenance 
costs of $550,000. Each of these 
estimates was provided by company 
representatives as typical sales pric-
es; actual sales prices vary and are 
subject to change.

Space costs were made on a dollar 
per square foot ($/sq ft) basis. New 
construction costs based on institu-
tional estimates were $1,000/sq ft for 
the CTgRT linac vault, $1,265/sq ft for 
the MRgRT linac vault (higher due to 
additional radiofrequency shielding 
and considerations involving a super-
conductor magnet with helium), and 
$420/sq ft for all other spaces; useful 
life of all spaces was assumed to be 25 
years. All space and equipment were 
assumed to be available for clinical 
use 5 days per week (except for 10 hol-
idays per year and 2 days per year for 
maintenance); during each working 
day, all linacs and the CT simulator 
were available for clinical use for 9.5 
hours (machine-specific quality assur-
ance [QA] assumed to occur outside 
this window) and all other spaces 
made available 8 hours per day. 

The overwhelming majority of 
materials costs incurred were related 
to fiducial placement (associated 
with CTgRT delivery only), and were 
obtained from the lead nurse over-

36 Applied Radiation Oncology September 2021



TDABC of Prostate SBRT Using CTgRT vs MRgRT RESEARCH

how decreasing treatment to a single 
fraction (as in PROSINT)9 or increas-
ing to 7 fractions (as in HYPO-RT-
PC)10,11 would influence costs for both 
modalities. The overall cost increase 
from CTgRT to MRgRT would change 
from $1,497 (5 fractions) to $441 (1 
fraction) or to $2,025 (7 fractions). 

By decreasing the amount of time 
machines were clinically available by 
20%, the cost difference from CTgRT 
to MRgRT went from $1,497 to $1,893; 
when increasing clinically available 
time by 20%, the cost difference 

decreased to $1,233. Decreasing the 
list price for each linac 20%, the CT-
gRT-MRgRT cost difference declined 
from $1,497 to $1,328. By decreasing 
the list price for only MRgRT by 20%, 
the cost difference declined from 
$1,497 to $1,231.

Currently, CT simulation is still 
performed for MRgRT patients to aid 
with electron density calculations. 
However, if synthetic CT images were 
used instead – similar to a process 
outlined in MR-OPERA12 – this would 
result in savings of $168. 

Discussion
This study provides an approx-

imate comparison of the direct 
resources required for a radiation 
oncology provider to deliver pros-
tate SBRT with CTgRT vs MRgRT. 
For context, this $1,497 increase in 
direct costs from utilizing MR-
gRT for 5-fraction prostate SBRT 
instead of CTgRT is comparable to 
a $1,316 increase seen with MRgRT 
in an analysis previously conduct-
ed for patients with unresectable 

Key: CTgRT = computed-tomography-guided radiation therapy, MRgRT = MR-guided radiation therapy, SBRT = stereotactic body radiation therapy,  
linac = linear accelerator, VMAT = volumetric-modulated arc therapy, QA = quality assurance, CCR = capacity cost rates

Table 1. Major Assumptions for CTgRT vs MRgRT in Prostate SBRT 
ASSUMPTION CT-GUIDED LINAC SBRT MR-GUIDED LINAC SBRT SHARED BY CTGRT AND MRGRT

Machine (Manufacturer) TrueBeam STx (Varian) with 
ExacTrac (BrainLab)

MRIdian Linac (ViewRay)

Real-time imaging of soft tissue No Yes 

Type of simulation required CT simulation only (Diagnostic MRI 
may be done prior)

CT simulation and MR simulation 

Technique VMAT Fixed-gantry, step-and-shoot IMRT

Fiducials placed Yes - for image guidance No

Annual time spent on machine QA 
(minutes)

8,760 15,660

Construction costs for linac vault $1,000 / sq ft $1,265 / sq ft

List price of machine $4,750,000 $7,800,000

Annual maintenance costs of machine $417,500 $550,000

Space of linac vault 686 sq ft 1134 sq ft

Space/equipment cost of linac vault $6.43/minute $9.62/minute

Number of fractions 5

Dose per fraction 8 Gy 

Time machine is clinically available 
during year, excluding QA (minutes)

141,930

Personnel CCR (Attending Physician) $5.16/minute

Personnel CCR (Technologist) $1.32/minute

Personnel CCR (Physicist) $2.56/minute

Personnel CCR (Dosimetrist) $2.27/minute

Personnel CCR (Radiation Therapist) $2.11/minute

Personnel CCR (Nurse) $2.42/minute

Personnel CCR (Hospital Assistant) $1.09/minute

Personnel CCR (Front Desk Staff) $0.97/minute
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hepatocellular carcinoma receiv-
ing liver SBRT.13 

Notably, this analysis does not in-
clude radiology resources utilized in 
obtaining a diagnostic prostate MRI 
that may be ordered for planning 
purposes in CTgRT patients. While 
many CTgRT and MRgRT patients 
alike may receive diagnostic MRI 
at initial staging, a subset of CTgRT 
patients undergoing neoadjuvant 
androgen deprivation therapy will 
require an additional MRI (for plan-
ning purposes) around the time of 
CT planning to account for prostate 
size. Although TDABC estimates 
from this step are not available, 2021 
Medicare Physician Fee Schedule 
reimbursements total approximately 
$462 for prostate MRI – with national 
payment amounts (nonfacility price) 
for CPT codes 72197 (MRI pelvis 
with-without contrast) and 76377 
(3D rendering with interpretation) at 
$389 and $73, respectively. 

Also not included in this analysis is 
the possibility of adaptive planning. 
While a couple of studies involving 
MRgRT in prostate cancer have 
utilized adaptive planning, 14,15 the in-
cremental benefit, if any, of such an 
approach has not yet been elucidat-
ed. Because our institution does not 
routinely utilize adaptive planning 
for MRgRT, the nontrivial increased 
time and resources associated with 

such an effort were not included. 
Lastly, not included in this anal-

ysis is the placement of a hydrogel 
spacer. While randomized data 
have shown placement of a rectal 
spacer resulting in improved rectal 
toxicity and sexual function,16,17 it is 
not covered by all payors and may 
also result in rare grade 3 toxicity 
(including rectum perforation and 
urethral damage).18 As a result, its 
utilization often depends on physi-
cian experience, patient preference, 
and clinical factors. Although our 
analysis did not account for spacer 
hydrogel placement, it is worth not-
ing that the cost differential between 
a CTgRT patient receiving fiducials 
plus hydrogel vs an MRgRT patient 
receiving hydrogel alone would be 
significantly smaller than $591 (the 
cost currently attributed to doing 
fiducial placement alone in CTgRT 
patients). Because most steps are 
shared in a combined fiducial plus 
hydrogel placement, the additional 
cost from placing fiducials in this 
setting mainly comes from materials 
costs of the fiducials themselves.

Although this study focuses exclu-
sively on the resources associated 
with processes, personnel, space/
equipment, and materials involved 
in performing prostate SBRT with 
CTgRT vs MRgRT, we currently await 
data comparing the safety/efficacy of 

the two modalities. While single-arm 
prospective data by Tetar et al has 
illustrated a favorable safety profile 
with MRgRT prostate SBRT (no grade 
3-plus toxicity reported; symptoms 
returning to baseline by 12 months),2 
the currently accruing phase III MI-
RAGE trial aims to formally compare 
these modalities in a randomized 
fashion, and will subsequently mea-
sure acute and late GU/GI toxicities, 
temporal change in quality-of-life 
outcomes, and 5-year biochemical 
recurrence-free survival.3 While 
real-time image guidance may 
allow for smaller PTV margins with 
MRgRT, it is unclear how this will 
compare to the difference in dosime-
try achieved by VMAT with CTgRT vs 
step-and-shoot IMRT with MRgRT. 

Given comorbidities and clinical 
situations, it is likely that certain 
patients may be suitable for one 
modality. For example, patients with 
extreme claustrophobia or with 
nonpacemaker-compatible im-
planted devices may not be suitable 
candidates for MRgRT. On the other 
hand, patients with an excessive 
bleeding risk or who cannot easily 
come off anticoagulants may not be 
suitable for CTgRT given the need for 
fiducial placement. 

Finally, one must acknowledge 
the following caveats to the analysis 
when interpreting this study’s results, 

Table 2. Difference in Cost Between CT-Guided and MR-Linac SBRT 

MAP PROCESS STEP PERSONNEL SPACE + EQUIPMENT MATERIALS TOTAL

1 New Patient -$41 -$1 $0 -$42

2 Simulation $169 -$410 $256 $15

3 Treatment Planning -$13 -$114 $0 -$126

4 Treatment (total) -$285 -$1,018 $0 -$1,303

5 On Treatment Visit (total) $0 $0 $0 $0

6 Follow-Up Visit (total) $0 $0 $0 $0

7 Machine-specific QA -$40 $0 $0 -$41

 Total -$210 -$1,542 $255 -$1,497

Key: SBRT = stereotactic body radiation therapy, CTgRT = computed-tomography-guided radiation 
therapy, MRgRT = MR-guided radiation therapy , QA = quality assurance

CTgRT higher  MRgRT higher
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and especially when extrapolating 
findings to other centers. First, the 
data used to inform process times, 
personnel costs, and materials costs 
comes from a single academic de-
partment, where protocols and pro-
cesses may vary compared with oth-
er institutions. For example, while 
our institution utilized fiducials for 
CTgRT SBRT delivery, this practice 
is not universal, as 27% of SBRT 
patients treated in PACE-B did not 
receive fiducials.19 In addition, our 
institution utilized both CBCT and 
orthogonal kV x-rays before treat-
ment as well as orthogonal kV x-rays 
during treatment, whereas other cen-
ters may have only used CBCT prior 
to treatment – thereby resulting in 
lower treatment times. Second, the 
equipment costs used in this analysis 
were taken from sales representa-
tives and may be subject to variation 
depending on specific contract 
agreements. Third, when accounting 
for different fractionation regimens 
(eg, 1 fraction or 7 fractions vs 5 
fractions), the approximate cost per 
fraction was kept constant and did 
not explicitly account for the variable 
length of treatment time depending 
on nominal dose delivered. 

Conclusion
In conclusion, the base case of 

this TDABC analysis estimates $1,497 
in increased direct costs utilized 
by delivering prostate SBRT with 
MRgRT instead of CTgRT, although 
as seen in sensitivity analyses above, 
modifications to key model inputs 
may change this result. Results from 
studies comparing the efficacy and 
safety between MRgRT vs CTgRT will 

ultimately allow us to put this cost 
difference into context. 
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The American of College of Ra-
diology (ACR) Radiation Oncology 
In-Training Examination (TXIT) is 
a standardized assessment used to 
assess radiation oncology trainees’ 
acquisition of knowledge necessary 
for independent practice. By provid-
ing “mean norm-referenced scores 
at the national, institutional, and 
individual levels,” the TXIT serves 
as a formative assessment to inform 
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Abstract 

Hypothesis: The American College of Radiology (ACR) Radiation Oncology In-Training Examination (TXIT) is an 
assessment administered by radiation oncology training programs to assess resident performance against 
national benchmarks. Results are currently reported using a disease site conceptual framework. The clini-
cal care path framework was recently proposed as a complementary view of resident education. This study 
assesses distribution of 2016-2019 TXIT questions using the clinical care path framework with the hypothesis 
that questions are unequally distributed across the clinical care path framework, leading to underassessment 
of fundamental clinical skills.

Methods and Materials: Using a clinical care path framework, 1,200 questions from the 2016-2019 TXITs 
were categorized into primary categories and subcategories. The distribution of questions was evaluated.

Results: Primary categorization was achieved for 98.7% of questions. Where applicable, subcategorization 
was achieved for 96.6% of questions. There was substantial inter-rater reliability (primary category Κ = 0.78, 
subcategory Κ = 0.79). Distribution of TXIT content by the clinical care path framework was: treatment deci-
sion (35%), diagnosis (16%), radiation biology (12%), radiation physics (12%), treatment planning (9%), biosta-
tistics (4%), cancer biology (4%), toxicity and management (4%), brachytherapy (2%), quality assurance (1%), 
and research methods (1%). Of the 419 questions within the treatment decision primary category, knowledge 
from randomized clinical trials was most frequently evaluated (43%). 

Conclusions: TXIT question items are unequally distributed across clinical care path categories, emphasizing 
treatment decision over other categories such as treatment planning and toxicity and management. Reporting 
examination data by both clinical care path and disease site conceptual frameworks may improve assessment 
of clinical competency.
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trainees and training programs 
on content areas that may require 
additional attention for self-study or 
formal didactics.1-4  

The annual TXIT examination 
consists of 300 single-answer, 
multiple-choice questions and is 
sponsored by the ACR Commis-
sion on Publications and Lifelong 

Learning.3 Examination content is 
organized into 13 sections according 
to a disease site conceptual frame-
work (eg, thoracic, breast, lung), or 
by basic science subject (biology, 
physics, statistics). 

In medical education, a conceptual 
framework facilitates organization and 
perception of educational content.  

A conceptual framework can also 
“represent [a] way of thinking about a 
problem” and influence how inter-
related topics may be considered.5 
Traditionally, the field of radiation 
oncology has used a disease site 
conceptual framework to organize res-
ident education. The use of a disease 
site framework is reflected in didactic 

Figure 1. Radiation oncology education clinical care path conceptual 
framework. From Perez and Brady’s Principles and Practice of Radiation 
Oncology, 7th ed (p. 2243), by D.W. Golden and P. Ingledew, 2018, Lippincott, 
Williams & Wilkins. Printed with permission.
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curricula, clinical rotations, case 
logs, textbooks, and board exam-
ination categories.6,7 This prevailing 
conceptual framework also underlies 
development of assessment tools 
such as the TXIT examination.4  

A conceptual framework based on 
the radiation oncology clinical care 
path was recently proposed and rep-
resents an alternative and comple-
mentary lens through which to view 
radiation oncology education (Figure 
1).8 The clinical care path conceptual 
framework represents the stepwise 
clinical activities involved in provid-
ing care to a patient receiving radia-
tion therapy. These steps begin at the 
initial consultation and encompass 
the treatment decision, simulation, 
contouring, treatment planning, 
quality assurance, toxicity manage-
ment, and long-term follow-up. For 
medical specialties with a technical 
component, such a framework may 
better encompass the spectrum of 
professional activities in which a 

physician must demonstrate profi-
ciency to be considered competent 
for independent practice. As a result, 
the clinical care path framework may 
provide a more direct link to compe-
tency-based medical education.9-11

The extent to which the TXIT 
assesses competency in the clinical 
activities central to the practice of 
radiation oncology as defined by the 
clinical care path conceptual frame-
work is unknown. The purpose of this 
study was to assess the distribution 
of questions in the 2016-2019 TXIT 
examinations using the clinical care 
path framework. We hypothesized 
that the TXIT content is unequally dis-
tributed across the clinical care path 
framework, leading to underassess-
ment of fundamental clinical skills.

Methods and Materials
Category Definition

The clinical care path frame-
work was adapted to derive clinical 

care path primary categories and 
subcategories (Figure 2) along with 
definitions to guide categorization 
by independent coders (Table 1). 
Subjects outside of the clinical care 
path but fundamental to the practice 
of radiation oncology including 
radiation biology, cancer biology, 
radiation physics, biostatistics, and 
research methods were included as 
separate applied sciences primary 
categories (Figure 2). 

Coding of Question Items

Two independent coders catego-
rized 1,200 questions from the 2016-
2019 TXIT examinations based on the 
content of the question stem, answer 
choices, and associated rationale. 
Inter-rater reliability was assessed 
with Cohen’s kappa coefficient test 
statistic. Items with discordant 
categorizations were independent-
ly reconciled by a third coder. If 
reconciliation was not achieved, the 
question was deemed uncategorizable 

Figure 2. Clinical care path primary categories (A), subcategories (B), and applied sciences 
categories (C) used to classify TXIT in-training exam questions. *Brachytherapy included as a 
primary category to emphasize its unique position within the clinical care path.
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Table 1. Definitions Guide for Question Categorization
PRIMARY CATEGORIES AND SUBCATEGORIES DEFINITION

Clinical Care Path Categories

Diagnosis Questions relating to the diagnosis and integration of clinicopathologic data during initial 
consultations

•History and physical History and exam findings pertinent to a diagnosis of cancer

•Epidemiology Epidemiological facts relating to cancer incidence, prevalence, and population level data

•Imaging Imaging modalities or imaging findings

•Onco-anatomy Anatomy questions, patterns of spread, and questions about loss or alteration of function due to 
tumor involvement

•Pathology Histological diagnosis and principles

•Risk factors Predisposing factors to cancer development

•Staging TNM staging, clinical group staging, pathological group staging, and risk groups

•Workup Catch-all category for utilization or interpretation of other studies performed during diagnosis (ie, 
laboratory tests)

Treatment Decision Questions relating to treatment principles or medical knowledge informing treatment decision 
making

•Management General treatment principles (often derived from consensus guidelines)

•Nonrandomized data Phase I, phase II, and observational studies

•Prognostic/predictive factors Clinical, pathological and treatment factors that are prognostic for outcome or predictive for 
treatment effect

•Randomized control data Phase III, randomized control studies, including meta-analyses

Treatment Planning Questions relating to radiation treatment planning

•Contouring Tumor volumes, normal volumes, field placement, and field borders

•Dose constraints QUANTEC data, dosimetric studies, dose constraints utilized in clinical trials

•Dosimetry Radiation planning and dosimetry concepts (ie, measurement of dose)

•Simulation Simulation modalities, patient setup, and skills employed during simulation

Quality Assurance Questions pertaining to QA activities performed as part of treatment verification and/or delivery  
(ie, IGRT)

Brachytherapy Questions relating to brachytherapy

Toxicity and Management Questions relating to identification, mitigation, and management of treatment-related toxicities

•Acute Acute toxicity occurring during and just after completion of treatment (ie, fatigue, dermatitis, 
mucositis, proctitis, cystitis, etc.)

•Late Late toxicity occurring because of delayed radiation effects (i.e. secondary malignancy, fertility, 
chronic organ dysfunction, etc.)

Applied Sciences Categories

Biostatistics Questions employing statistical principles

Research Methods Questions pertaining to the research process and trial design

Cancer Biology Questions about tumor biology, cellular physiology, and molecular mechanisms in the absence of 
radiation effects (ie, mutations, genomic alterations, cell receptors, downstream effectors, systemic 
therapy mechanism of action)

Radiation Physics Questions pertaining to fundamental physics concepts and material commonly taught in radiation 
physics courses or discussed in radiation physics texts

Radiation Biology Questions about the biological action of radiation treatment and fundamental radiobiological 
concepts commonly taught in a radiation biology course or discussed in radiobiology texts

*Bold indicates primary category      †Bullets indicate subcategory within a primary category if applicable
Key: TNM = tumor, nodes, metastases; QUANTEC = Quantitative Analyses of Normal Tissue Effects in the Clinic; QA = quality assurance; IGRT = image-guided 
radiation therapy
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Table 2. Examples of Reconciled or Uncategorized Question Items

EXAMPLE QUESTION ITEM ANSWER AND RATIONALE CATEGORIZATION BY CODER† FINAL CATEGORIZATION

Primary 
Category – 
Reconciled

Which tumor markers can 
be used as adjunctive 
studies to assess for 
disease progression in 
metastatic breast cancer?

A. CEA, CA 15-3, CA 19.9     

B. CEA, CA 15-3, CA 27.29     

C. CEA, CA 19.9, CA 27.29     

D. CA 15-3, CA 19.9,  
    CA 27.29

Key: B. Solution/Rationale: NCCN breast 
cancer guidelines include optional use of 
CEA, CA 15-3, CA 27.29 in the assessment 
of metastatic breast cancer. The ASCO 
guidelines on biomarkers to guide systemic 
therapy for metastatic breast cancer state 
that CEA, CA 15-3, and CA 27.29 may 
be used to assist in treatment decision-
making; however, they should not be used 
alone for monitoring disease response. CA 
19.9 is not used in breast cancer; more 
often in pancreatic cancer.  

Van Poznak C, Somerfield MR, Bast RC, et 
al. Use of biomarkers to guide decisions 
on systemic therapy for women with 
metastatic breast cancer: American Society 
of Clinical Oncology Clinical Practice 
Guideline. J Clin Oncol. 2015;33:2695-
2704.

1: Diagnosis - Workup

2: Treatment Decision- 
    Management

3: Diagnosis - Workup

Diagnosis - Workup

Subcategory  
– Reconciled

For pleomorphic adenoma 
of the parotid gland, which 
feature increases the risk 
of local recurrence? 

A. Patient age 

B. Tumor size 

C. Male gender 

D. Tumor spillage

Key: D. Solution/Rationale: Surgical 
excision with a superficial or complete 
parotidectomy and facial nerve 
preservation is the recommended 
treatment for pleomorphic adenoma. 
Tumor spillage, residual disease, and 
recurrent disease after initial surgery are 
risk factors for additional recurrence. 
With a margin-negative surgical excision, 
size is not an independent risk factor for 
recurrence of a pleomorphic adenoma.

Liu FF, Rotstein L, Davison AJ, et al. Benign 
parotid adenomas: a review of the Princess 
Margaret Hospital experience. Head Neck. 
1995;17(3):177-183. 

1: Retrospective data

2: Prognostic/predictive 
    factors

3: Prognostic/predictive 
    factors

Treatment Decision – 
Prognostic/ predictive 
factors

Primary 
Category – 
Uncategorized

What is the MOST common 
radiation technique for 
treatment of pterygium?

A. Electrons with bolus

B. IMRT

C. Orthovoltage photons

D. Beta emitter 
brachytherapy

Key: D. Solution/Rationale: Contact 
brachytherapy with strontium-90 is 
commonly utilized in the postoperative 
treatment of pterygium. Other methods are 
less focal. 

Pashtan I, Oh KS, Loeffler JS. Radiation 
therapy in the management of pituitary 
adenomas. Int J Radiat Oncol Biol Phys. 
1994;28(1):101-103.

1: Radiation Physics

2: Treatment Decision

3: Treatment Planning

Uncategorized (primary 
category)

Subcategory  
– Uncategorized

What is the approximate 
5-year local regional failure 
rate of T4, node positive 
anal cancer after definitive 
chemoRT?

A. 20%

B. 40%

C. 60%

D. 80%

Key:  C. Solution/Rationale: According to 
the secondary analysis of RTOG 98-11 
stratified by TN staging, for patients with 
T4, N1-3 cancer, the rate of 5-year LRF 
was 60%.

Gunderson LL, Moughan J, Ajani JA, et al. 
Anal carcinoma: impact of TN category of 
disease on survival, disease relapse, and 
colostomy failure in US Gastrointestinal 
Intergroup RTOG 98-11 phase 3 trial. Int J 
Radiat Oncol Biol Phys. 2013;87(4):638-645.

1: Randomized control data

2: Nonrandomized data

3: Prognostic factors

Treatment Decision  
– Uncategorized 
(subcategory)

† Coder 1: SG; Coder 2: KRR; Coder 3: CRG
Key: NCCN = National Comprehensive Cancer Network, ASCO = American Society of Clinical Oncology, IMRT = intensity-modulated radiation therapy, RTOG = 
Radiation Therapy Oncology Group, LRF = locoregional failure
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at the primary or subcategorization 
level. Examples of reconciled and 
uncategorized questions are provided 
in Table 2. A single coder catego-
rized questions according to disease 
site and content area. At the time of 
question categorization, all coders 
were radiation oncology residents at 
accredited US residency programs.

Institutional review board review 
of this study was not obtained as no 
human subjects were researched. 

Results

Question Classification

Initial question categorization was 
achieved with substantial agree-
ment between two independent 
coders (primary category, к = 0.78; 

subcategory, к = 0.79). In total, 343 
questions (28.6%) required cate-
gorization by a third coder. Of the 
1,200 question items, 1184 (99%) 
were successfully categorized by 
primary category. Of 199 questions 
for which reconciliation of the 
primary category was achieved, 
items were most commonly labeled 
as treatment decision by one coder 
and either diagnosis (n = 34, 17%) 
or treatment planning (n = 28, 14%) 
by the second coder. Of the 762 
question items with a subcategory, 
719 (94%) were successfully subcat-
egorized. Of 85 questions for which 
reconciliation of the subcategory 
was achieved, most were within the 
treatment decision (n = 55, 65%), 
diagnosis (n = 22, 25%), or treatment 

planning primary categories (n = 7, 
8%). Additional details of reconciled 
questions are available in Table 3.

TXIT Content by the Clinical Care 
Path Framework

The distribution of question 
items from the 2016-2019 TXIT 
examinations according to the clin-
ical care path framework is report-
ed in Table 4. A total of 796 (66%) 
question items were classified us-
ing the clinical care path, with the 
remaining 404 (34%) categorized 
as applied sciences. Clinical care 
path questions assessing treatment 
decisions were most prevalent, 
representing approximately 35% of 
all items (n = 435). These questions 
most frequently evaluated data 

Table 3. Patterns of Disagreement in TXIT Question Items Requiring Reconciliation

Disagreement by Subcategory

SCENARIO N (215 TOTAL) PATTERN OF DISAGREEMENT IN CATEGORIZATION

Disagreement between all 
coders

16 No pattern

Disagreement between 
initial coders, reconciled by 
third coder

199 Most common disagreements by primary categorization*: 

• diagnosis & treatment decision (34)

• treatment decision & treatment planning (28)

• cancer biology & radiation biology (23)

• radiation physics & quality assurance (12)

• treatment planning & radiation physics (12)

• treatment planning & toxicity and management (12)

• biostatistics & research methods (10)

Disagreement by Subcategory

SCENARIO N (128 TOTAL) PATTERN OF DISAGREEMENT IN CATEGORIZATION

Disagreement between all 
coders

18 • 16 of 18 disagreements at level of subcategory within treatment decision primary category (ie, 
management, nonrandomized data, randomized data, retrospective data, prognostic/predictive 
factors)

Disagreement between 
initial coders, unreconciled 
by third coder (different 
primary category)

25 • 23 of 25 were categorized by initial coders in primary category of treatment decision

• 16 of these 23 were labelled by the third coder as diagnosis (6) or treatment planning (10)

Disagreement between 
initial coders, reconciled by 
third coder

85 Most common primary categories for which subcategories were reconciled: 

• treatment decision (53)

• diagnosis (22)

• treatment planning (7)

n indicates number of questions
*Most frequent pairwise disagreements listed in descending order from most to least common (≥ 10 occurrences)
†Number of disagreements by category or category pairs provided in parentheses
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Table 4. TXIT Question Categorization by a Clinical Care Path Framework for 
Examination Years 2016-2019
PRIMARY CATEGORIES AND SUBCATEGORIES N (%)

Clinical Care Path Categories 796 (66)

Diagnosis 186 (16)

  Epidemiology 18 (2)

  Imaging 10 (1)

  Onco-anatomy 44 (4)

  Pathology 20 (2)

  Risk factors 10 (1)

  Staging 57 (5)

  Workup 10 (1)

  Uncategorized subcategory 14 (1)

Treatment Decision 419 (35)

  Management 103 (9)

  Nonrandomized data 32 (3)

  Prognostic/predictive factors 37 (3)

  Randomized control data 182 (15)

  Retrospective data 15 (1)

  Uncategorized subcategory 50 (4)

Treatment Planning 112 (9)

  Contouring 37 (3)

  Dose constraints 34 (3)

  Dosimetry 25 (2)

  Simulation 5 (<1)

  Uncategorized subcategory 11 (1)

Quality Assurance 11 (1)

Brachytherapy 23 (2)

Toxicity and Management 45 (4)

  Acute 9 (1)

  Late 34 (3)

  Uncategorized subcategory 2 (<1)

Applied Sciences Categories 404 (34)

Biostatistics 46 (4)

Research Methods 14 (1)

Cancer Biology 48 (4)

Radiation Physics 140 (12)

Radiation Biology 140 (12)

Uncategorized Primary Category 16 (1)

TOTAL 1200 (100)

*Bold items indicate primary categories with subcategories listed beneath if applicable
†Percentages rounded to nearest whole number
Key: TXIT = Radiation Oncology In-Training Exam

derived from randomized clinical 
trials (n = 182). Questions assessing 
diagnosis were the second most 
common (n = 186, 16%) and most 
frequently assessed tumor staging. 
Approximately 10% of questions as-
sessed treatment planning (n = 112), 
of which approximately two-thirds 
were related to contouring and dose 
constraints. Questions evaluating 
treatment toxicity represented ap-
proximately 4% of items. Questions 
assessing brachytherapy included 
23 questions within a 4-year test-
ing period (2%). 

For the applied sciences ques-
tions, radiation and cancer biology 
represented approximately 16% of 
all question items (n = 188), followed 
by radiation physics (n = 140, 12%), 
and biostatistics/research meth-
ods (n = 60, 5%). 

TXIT Content by a Disease Site 
Framework

When classifying questions 
other than those defined as applied 
sciences according to a disease site 
framework, disease sites were repre-
sented approximately equally, with 
6% to 8% of total questions dedicated 
to most sites (Table 5). Breast (n = 
95, 8%) and head and neck (n = 93, 
8%) were most frequently assessed, 
followed by lymphoma, pediatrics, 
genitourinary, and gynecologic dis-
ease sites (n = 73 to 83, 7%). 

Discussion
Content analysis of the TXIT 

using a clinical care path framework 
demonstrates an uneven distribution 
in the number of questions allocated 
to the different steps of the clinical 
care path. Specifically, the exam most 
frequently assesses knowledge used 
to guide treatment decisions with 
fewer questions assessing treatment 
planning skills and management 
of treatment-related toxicity. This 
uneven distribution is not apparent 
when evaluating question content 
through a disease site framework.
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Table 5. TXIT Question Categorization by a Disease Site Framework for Examination Years 2016-2019

DISEASE SITE
TXIT YEAR, N (%)

 2016 2017 2018 2019 2016-2019 Average

Breast 24 (8) 23 (8) 25 (8) 23 (8) 24 (8)

Central Nervous 
System

14 (5) 21 (7) 19 (6) 16 (5) 18 (6)

Gastrointestinal 20 (7) 18 (6) 21 (7) 17 (6) 19 (6)

Genitourinary 22 (7) 19 (6) 17 (6) 22 (7) 20 (7)

Gynecology 19 (6) 21 (7) 19 (6) 19 (6) 20 (7)

Head and neck 23 (8) 22 (7) 24 (8) 24 (8) 23 (8)

Lymphoma 19 (6) 23 (8) 20 (7) 21 (7) 21 (7)

*Other 2 (1) 1 (<1) 0 0 1 (<1)

Palliative 4 (1) 7 (2) 5 (2) 9 (3) 6 (2)

Pediatrics 19 (6) 22 (7) 21 (7) 19 (6) 20 (7)

Sarcoma 3 (1) 3 (1) 4 (1) 4 (1) 4 (1)

Skin 4 (1) 1 (<1) 0 1 (<1) 2 (<1)

Thorax 21 (7) 16 (5) 21 (7) 16 (5) 19 (6)

Statistics 16 (5) 15 (5) 15 (5) 15 (5) 15 (5)

Biology 41 (14) 45 (15) 42 (14) 47 (16) 44 (15)

Physics 49 (16) 43 (14) 47 (16) 47 (16) 47 (16)

*Other contains 2 questions about heterotopic ossificans prophylaxis and 1 question about general cardiac dose constraints 
†Numbers and percentages rounded to nearest whole number
Key: TXIT = Radiation Oncology In-Training Exam
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In considering this uneven distri-
bution, it is important to note that 
the TXIT never intended to serve 
as a comprehensive trainee assess-
ment. The first chairman of the ACR 
Committee on Professional Testing 
established at the outset that “factors 
of clinical judgment, diagnostic skills 
and general sophistication in select-
ing a treatment program for a patient 
are not assessed in the in-training 
examination.”1 Moreover, the ACR 
has emphasized that the TXIT is not 
to be used as the principle method of 
assessing performance in residency, 
predicting success on the American 
Board of Radiology (ABR) written 
board examinations, or as a criterion 
for employment.5 As a result, relying 
on the TXIT as a measure of resident 
competency across all entrustable 
professional activities in radiation 
oncology is a task for which the TXIT 
was not designed. 

Underassessment of certain com-
petencies may be inherent to written 
examinations in medical education, 
as evidenced by content analysis of 
the plastic surgery and orthopedic 
surgery in-training examinations, 
which showed unequal distribu-
tions of in-training exam content 
relative to the Accreditation Council 
for Graduate Medical Education 
(ACGME) Milestones and competen-
cies.12 In particular, there appears to 
be a bias for test-makers with regard 
to the type of questions included on 
written in-training examinations 
with respect to available published 
evidence on which those questions 
are based. A content analysis of the 
plastic surgery in-training examina-
tion found there were significantly 
more Level III (decision-making 
questions) compared to Level I (fact 
recall) or Level II (interpretation 
questions). In addition, Level III 

questions more frequently justified 
the correct answer by referencing a 
journal article, with an overall higher 
mean number of journal references 
cited for these questions compared 
with other question types.13 One 
possible explanation for this finding 
is that decision-making questions 
may be easier to develop because 
consensus exists due to the availabil-
ity of supporting data. 

When extrapolating this to the TXIT 
exam, and our own finding that treat-
ment decision questions are predom-
inant, we hypothesize there may be 
fewer questions from underrepresent-
ed clinical care path categories be-
cause there are fewer data on which 
to base single best answers. In other 
words, an acceptable range of choices 
exists. As an example, the preferred 
method to position a patient for set-
up during computed tomography (CT) 
simulation may vary among radiation 

Table 6. Strategies to Improve Representation of Clinical Care Path Content on TXIT Examinations

SUGGESTION COMMENT PERCEIVED EFFORT OF IMPLEMENTATION

Report scores using a clinical care path 
framework in addition to scoring reports by a 
disease site framework

Provides feedback regarding acquisition of clinical 
competencies represented by the clinical care path 
framework

Low

Rebalance question content for better 
distribution across the clinical care path

Keep the number of questions fixed, but adjust the 
question content to increase underrepresented clinical 
care path content

Intermediate

Add questions to increase underrepresented 
content

• TXIT previously contained as many as 510 question 
items1 

• Trainees will not welcome a longer testing session

Intermediate

Employ case-based questions to facilitate 
assessment across the clinical care path using 
a single clinical vignette

• Case-based questions are commonly employed by 
other medical licensing exams such as the USMLE

• Case-based questions have previously been included 
on the in-training exam in very limited capacity2

High

Restructure the administration of the in-training 
exam to end-of-rotation subject exams

• Structure subject exams like NBME shelf exams 
administered during required clinical rotations in 
medical school

• Permits more frequent, longitudinal testing of material

• Allows for cumulatively more questions over the course 
of a year, as number of questions are not constrained by 
one testing session

Very High

1. Paulino AC, Kurtz E. American College of Radiology In-Training Examination for Residents in Radiation Oncology (2004-2007). Int J Radiat Oncol Biol Phys. 
2008;70(3):666-670. doi:10.1016/j.ijrobp.2007.09.049
2.  Coia LR, Wilson JF, Bresch JP, Diamond JJ. Results of the in-training examination of the American College of Radiology for Residents in Radiation Oncology. 
 Int J Radiat Oncol Biol Phys. 1992;24(5):903-905. doi:10.1016/0360-3016(92)90472-t
 Key: TXIT = Radiation Oncology In-Training Exam, USMLE = United States Medical Licensing Examination, NBME = National Board of Medical Examiners
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oncologists. Multiple set-up posi-
tions may be considered correct, so 
developing a multiple-choice question 
to assess a trainee’s CT simulation 
knowledge may be challenging. Our 
analysis of the TXIT exam content is 
unable to support or refute this hy-
pothesis as an explanation for the bias 
toward treatment decision questions. 
To remedy this, exam item writers 
may benefit from training on how to 
develop a multiple-choice question 
assessing knowledge that is not based 
on journal publications, but that is 
required to function as a competent 
radiation oncologist.

Nevertheless, the TXIT continues 
to serve a singular and influential 
role in formative assessment of 
radiation oncology trainees as it is 
the only assessment tool that allows 
residency programs to benchmark 
their trainees against national met-
rics. Acknowledging the prominence 
of the TXIT in resident assessment, 
residency programs should en-
courage realignment of the exam 
to better assess underrepresented 
radiation oncology clinical care path 
competencies. Although changes 
to the TXIT as suggested in Table 6 
may accomplish this goal, the effort 
and resources required to do so may 
be prohibitive. 

Alternatively, instead of retrofit-
ting the TXIT to improve assessment 
of specific competencies, a better 
strategy may be to develop new 
assessment methods that target 
specific components of the radia-
tion oncology clinical care path in 
which trainees are underassessed. 
For example, residents in the US and 
Canada have identified a general 
absence of formal instruction and 
assessment in treatment planning 
that impedes transition to indepen-
dent clinical practice.14-16 To address 
this curricular deficiency, radiation 
oncology educators could make a 
concerted effort to create teaching 
resources and assessment tools to 
promote and measure acquisition of 
treatment planning skills. Potential 

advantages of this approach include 
removing constraints imposed by a 
multiple-choice format, incorporat-
ing performance-based assessment, 
and using multiple assessment tools 
to triangulate trainee competency.17,18

Finally, it would be of interest to 
analyze the ABR Clinical Radiation 
Oncology Qualifying Exam according 
to the radiation oncology clinical 
care path framework. If current for-
mative and summative assessments 
in the US do not assess for clinical 
competency across the entire clinical 
care path, then practicing clinicians 
may be deficient in specific areas. 
Further inquiry is needed into the 
development of comprehensive 
assessment methods to ensure 
clinical competency across the 
clinical care path.

This study has several limitations. 
First, the categorization of questions 
is inherently subjective despite 
utilizing multiple coders to avoid 
incorrect or inconsistent categoriza-
tion. Among questions in which the 
initial two coders disagreed there 
was frequent overlap between the 
diagnosis, treatment decision, and 
treatment planning categories. This 
likely stems from the abundance of 
treatment decision questions and 
the inherent overlap of content with 
adjacent clinical care path primary 
categories of diagnosis and treat-
ment planning. The small number 
of quality assurance questions may 
be due to significant overlap with the 
radiation physics category, making 
it difficult to conclude whether this 
is an underrepresented content area 
based on our analysis. Furthermore, 
the level of agreement between 
initial categorization by two coders 
is only moderate and not all ques-
tion items were categorized through 
our reconciliatory process. These 
findings suggest there are other 
conceptualizations of a clinical care 
path framework that may improve 
categorization and better facilitate 
analysis of exam content.

Conclusions
Radiation oncology ACR TXIT 

questions are unequally distributed 
along the radiation oncology clinical 
care path conceptual framework. 
The exam contains a higher pro-
portion of questions pertaining to 
treatment decisions than questions 
assessing other clinical skills such 
as treatment planning, toxicity 
management, and brachytherapy. 
To the extent that the TXIT reflects 
national licensing exams and, more 
broadly, content prioritized in radi-
ation oncology education, deficien-
cies in education and assessment 
within specific areas of the radiation 
oncology clinical care path may 
manifest as deficiencies in clinical 
competency among radiation oncol-
ogy trainees. Acknowledging there 
is no singular assessment that can 
holistically measure trainees’ pre-
paredness for independent practice, 
radiation oncologists in training and 
their future patients would benefit 
from additional assessment tools to 
comprehensively assess knowledge 
and skills fundamental to all aspects 
of the practice of radiation oncology. 
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The Use of PSMA Targeted Therapy and  
Hormone Therapy in Renally Impaired Patient 

CASE SUMMARY

An 82-year-old man presented with rising PSA of 21 
ng/ml in July 2015. Prior to this time, in 2008, he received 
androgen deprivation therapy (ADT) and prostatic bed 
radiation (74 Gy). Patient was in Grade III renal failure 
with an eGFR of 30-40 ml/min and had previously under-
gone a laminectomy along with a history of osteoarthritis 
and lumbar stenosis. 

In August 2015, the patient underwent a bone scan, 
which only detected degenerative changes. A CT scan 
found no evidence of metastatic disease. However, 
slightly prominent pelvic nodes of uncertain significance 
were noted and further evaluated with a 68-gallium 
(68Ga) PSMA-11 PET scan in September 2015. At the time 
of the PSMA PET scan, his PSA had risen to 29 ng/ml; it 
increased to 40 ng/ml the following month. At this time, 
the eGFR was 35 ml/min.

IMAGING FINDINGS

Results of the 68Ga PSMA-11 PET scan indicated pros-
tate cancer recurrence with nodal involvement of the left 
supraclavicular, mediastinal, retrocrural, para-aortic and 
aortocaval, pelvic and inguinal regions (Figure 1).

Given the patient’s prior treatment and co-morbidi-
ties, he was offered peptide receptor radionuclide therapy 
(PRRT) as per institutional protocol with signed informed 
consent. Treatment consisted of three cycles of 177-Lute-
tium (177Lu) PSMA imaging and therapy (I&T): 6.77 GBq, 
6.5 GBq and 4.9 GBq. Administered activities were 
decreased to take into account patients’ renal impairment.

Post Lu-177 PSMA treatment, the patient’s PSA fell to 
a nadir of 1.2 ng/ml with significant reduction in PSMA-
avid lesions within the pelvis (Figures 2 and 3). Side effects 
of treatment included mild (grade 1) dry mouth and short-
term lethargy. There was no significant change to com-
plete blood count (CBC) or liver function tests (LFTs), and 
eGFR improved to 41 ml/min, likely secondary to reduction 
of obstructive uropathy from previous bulky adenopathy 
and reduction of recurrent disease at the prostatic bed.

In late 2017, the PSA increased to 6.5 ng/ml with 
a second prostate cancer recurrence. At this time, the 
patient remained in renal failure (eGFR 30-40 ml/min). In 
early February 2018, the patient received an additional 
5.98 GBq 177Lu PSMA-I&T treatment. While his PSA fell 
for seven months, it began to rise again, reaching 7.5 ng/
ml by February 2019. The patient was initiated on inter-
mittent low-dose enzalutamide (80 mg daily) which was 
well tolerated; the eGFR remained between 25-30 ml/min 
and other than mild anemia (hemoglobin 11.7 g/dl) his 
CBC, LFTs, electrolytes and lactate dehydrogenase were 
otherwise normal. PSA decreased to a nadir of 0.39 ng/
ml by November 2019 with persistent stable biochemical 
profile. A PSMA PET scan prior to enzalutamide (Figure 
4) revealed several small volume osseous metastases and 
persistent disease at the prostatic bed.

In early 2020, the patient’s PSA started rising (1.6 ng/ml) 
and a repeat PSMA PET scan (Figure 4) revealed resolution 
of most osseous PSMA avid metastases but persistence of 
prostatic bed disease and progressive disease in the right 
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FIGURE 1. Coronal PSMA PET and fused PSMA PET/CT images demonstrate PSMA avid 
lymph nodes in the left supraclavicular, mediastinal, and retroperitoneal regions as well as 
intense uptake within the prostate gland (arrows).
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FIGURE 2. Pretherapy images (upper 
rows) demonstrate PSMA avid lymph 
nodes within the left supraclavicular 
and right retrocrural regions. Resolu-
tion of these lymph nodes is noted on 
the post therapy images (lower rows).
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posterior ilium. This has been managed with an increasing 
dose of enzalutamide (to 120 mg daily). The latest status 
from May 2021 is asymptomatic from prostate cancer with 
stable biochemical profile and PSA of 3.5 ng/ml (PSA dou-
bling time of greater than 12 months).

DISCUSSION

As shown with this case and as described in the liter-
ature, 177Lu PSMA therapy provides a good response in 

patients with nodal predominant disease1,2. 177Lu PSMA 
therapy is well tolerated by elderly patients and is not 
particularly nephrotoxic, therefore, it can be given judi-
ciously to patients with renal impairment3,4. This treat-
ment can be repeated safely and successfully5. 

Also important, the use of novel anti-androgen ther-
apy as an additive treatment post-radionuclide therapy 
may offer additional options to elderly and renal impaired 
patients who may not be able to tolerate chemotherapy2,6. 

FIGURE 3. Pretherapy images (upper rows) demonstrate PSMA avid lymph nodes within the aortocaval, left paraaortic and left ingui-
nal regions. Also seen is focal intense uptake localizing to the prostate. Resolution of these lymph nodes is noted on the post therapy 
images (lower rows). In addition, there is improvement in the level of PSMA uptake localizing to the prostate. 
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PSMA PET may also be an aid to help delineate disease not 
responding to therapeutic interventions7.

CONCLUSION

PSMA PET can help monitor disease progression and 
treatment management, as shown in this case. The com-
bination of therapies such as Lu-177 PSMA and enzalut-
amide may improve efficacy and survival.
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FIGURE 4. PSMA PET in 2019 prior to introduction of the novel androgen receptor blocker enzalutamide showing multiple small 
volume PSMA avid osseous metastases and persistent disease in the prostatic bed. In 2020 in the setting of a newly rising PSA while 
on low dose enzalutamide a repeat PSMA PET revealed persistent disease at the prostatic bed, improvement in almost all previously 
noted PSMA avid osseous metastases apart from the right posterior ilium, indicating resistant disease to low dose enzalutamide at 
those sites.
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With an armamentarium of nearly every state-
of-the-art radiation therapy technology under one 
roof, Baptist Health’s Miami Cancer Institute was 
one of the first sites to implement an MR-guided 
linac in April 2018. Michael Chuong, MD, medical 
director of the Proton Therapy Center, physician 
director of the MRI-Guided Radiation Therapy Pro-
gram, and director of Radiation Oncology Clinical 
Research, was one of the first physicians to treat 
patients using the new technology. 

“The ability to visualize the internal anatomy 
of patients, not just prior to, but also continuously 
during treatment, and perform on-table adaptive 
replanning as needed, is really unique among 
our other advanced radiation therapy technolo-
gies,” says Dr. Chuong. “We’ve tried to push the 
envelope to benefit patients and that is through 
significant dose escalation for a large percentage 
of our patients.”

MR-guided radiation therapy (MRgRT), offered 
through two primary companies – ViewRay (MRId-
ian) (Figure 1) and Elekta (Elekta Unity) (Figure 
2) – allows users to adjust radiation dose in real-time 
based on live MR images of the tumor and surround-
ing anatomy. This MR guidance is “a fundamental 
paradigm shift that will be more broadly adopted 
in the future,” says Dr. Chuong, “especially as costs 
and treatment times decrease.”

Early Adopters
At Miami Cancer Institute, which uses MRIdi-

an, pancreatic cancer is the primary disease site 
treated, specifically to escalate dose to an ablative 
range; the most common dose fractionation sched-
ule is 50 Gy/5 fractions. At the 2021 annual con-
gress of the European Society for Radiotherapy and 
Oncology (ESTRO), Dr. Chuong presented results 
of an analysis of 50 patients treated at the institute 
suggesting that ablative MRgRT could improve 
long-term local tumor control and overall survival. 
While the median overall survival after chemother-
apy and conventional radiation therapy is about 
12 to 15 months, patients in the study achieved 
median overall survival of 21 months, with a 50% 
survival rate after 2 years.1 

Sunnybrook’s Odette Cancer Centre was one of 
the first users of Elekta Unity, initially installing a 
prototype, says Arjun Sahgal, MD, director of the 
MR-linac program and deputy chief of radiation 
oncology. In August 2019, Sunnybrook enrolled 
its first patient in the MOMENTUM (The Multiple 
OutcoMe EvaluatioN of radiation Therapy Using 
the MR-linac) study, which aims to accelerate the 
technical and clinical development of anatomic 
and functional MRgRT and facilitate the evi-
dence-based introduction of the MR-linac into clin-
ical practice.2 Sunnybrook is a founding member 
of the Elekta MR-Linac Consortium, a collaborative 
industrial-academic partnership developed to 
support advancement of the technology) and 1 of 
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8 international centers involved in MOMENTUM. 
Although the center is focused on central nervous 
system tumors, they have treated prostate cancer 
and will soon treat pancreatic cancer and head 
and neck patients.

Time and Workload Needs
A disadvantage of current MRgRT therapies 

is the added time required for treatment. That’s 
primarily because while the patient is on the 
MR-linac table, the images are acquired, then the 
tumor is contoured from those daily images, and 
the treatment plan is adapted as needed. Follow-
ing treatment plan generation and physics quality 
checks, the patient is treated. Auto-contouring, 
faster systems for computation, and migrating to 
volumetric-modulated radiation therapy (VMAT) 
should help reduce that time, Dr. Sahgal says.

However, with MRgRT, part of the weakness is 
also a strength. “The key is you want to be able to 
treat the tumor of the day,” he says. “Even in the 
brain, we have observed and reported on tumor 
migration.3 Understanding that migration during 
treatment is key to building that next phase of 
radiation oncology, which is clinical target volume 
(CTV) margin reduction. The only way we are going 
to achieve that is by imaging each day prior to 
radiation delivery with MR. Understanding where 

the microscopic disease is and how we can shrink 
the margin safely will lead to less normal tissue 
being irradiated.”

After treating more than 150 brain tumors with 
the MR-linac, this is precisely what Sunnybrook is 
doing with the UNITED study: evaluating the safety 
of reducing CTV margins for glioblastoma patients 
from 1.5 cm to 5 mm with weekly adaption of the 
treatment plan.4 If successful, the next step is 
incorporating metabolic imaging and voxel-based 
dose escalation to areas of resistant tumor.

Physician workload also expands with use of the 
technology. “We no longer work in the background, 
contouring and reviewing plans for approval, and 
seeing the patient weekly in review clinics,” Dr. 
Sahgal adds. “We are there in the treatment room, 
doing the procedure even multiple times during a 
patient’s course of therapy and essentially creat-
ing personalized treatments much akin to what a 
surgeon does. Our role is becoming more complex 
and in the moment.”

Two Systems, Different Approaches
The development of Elekta Unity followed a 

concept originally proposed by Jan Lagendijk, PhD, 
and Bas W. Raaymakers, PhD, at University Medical 
Center (UMC) Utrecht (Netherlands): integrating 
a linac and MRI by creating a “donut”-type gap 

Figure 1. MRIdian MR linac. Photo courtesy of ViewRay
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within the magnetic field, thus creating a magnet-
ic-field-free zone where the linac is then placed.5 
Elekta collaborated with UMC Utrecht and Philips 
Healthcare to commercialize that concept, says 
John Christodouleas, MD, senior vice president of 
medical affairs and clinical research at Elekta, and 
a radiation oncologist at the Hospital of the Univer-
sity of Pennsylvania.

The inclusion of a 1.5T MR “opens up the field to 
a larger breadth of technologies already developed 
in the diagnostic realm, where 70% of all MRIs are 
1.5T,” Dr. Christodouleas says. He notes that on-
line-guided radiation therapy represents less than 
1% of the global radiation therapy market. Elekta 
has 42 systems installed or about to go live, 11 of 
which are in the US.

A benefit of using a higher-field-strength MR 
system is a greater signal-to-noise ratio, which can 
increase image quality, reduce background noise 
and shorten scanning time. “These devices are 
meant to support adaptive paradigms,” he adds. 
“[MRgRT] is being used anywhere the clinician 
needs ultraprecision or the capability to adapt to 
changes in anatomy or biology.” 

The Elekta Unity delivers 3 distinct adaptive par-
adigms, explains Dr. Christodouleas. Most people 

will think about adapting to the anatomy, including 
the shape and position of the tumor in relationship 
to surrounding healthy tissue. However, the ability 
to image the patient in real time during treatment 
also enables the clinician to see and adapt the 
actual dosimetry delivered to the patient. Addi-
tionally, the clinician can see the biology and adapt 
treatment to the patient’s response. 

“We’ve been adjusting for changes in shape, but 
dose adaptive and response adaptive are concepts 
that have been hard to act upon,” he says. These 
are areas of enormous interest in the MR-Linac 
Consortium and Elekta expects to see a pipeline of 
clinical trials exploring both concepts.

The MRIdian has a 0.35T MR scanner. While 
low-field MR systems are not typically used in 
diagnostic radiology, the lower field strength is 
advantageous in RT because it avoids the influence 
of a strong magnetic field on the radiation dose dis-
tribution. With a lower-field MR system, users can 
avoid most of the unavoidable interaction of the 
strong magnetic field’s influence on the radiation 
dose distribution, explains Martin Fuss, MD, chief 
medical officer of ViewRay and an oncologist with 
Radiation Oncology Specialists PC in Portland, OR. 
Rather than use an existing diagnostic MR scanner, 

Figure 2. Elekta Unity MR linac by Elekta. Photo courtesy of Sunnybrook Health Sciences Center
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ViewRay designed an MRI magnet and integrated 
it with a linac for the explicit purpose of delivering 
radiation therapy. It’s a compromise, Dr. Fuss adds, 
between good image quality and maintaining the 
capabilities of the MRI scanner to enable imaging 
while the radiation beam is on.

Of the 45 installed and operational MRIdian 
systems treating patients globally, 18 are in the 
US. More than 14,300 patients have been treated 
on MRIdian with clinically reported outcomes 
in over 3,200 patients. In 2020 in the US, 87% of 
all treatment courses on MRIdian systems were 
delivered by stereotactic body radiation thera-
py (SBRT). Nearly 1 in 4 (23%) of these patients 
received treatment for pancreatic cancer with 96% 
of the SBRT fractions adjusted daily using on-table 
or online adaptive replanning. By comparison, 

only 12% of plans for treating prostate cancer (18% 
of patients) are adapted on the day of treatment. 
For liver lesions (16% of patients) and lung tumors 
(10% of patients), 41% and 33%, respectively, of all 
delivered fractions were adapted with the pa-
tient on the table.

Routinely Delivering Ablative Doses
The use of ablative doses with MRgRT has 

become fairly routine at Miami Cancer Institute. 
Dr. Chuong says patients with no other options 
after enduring many lines of systemic therapy 
are now disease free thanks to the higher doses 
enabled by MRgRT.6 

Dr. Chuong and colleagues published a retro-
spective analysis of 35 pancreatic cancer patients, 

Figure 3. Using MR imaging to 
detect slight intrafraction motion 
during beam delivery, MRIdian 
allows oncologists to visualize 
this pancreas tumor’s edge and 
surrounding organ position in 
real time; when tumors move or 
organs at risk change position, the 
beam reacts automatically turning 
radiation beams on and off, to 
ensure the prescribed doses reach 
the target while avoiding critical 
structures. This feature is only 
available on the MRIdian MR linac. 
Photo courtesy of ViewRay
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most with locally advanced disease, who were 
treated with 5-fraction stereotactic MR-guided 
adaptive radiation therapy (SMART) in consecutive 
days. Approximately 91% received induction che-
motherapy for several months prior to SMART.7 

“The 2-year median survival control and progres-
sion-free survival numbers are all significantly 
higher than historical control and approaching 
the range of what you would expect from surgical 
resection,” says Dr. Chuong.

Dr. Chuong and his colleagues are also evaluat-
ing single-fraction ablative radiation therapy for 
patients with oligometastatic disease in the SMART 
ONE trial.8 This prospective trial aims to confirm 
the feasibility of using MRI guidance to complete 
ablative treatment to tumors in the chest, abdo-
men, and pelvis in only 1 fraction vs several, which 
would be especially beneficial for treatment of 
multiple oligometastases.

“MR guidance offers significant benefits for 
treating some oligometastatic tumors, especial-
ly given that the randomized data showing the 
addition of SBRT to systemic therapy improves 
overall survival,” Dr. Chuong says. Considering 
that oligometastatic lesions may be near radiosen-
sitive organs (eg, the bowel) that are intolerant of 
high doses, he believes MRgRT will help widen the 
population cohort eligible for ablative radiation 
therapy and provide safe, effective outcomes.

An important differentiator of MRIdian is the 
ability to perform on-table adaptive radiation 
therapy along with the system’s real-time, soft-tis-
sue tracking and automated beam gating features. 
“With the integration of an MR scanner into a 
radiation dose delivery device, clinicians now have 
the ability to keep looking at the target while they 
deliver the dose,” says Dr. Fuss. “That is critical, 
because for the first time we don’t have to assume 
that the target resides in the right location relative 
to the damaging radiation beam. We can confirm 
that location multiple times a second.”

This capability changes the decades-old paradigm 
that nearby normal tissues limit the ability to deliver 
dose. “Now, we are able to break that paradigm and 
stay away from normal tissue during treatment,” 
he says. “We can now control depositing damaging 
doses to tumor tissue without causing toxicities to 
nearby organs at risk. This is only possible due to 
the integrated soft-tissue tracking and associated au-
tomated beam gating to either switch the radiation 
beam on or pause it.” (Figure 3)

Although the capability to perform on-table 
adaptive RT requires direct physician and physicist 

involvement during treatment, it has enabled Dr. 
Chuong to safely prescribe ablative doses. Over 
time, Miami Cancer Institute has become more 
efficient with this new workflow, which initially 
could take up to 90 minutes but now is routinely 
completed in 60 minutes. To help address the 
need for replanning, Miami Cancer Institute has 
extensively trained senior therapists on anatomy to 
aid the contouring process, which is then reviewed 
by the physician.

In pancreatic cancer patients treated with 
MRgRT, nearly all have had their plans reopti-
mized while on the table because critical organ 
constraints would otherwise have been exceeded 
if using the original treatment plan. “The ability 
to adapt is important,” Dr. Chuong explains. “Even 
if you don’t adapt, the confidence that the dose is 
safe to deliver and the understanding of how those 
changes in anatomy can affect the plan are key.”

For example, he prescribed 50 Gy/5 fractions to a 
metastatic lymph node next to the brachial plexus 
because he had the ability to adapt and contour the 
dose each day based on the shoulder position. “If 
I was treating this patient on any other machine, 
I almost certainly would not have prescribed that 
dose because I wouldn’t have had the certainty 
and confidence to do so. That patient had a com-
plete response and remains disease free 3 years 
later,” he says.

Advancing MRgRT
Dr. Sahgal and co-authors recently demonstrated 

the feasibility of using a 1.5T MR-linac for in vivo 
chemical exchange saturation transfer (CEST), 
a type of metabolic imaging, of central nervous 
system tumors during radiation therapy to monitor 
treatment response. Changes were observed in 
individual patients over time, including between 
treatment fractions, as well as differences between 
high- and low-grade tumors. The authors also 
reported significant CEST signal contrast between 
the tumor and contralateral normal-appearing 
white matter (cNAWM) regions.9

“We are getting to the point of incorporating 
functional metabolic imaging beyond diffusion,” 
says Dr. Sahgal. “Metabolic imaging, in addition 
to high-quality diffusion imaging, will allow us to 
really drill down to the cellular level of what is hap-
pening in these tumors [during treatment] to create 
a biologically based adaptive MRgRT paradigm.”

Currently, hundreds of technical or clinical projects 
on Elekta Unity are in progress. These include the 
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Hermes study at the Royal Marsden NHS Founda-
tion Trust investigating the safety of using SBRT to 
deliver 2 fractions over 8 days vs 5 fractions over 
10 days for localized prostate cancer,10 and the 
MR Adaptor at MD Anderson to compare the use 
of weekly adapted intensity-modulated radiation 
therapy (IMRT) to standard nonadapted IMRT in 
patients with low-risk human-papilloma-virus-pos-
itive oropharyngeal cancer.11

In addition to implementing MR safety policies 
and procedures, clinicians can expect a learning 
curve regarding tracking structures or boundaries 
with MR instead of CT images. To assist, ViewRay 
and Miami Cancer Institute are launching an ad-
vanced user group and training course for MRIdian 
focused on workflow, efficiency, and improvements 
for on-table adaptive therapy.

According to Dr. Fuss, two areas where ViewRay 
is enhancing the system are in improving workflow 
and developing site-specific coils. The company 
is also working with clinical partners to further 
extend functional imaging capabilities, such as re-
cently licensing diffusion-weighted imaging capa-
bilities from UCLA that enable b values up to 800.

“Many of the current system enhancements 
were first brought to us or had been requested by 
our clinical partners,” says Dr. Fuss. “For example, 
the team at UCLA first demonstrated the ability 
to acquire DWI data on the MRIdian. The asso-
ciated clinical data was so compelling, that we 
licensed the sequence and made it available to 
our install base.”

Elekta will be adding enhancements to its MR 
protocol library with 7 new sequences intended to 
address specific clinical problems, says Dr. Christ-
odouleas. These include an 18-second T2 with 
breath hold for thoracic imaging that leverages 
Philips Healthcare’s Compressed SENSE accelera-
tion technique. The next software upgrade will also 
support gating functionality for motion manage-
ment in 3 dimensions. 

References
1) Chuong M. Long-term outcomes of MR-guided SABR & 
on-table adaptive replanning for unresectable pancreas 
cancer. ESTRO 2021. Presentation Number: OC-0415. Accessed 
August 31, 2021. https://www.estro.org/Congresses/ES-
TRO-2021/502/profferedpapers25-uppergi/3760/long-termout-
comesofmr-guidedsabr-on-tableadaptiver

2) NIH U.S. National Library of Medicine. The MOMENTUM 
Study: The Multiple Outcome Evaluation of Radiation Therapy 
Using the MR-Linac Study (MOMENTUM). Accessed August 
30, 2021. https://clinicaltrials.gov/ct2/show/NCT04075305

3) Stewart J, Sahgal A, Lee Y, et al. Quantitating interfrac-
tion target dynamics during concurrent chemoradiation for 
glioblastoma: a prospective serial imaging study. Int J Radiat 
Oncol Biol Phys. 2021 Mar 1;109(3):736-746. doi:10.1016/j.
ijrobp.2020.10.002 

4) UNIty-Based MR-Linac Guided AdapTive RadiothErapy for 
High GraDe Glioma: a phase 2 trial (UNITED). Accessed Au-
gust 30, 2021. https://clinicaltrials.gov/ct2/show/NCT04726397

5) Lagendijk JJ, Raaymakers BW, Raaijmakers AJ, et al. 
MRI/linac integration. Radiother Oncol. 2008 Jan;86(1):25-9. 
doi:10.1016/j.radonc.2007.10.034

6) Chuong M, Alvarez D, Romaguera T, et al. (2020). Case re-
port of ablative magnetic resonance-guided stereotactic body 
radiation therapy for oligometastatic mesenteric lymph nodes 
from bladder cancer. Ther Radiol Oncol. 2020;4:20.

7) Chuong MD, Bryant J, Mittauer KE, et al. Ablative 5-fraction 
stereotactic magnetic resonance-guided radiation therapy 
with on-table adaptive replanning and elective nodal irradia-
tion for inoperable pancreas cancer. Pract Radiat Oncol. 2021 
Mar-Apr;11(2):134-147. doi: 10.1016/j.prro.2020.09.005. Epub 
2020 Sep 16. Erratum in: Pract Radiat Oncol. 2021;11(3):e354. 

8) NIH U.S. National Library of Medicine. Stereotactic 
MRI-guided Adaptive Radiation Therapy (SMART) in One 
Fraction (SMART ONE). Accessed August 30, 2021. https://clini-
caltrials.gov/ct2/show/NCT04939246?term=SMART&cond=can-
cer&cntry=US&state=US%3AFL&draw=2&rank=5

9) Chan RW, Lawrence LSP, Oglesby RT, et al. Chemical 
exchange saturation transfer MRI in central nervous system 
tumors on a 1.5 T MR-Linac. Radiother Oncol. 2021;162:140-
149. doi:10.1016/j.radonc.2021.07.010. Epub ahead of print. 

10) NIH U.S. National Library of Medicine. Hypofractionated 
Expedited Radiotherapy for Men With localisEd proState Can-
cer (HERMES). Accessed August 30, 2021. https://clinicaltrials.
gov/ct2/show/NCT04595019

11) NIH U.S. National Library of Medicine. Trial of Magnetic 
Resonance Imaging Guided Radiotherapy Dose Adaptation 
in Human Papilloma Virus Positive Oropharyngeal Cancer. 
Accessed August 30, 2021. https://www.clinicaltrials.gov/ct2/
show/NCT03224000

62 September 2021Applied Radiation Oncology



Radiation Therapy in the Treatment of  
Plantar Fibromatosis – Two Clinical Cases  
of Recurrent Disease
Sara Couto Gonçalves, MD; Bruno Fernandes, MD; João Casalta-Lopes, MD; Maria Corbal, MD; Margarida Borrego, MD

Case Summary

Case 1

A 49-year-old woman diagnosed 
with right plantar fibromatosis 
underwent surgery in 2010. She 
presented with recurrence in 2018 
and was treated with local beta-
methasone injections due to pain, 
without improvement. In December 
2019, she underwent surgery with 
gross total excision and closure with 
skin graft. The postoperative course 
was complicated with dehiscence of 
the graft and closure by secondary 
intention. In September 2020, the 
patient presented with pain that 
impaired walking and had progres-
sive growth of the lesion on the right 
plantar region (Figure 1A). She was 
referred to the radiation therapy (RT) 
department for evaluation.

Case 2 

A 63-year-old woman diagnosed 
with left plantar fibromatosis under-
went local excisions in 2017, 2018 
and 2019. The last surgical excision 
revealed focal involvement of the 
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lateral and deep margins by the le-
sion. In September 2020, the patient 
presented with worsening of the 
pain (patient rated as 10/10), without 
relief with physiotherapy. She was 
referred to the RT department for 
evaluation (Figure 2A).

A planning computed tomography 
(CT) was done in both patients in 
a ventral decubitus position with 
adequate immobilization using a 
thermoplastic mask (Figures 3A 
and 3B) connected to a base plate. 
Under the treated foot was a foam 
support individually adapted to the 
patient’s anatomy for stability and 
comfort. External marks were placed 
on the mask for laser alignment. 
Both treatments were done with 
6-Mv photons and a 5-mm bolus 
covering the plantar region, with a 
gross tumor volume (GTV) to clinical 
target volume (CTV) margin of 5 to 
10 mm, and CTV to planning target 
volume (PTV) margin of 3 mm 
(Figure 4). The CTV was delineated 
to encompass all possible disease, 
both microscopic disease and disease 
that might have been mistaken for 
fibrosis and postsurgical changes. In 

an ideal planning, with MRI images, 
or in a patient without previous 
surgery, the planning would be done 
with only a margin from the GTV to 
the PTV. A total dose of 30 Gy was 
prescribed in 2 courses of 15 Gy/ 
5 fractions/ 1 week separated by 6 
weeks. The patients underwent treat-
ment without relevant side effects 
during treatment. However, the first 
patient reported acute plantar pain 
3 weeks after completing the total 
treatment, which improved after a 
few days without the need for pain 
treatment. On the first appointment 
after 3 months of treatment, both 
presented with almost complete 
resolution of the initial complaints of 
pain and walking impairment, and 
diminution of the visible lesions. At 
follow-up appointments 6 months 
after the end of treatment, both pa-
tients presented with maintenance of 
clinical response, without worsening 
of pain, and stable lesions with drier 
skin (Figures 1B and 2B).

Discussion
Plantar fibromatosis (PF), also 

known as Morbus Ledderhose or 
Ledderhose disease, is a rare benign 
hyperproliferative disorder of the 
plantar fascia. It is histologically and 
clinically identical to Dupuytren’s  
disease of the hand, and the two 
conditions may coexist in up to 25% 
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Figure 1. Case 1: Plantar 
fibromatosis visible lesions on the 
first appointment (A) and 6 months 
after treatment (B).

Figure 2. Case 2: Plantar fibromatosis 
visible lesions on the first 
appointment (A) and 6 months after 
treatment (B).
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B
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A
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to 35% of cases.1,3-5 The underlying 
cause is unknown, but there is an 
association with nicotine and alcohol 
abuse, diabetes mellitus, anti-epilep-
tic use and genetic factors.1,4 Addi-
tionally, a hereditary role has been 
suggested as familial occurrence 
of the disease has been reported.2 
It appears to be more common 
among Caucasians and some reports 
suggest that it affects males up to 
twice as often. Bilateral disease 
can be observed in approximately 
25% of cases.3-5

The pathogenesis of PF can be di-
vided into three phases: 1) the initial 
proliferative phase, with prolifera-
tion of fibroblasts and development 
of nodules and cords; 2) the invo-
lutional phase, with differentiation 
of fibroblasts into myofibroblasts; 
and 3) the residual phase, with a 
predominance of collagen fibers, in 
which the normal type I collagen is 
replaced by type III collagen.3,6

The symptoms usually start in 
the third to fourth decade of life,1,4,5 
and it presents as single or multiple 

nodules on the central and medial 
part of the plantar fascia that may 
cause tension with pain, and dis-
ability in walking and fitting shoes. 
PF contractures of the toes occur 
less often.1,3,4

The main conservative options for 
treatments are symptom-oriented 
and include physiotherapy, orthotic 
devices, and local steroid injections. 
Weight loss may also be benefi-
cial.1,3-5 If symptomatic, surgical 
treatment is frequently recom-
mended, and may range from local 

Figure 4. Gross tumor volume 
(GTV) (red), clinical target 
volume (CTV) (orange), and 
planning tumor volume (PTV) 
contouring (A). Treatment 
planning with bolus, with 
95% of the prescribed dose 
represented in color wash (B).

A

A B

Figure 3. Immobilization with a thermoplastic mask for extremities used in planning computed tomography (CT) in both cases.

B
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or wide excision with a recommended 
resection margin of 2 to 3 cm, to subtotal 
or radical fasciectomy with or without 
skin grafting.1,3,4 Recurrence rates after 
surgery are high, and surgery is also asso-
ciated with significant morbidity such as 
delayed wound healing, chronic pain, and 
poor functional outcomes.1,2,4

There are data that report the use and 
outcomes of RT in the treatment of PF 
(Table 1), mainly from Europe. In some 
regions, such as North America, the use 
of RT for this and other benign disease 
are generally frowned upon, in part due 
to fear of litigation, and in part because 
patients typically have surgical consulta-
tions before any others. 

One study analyzed retrospectively the 
results of 25 patients (36 affected feet) fol-
lowing 2 RT courses of 5 x 3 Gy for a total 
dose of 30 Gy. With a median follow-up of 
38 months (range: 12 to 67), none present-
ed with disease progression, and 28 feet 
had regression of pain and tenderness, 
with stable symptoms in 8 feet.4,5

A small Dutch retrospective study 
reviewed the outcomes of 9 patients (11 
feet) with PF. In all, the primary treat-
ment was surgery alone, with a total of 
26 operations and a recurrence rate of 
90%. In the recurrent disease treated 
with surgery alone, the recurrence rate 
was 6/9 (67%) and in the patients treated 

with the combination of surgery 
and adjuvant RT (total of 60 Gy), the 
rate was 1/6 (17%). Two patients in 
the surgery with RT group became 
dystrophic, with foot pain and im-
paired walking.1,2

A German multicenter retrospec-
tive study reported results from 24 
patients (33 feet), treated with 2 RT 
courses of 5 x 3.0 Gy separated by 6 
weeks for a total dose of 30.0 Gy (n = 
20) or 2 single fractions of 4.0 Gy on 
consecutive days, repeated at inter-
vals of 4 weeks to cumulative doses 
ranging from 24 to 32 Gy (n = 4). Only 
2 patients had previously undergone 
surgery and presented with recurrent 
disease. All of the others had been 
prescribed orthotics or oral anti- 
inflammatory drugs. With a median 
follow-up of 22.5 months (range: 6 
to 76), no clinical progression was 
observed in the number or size of the 
lesions or in subjective associated 
clinical symptoms; 33% showed a 
complete response, 54.5% a partial 
response and 12.1% stable disease.3

More recently, a single-institution, 
prospective, nonrandomized cohort 
study reported results of 158 patients 
(270 feet) with symptomatic progres-
sive disease. Of these, 91 patients (136 
feet) underwent RT and 67 patients 

(134 feet) did not. The PTV was 
defined as palpable disease with a 2 
cm margin. The dose delivered was 
2 courses of 15 Gy / 5 fractions over 1 
week, with a 12-week break between 
courses, for a total dose of 30 Gy / 
10 fractions. With a mean follow-up 
of 68 months (range: 24 to 160), 92% 
of the irradiated group had stable 
clinical gross disease or reduction of 
the lesion size (complete or partial re-
sponse) (vs 62% in the nonirradiated 
[NI] group). Eight percent developed 
progressive disease (vs 38% in the NI 
group) and 5% underwent salvage 
surgery (vs 21% in the NI group). 
Improvement of symptoms was seen 
in 79% following RT (vs 19% in the NI 
group). Acute side effects occurred in 
26.5%, with slight erythema and/or 
dry desquamation (21.3%), a diffuse 
erythema with areas of moist desqua-
mation (5.0%), and late effects with 
dryness or fibrosis (16.2%).4

The suggested radiobiological 
mechanism of RT is based mostly 
on the inhibition of the proliferation 
of the fibroblasts and myofibro-
blasts, known to be the cause of the 
symptoms and progression of the 
disease. Thus, the optimal time for 
the use of RT is in actively progress-
ing disease.3,4,6

Table 1. Studies Reporting the Use and Outcomes of Radiation Therapy in Plantar Fibromatosis
AUTHOR(S), YEAR PATIENTS / SITES DOSE FRACTIONATION FOLLOW-UP CINICAL OUTCOME

Seegenschmiedt et al,4,5 2003 25 / 36 2 RT courses of 5 x 3 Gy, total 
dose of 30 Gy

38 months (median) No progression; 78% 
clinical improvement; 22% 
clinical stability

De Bree et al,2 2004 9 / 11 Surgery vs surgery+RT (total 60 
Gy) on the recurrent disease

unknown Recurrence rate: 67% 
with surgery vs 17% with 
surgery+RT

Heyd et al,3 2010 24 / 33 2 RT courses of 5 x 3 Gy, total 
dose of 30 Gy, 6-8-week break 
(28 sites); 2 single courses 
of 4 Gy repeated at 4-week 
intervals, total 24-32 Gy (5 
sites)

22.5 months (median) 33.3% complete response; 
54.5% partial response; 
12.1% stable disease

Seegenschmiedt et al,4 2012 158 / 270 2 RT courses of 5 x 3 Gy, total 
dose of 30 Gy, 12-week break 
vs non-irradiated

68 months (mean) With RT: 92% complete or 
partial response (vs 62%), 
8% progressive disease (vs 
38%), 5% salvage surgery 
(vs 21%), 79% symptom 
improvement (vs 19%)
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The RT target volume should 
include all of the detectable or pal-
pable gross lesions with a minimum 
margin of 3 to 5 mm5 to 10 mm,6,7 
and the treatment can be delivered 
using orthovoltage photons or 
electrons.1,5,6,7 Individual shielding 
with protection of the surrounding 
normal soft tissues is advised.5,6

Different dose schemes are 
described, such as: a single dose of 
2 to 3 Gy,5 and 2 single fractions of 
4.0 Gy on consecutive days, repeated 
at intervals of 4 weeks to cumula-
tive doses from 24 to 32 Gy.3 Also 
described is the use of a total dose of 
15 to 21 Gy,5,6 or 60 Gy,2 in 5 fractions 
per week. However, the scheme with 
a total dose of 30 Gy in 2 separated 
courses of 15 Gy in 5 fractions/ week 
is the most reported. The interval 
between courses varies among au-
thors, with most describing a 6-3,6 to 
12-week break.1,4

The described acute side effects 
of RT are generally mild, including 
mainly radiation dermatitis, hyper-
pigmentation and edema.3 Dryness 
and fibrosis are reported as late side 
effects.1,3,4,6 There is a theoretical risk 
of radiation-induced skin cancer, 
which decreases with the age of the 

patient at the time of treatment; 
however, this has not been formally 
demonstrated.1,4,6 The risk of irradi-
ated bone fracture and foot dystro-
phia appears to be associated with 
higher RT doses.2

Conclusions
The underlying cause of PF re-

mains unknown. Although there is 
no standardized treatment approach, 
surgical management is often 
recomended when conservative local 
therapies fail. However, surgery 
is rarely effective and often leads 
to poor functional outcomes and 
wound complications. In the report-
ed data available, RT seems to be a 
well-tolerated and effective treat-
ment modality, with good local con-
trol and symptomatic benefit. Our 
results, while anecdotal, coincide 
with the RT data reviewed. RT should 
be a first consideration for failure of 
initial conservative management.
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Efficacy of Stereotactic Body Radiation 
Therapy in Recurrent Intrahepatic 
Cholangiocarcinoma
Marina Amorim, MD; Catarina Silva, MD; Carlos Fardilha, MD; Carolina Carneiro, MD;  
Sónia Vilaça, MD; Guilherme Campos, MD; Cármen Costa, MD; Paulo Costa, MD

Case Summary
An 81-year-old woman was re-

ferred to the hospital in January 2017 
with nausea, progressive worsening 
anorexia, and weight loss of about 6 
kg in one year. A computed tomogra-
phy (CT) scan showed a 9--6.5-cm 
mass in the right hepatic lobe involv-
ing the right branch of the portal 
vein, and a slight ectasia of the in-
trahepatic bile ducts. Hepatic biopsy 
revealed a histological diagnosis of 
cholangiocarcinoma. The patient un-
derwent percutaneous portal embo-
lization in February 2017 followed by 
right hepatectomy extended to seg-
ment I in April 2017. Histopathologi-
cal examination revealed a diagnosis 
of intrahepatic cholangiocarcinoma 
(ICC), stage pT2G2N0R0 (AJCC 8th edi-
tion staging manual).1 She remained 
asymptomatic and with no signs 
of recurrence until January 2019 
when she appeared with anorexia, 
nausea and weight loss of about 3 
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kg over a month. Laboratory study 
revealed an elevation of the tumor 
marker carbohydrate antigen (CA 
19-9) (109.30 U/mL) and gamma-glu-
tamyltransferase (GGT) (80 U/L). 
Carcinoembryonic antigen (CEA) 
was not altered. Abdominal MRI 
showed two focal hepatic lesions, 
one measuring 4.2 cm in segment 
III, and the other measuring 1.7 cm 
in segment IVa. At this point, the 
patient refused systemic treatment 
with palliative chemotherapy and, 
after a multidisciplinary board meet-
ing, it was decided to locally treat 
both lesions with stereotactic body 
radiation therapy (SBRT). Two weeks 
after ultrasound-guided placement of 
fiducial markers, the patient under-
went SBRT with a Cyberknife system 
(Accuray Incorporated) directed to 
the segment III liver lesion, at a dose 
of 60 Gy in 5 fractions of 12 Gy each, 
on alternate days. Five days after con-
cluding treatment of segment III, she 
initiated SBRT of the segment IVa  

lesion, at a dose of 60 Gy, in 3 frac-
tions of 20 Gy each, on alternate days 
(Figure 1). A 5-fractionation scheme 
was adopted for the segment III 
lesion to fulfill radiation dose con-
straints for adjacent normal tissues, 
according to UK Consensus on Normal 
Tissue Dose Constraints for Stereotactic 
Radiotherapy.2 Planning target vol-
ume (PTV) for the segment III lesion 
was 84.87 cm3 and for segment IVa 
was 17.09 cm3. Radiation plans were 
prescribed to the isodose line that 
provided greater than 95% coverage 
of the PTV. The prescription isodose 
line was 79% and 81%, for segment 
III and IV lesions, respectively. The 
Cyberknife Synchrony Respirato-
ry Tracking System was used to 
continuously monitor respiratory 
movements and correlate the data 
with movements of a fiducial-marked 
target lesions. 

The patient concluded SBRT treat-
ment in April 2019 uneventfully and 
with good tolerance. Subsequently, she 
maintains 6-monthly imaging and lab-
oratory surveillance. Total follow-up 
time since SBRT was 23 months. At the 
last follow-up date (March 2021), the 
patient had no signs of gastrointesti-
nal, skin or hematologic toxicity, with 
evidence of gradual remission of the 
hepatic segment III lesion and total 
disappearance of the hepatic segment 
IVa lesion. Furthermore, she has no 
signs of local recurrence or metastasis, 
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Figure 2. Abdominal MRI images depicting the two liver lesions before 
and after radiation therapy (segment III liver lesion [A]; segment 
IVa liver lesion [B]). Both lesions were easily detected in pre-RT 
MRI. After treatment, the largest lesion (A) showed a progressive 
volumetric reduction and the smallest lesion (B) disappeared. Note 
the dysmorphic liver due to previous hepatectomy with the usual 
hypertrophy of the remaining parenchyma. (Red arrow – lesion 
identifier, red dashed circle – previous lesion location, FS – fat 
saturation technique).

Figure 1. Three-dimensional reconstruction of beam geometries of a Cyberknife treatment plan for hepatic 
segment III (A) and segment IVa (D) lesions, and 2-dimensional axial (B and E) and sagittal (C and F) images 
of a Cyberknife treatment plan with isodose curves.
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FIGURE 3. Graphic demonstration of gradual decreasing of tumoral marker carbohydrate antigen 19-9 (CA 
19-9) and gamma glutamyltransferase (GGT) – Previous to RT and at 1 week and 1, 4, 8, 18 and 23 months 
after RT. Reference levels for CA 19-9 and GGT are < 37 U/mL and 5-55 U/L, respectively.

even though she has not undergone 
any systemic treatment (Figures 2, 3).

Imaging Findings
Abdominal MRI revealed a 4.2 cm 

nodular formation at the lower/medial 
limit of hepatic segment III, with low 
uptake of contrast product and accen-
tuated filling in the late phase, suggest-
ing metastatic cholangiocarcinoma. It 
also revealed another 1.7-cm nodular 
lesion on the cranial margin of the 
segment VIa with the same character-
istics. Macrovascular invasion has not 
been observed. Follow-up with abdom-
inal MRI every 6 months after SBRT 
has revealed gradual volumetric re-
duction of the segment III lesion over 
time (Figure 2A) and disappearance of 
segment IVa lesion (Figure 2B).

CT scan during follow-up exclud-
ed other sites of secondary disease 
such as lungs, lymph nodes or 
bone metastasis.

Diagnosis
Intrahepatic cholangiocarcinoma 

previously resected — stage pT-
2G2N0R0, with subsequent appear-
ance of two liver metastasis

Discussion 
ICC is a rare entity with an incidence 

increasing worldwide, probably due to 
improved ability to establish the diag-
nosis.3 Surgical resection is considered 
the only treatment with curative intent 
for localized ICC. However, negative 
margin resection is challenging in 
patients with locally advanced tumors, 
and extended hepatic resection has 
been demonstrated as an independent 
risk factor for major postoperative 
complications.4 Approximately 70% of 
patients are unresectable at diagnosis 
due to multiple intrahepatic tumors, 
vascular invasion or distant metasta-
ses. For these patients, who are unable 
to achieve optimal resection and are 
mainly treated with palliative chemo-
therapy, the median survival ranges 
2.3 to 9 months.3 

The use of RT in intrahepatic ma-
lignancies was traditionally limited 
by concerns over hepatic tolerance 
and the resulting inability to deliver a 
sufficient treatment dose, particularly 
in patients who may have compro-
mised hepatic function. The delivery 
of tumoricidal doses of RT has be-
come feasible with the development 
of modern techniques, including 

charged particles and SBRT; however, 
evidence is scarce about its appli-
cability in ICC. Studies regarding ro-
botic radiosurgery of liver metastasis 
have shown that a total dose of 45 to 
60 Gy administered in 3 to 5 fractions, 
with a fraction dose of 9 to 20 Gy was 
safe and effective as a local treatment 
option for secondary liver tumors.5 
Moreover, a prospective dose-es-
calation study that used different 
doses (30 Gy in 3 fractions, 50 Gy in 
5 fractions, and 60 Gy in 6 fractions) 
determined that the rate of complete 
and partial response (at 6 and 12 
months), as well as the local control 
rate at 12 months, were significantly 
higher in the 60 Gy group.6

In this work, we present a case of a 
patient diagnosed with ICC 52 months 
ago, who underwent total resection of 
the tumor, with subsequent appear-
ance of two liver metastases effectively 
and safely treated with SBRT, without 
any type of systemic treatment. After 
a follow-up period of 23 months, 
the patient remains with no signs of 
disease recurrence or progression. In 
fact, she has a survival superior to the 
overall survival (OS) reported in the 
vast majority of ICC metastatic cancer 
patients without extrahepatic disease.7 
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Some studies have been published in the 
last decade about the role of RT as locore-
gional therapy in patients with unresectable 
or metastatic ICC without extrahepatic 
disease.8-10 A single-institution retrospective 
study carried out by Tao and colleagues in-
cluded 79 patients with localized inoperable 
ICC, treated with 3D-conformal intensi-
ty-modulated RT photon beam or passive 
scatter proton beam techniques, with doses 
ranging 35 to 100 Gy in 3 to 30 fractions, for 
a median biologic equivalent dose (EQD2) 
of 80.5 Gy.8 Median OS after the first diag-
nosis was 30 months. Authors concluded 
that higher EQD2 (> 80.5 Gy) correlated with 
an improved 3-year OS (73% vs 38%) and 
3-year local control (78% vs 45%).8 Howev-
er, an important factor could have highly 
contributed to the observed 3-year OS and 
local control, as the great majority of pa-
tients included in that study (89%) received 
systemic chemotherapy prior to RT, unlike 
the patient described in this case report.

A prospective phase II multi-institutional 
trial including 37 patients with unresectable 
ICC showed that hypofractionated proton 
therapy (median EQD2 of 58 Gy) resulted in 
a median progression-free survival (PFS) 
rate of 8.4 months, and 1-year and 2-year 
PFS rates of 41.4% and 25.7%, respective-
ly.9 The median OS was 22.5 months, with 
1-year and 2-year OS rates of 69.7% and 
46.5%, respectively.9 Also, in this study 
61.5% of patients underwent chemother-
apy before RT. Based on these results, a 
recent NRG study (NRG-GI001) attempted 
to evaluate the use of hypofractionated 
external-beam RT (EBRT) in this patient 
population; however, this trial closed due to 
poor accrual. Last year, Smart and col-
leagues reported 2-year results of a cohort 
of 66 patients with unresectable or locally 
recurrent cholangiocarcinoma treated with 
hypofractionated proton or photon RT, 
with a median dose of 58.05 Gy (median of 
biologically effective dose of 80.52 Gy) in 15 
fractions.10 Note that 42% of patients includ-
ed in this study received prior chemothera-
py, and 70% of patients presented with only 
one tumor lesion before RT. The median OS 
from the date of diagnosis was 25 months 
for the entire cohort, and 2-year OS and 

2-year local control rates were 58% and 
84%, respectively, with a relatively low 
severe toxicity rate (grade 3 < 11%).10 
These studies suggest that ablative 
doses of radiation allow for a high local 
control rate and encouraging results in 
terms of survival outcomes. 

SBRT remains an option for the 
treatment of all primary and metastat-
ic liver cancers. In fact, local control 
rates reported in a recently published 
phase III randomized trial for recur-
rent hepatocellular carcinoma were 
70% to 80% at 3 years, with proton 
beam therapy shown to be noninferior 
to radiofrequency.11 SBRT consists 
of a noninvasive and well-tolerated 
treatment that may allow patients sus-
tained QOL benefits. Our patient did 
not require systemic treatment and tol-
erated SBRT excellently. Furthermore, 
SBRT in monotherapy was able to 
sustain good systemic disease control, 
prompting us to hypothesize about a 
potential abscopal response.

Conclusion
This case report is about a patient 

diagnosed with ICC 52 months ago. 
The patient was initially submitted for 
right hepatectomy; however, there was 
subsequent appearance of two liver 
metastases. She rejected systemic ther-
apy and proceeded with SBRT of liver 
metastasis. After a total follow-up of 
23 months since SBRT, the patient not 
only retains an excellent survival, but 
also has no signs of disease recurrence 
or progression. 

Management of cholangiocarcino-
ma is often difficult, with limited op-
tions for salvage treatment. Although 
radiation has an established role in 
the treatment of cholangiocarcinoma, 
SBRT remains an option. This case 
report highlights the potential efficacy 
of SBRT in monotherapy for treating 
multiple intrahepatic metastases 
of ICC. Future randomized control 
trials attempting SBRT of the liver 
are needed for better management 
of advanced ICC.
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Residency is a transformative and demanding 
period in the life of a physician. Learning and 
attaining proficiency within the field comes from 
a variety of sources, including professors, clinical 
staff, scientific literature, and research. However, 
most is gleaned from the patients we treat daily 
who bring their fears, anxieties, insecurities, and 
concerns to the clinic. 

Unfortunately, the ongoing COVID-19 pandemic 
has only heightened emotions we see in clinic 
and further exposed disparities in our health care 
system. As an example, COVID-19 hospitaliza-
tion rates among non-Hispanic Black people and 
Hispanic or Latino people were about 4.7 times the 
rate of non-Hispanic White people.1,2 Only 4.7% of 
the US oncology workforce is Hispanic, 3% is Black 
or African American, and 0.1% is American Indian 
or Alaska Native, according to a recent report by 
the American Society of Clinical Oncology (ASCO).3 

Organizations such as ASCO and the American 
Society for Radiation Oncology (ASTRO) continue 
to advocate for equitable cancer care and work-
force diversity. Lori Pierce, MD, FASTRO, FASCO, 
focused her ASCO presidency around equity 
with the theme, “Equity: Every patient. Every 
day. Everywhere.” And every year, ASTRO hosts a 
Congressional Advocacy Day. Due to the pandem-
ic, the last two meetings were virtual. The most 
recent Advocacy Day was in late July 2021 and had 
a record-breaking number of resident physicians 
in radiation oncology. Thirty residents were among 
the 100-plus participants from 32 states. In total, 
more 150 meetings took place with staff members 
and lawmakers pertaining to the proposed Radi-
ation Oncology Alternative Payment Model (RO-
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APM), ongoing prior authorization struggles, and 
increasing federal funding in cancer research. 

During my meetings, I reviewed important parts 
of the RO-APM and how this model would impact 
my patients and communities in rural Oklahoma. 
I shared with patients that I was meeting with 
members of Congress to discuss proposed changes 
that have a real chance of impacting radiation ther-
apy services in Oklahoma. I told their stories and 
those of previous patients throughout my meetings, 
including their enduring struggles due to lack of re-
sources. We also discussed the anxiety experienced 
from treatment delays due to prior authorization 
processes in the midst of a pandemic. 

As a resident, we are often on the frontlines of 
medical care. We spend countless hours with our 
patients in face-to-face interactions or coordi-
nating care. We do more than take their history, 
perform a physical exam, and review a treatment 
plan. Most often, we become an integral member 
of their medical team and oncology journey. Let us 
amplify their voices and stories by continuing to 
advocate for more equitable health care, the health 
of our patients, and our profession overall. 
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