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PA P E RS A key resource for practical clinical information and
SA-CME credits

Dear Colleagues:

We are pleased to let you know that our journal and community of registered radi-
ation oncologists have continued to expand over the last several years. We appreci-
ate your support and, as part of our mission to foster a community where peers share
practical solutions in the clinical setting, Applied Radiation Oncology is issuing a call
for clinical cases, review articles and research articles.

We are looking for authors to write and submit on topics that include (but are not

Josr Sus MD

limited to): imaging, contouring, target delineation, treatment planning, patient im-
John Suh, MD, FASTRO, FACR mobilization, organ tracking, safety and quality, and other timely topics essential to
the discipline. Important to note is that review articles accepted for publication may
be accredited for Continuing Medical Education (CME). Submissions will undergo a

double-blind peer review process through our external peer review panel.

If you or your colleagues have an interesting case, review article or research
paper for publication consideration in Applied Radiation Oncology, please read our
Submission Guidelines. As a reference for the types of articles published in Applied
Radiation Oncology, visit appliedradiationoncology.com and browse our archives.

This is a wonderful opportunity to impart your knowledge to your peers and we
look forward to your submissions.

Sincerely,

John Suh, MD, FASTRO, FACR
Editor-in-Chief, Applied Radiation Oncology

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.
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REVIEW | SA-CME

Practical Applications of the Internet of Things
in Radiation Oncology

Nikhil G. Thaker, MD, MHA, MBA,; Brian De, MD;
Chirag Shah, MD; Sudhir Manda, MD;
Trevor J. Royce, MD, MS, MPH; Sushil Beriwal, MD, MBA

loT applications hold great potential to improve the quality and
efficiency of cancer care. As health care systems transform from
traditional care delivery models to digital health models, IoT will
enable integration of electronic health records and nonhealth care
data with therapeutic augmented reality, wearable technologies,
smart voice assistants, digital medicines, robots with artificial
intelligence capabilities, continuous and Bluetooth-enabled
monitors, and smart cameras. This review discusses the digital
transformation of health care systems, IoT technology in cancer
care, its practical applications in radiation oncology, and ongoing
opportunities and challenges.
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The Evidence and Rationale for a Coronary
Brachytherapy Dose-Response

Kent Wallner, MD; Minsun Kim, PhD, DABR;
Kathleen E. Kearney, MD; Ravi S. Hira, MD;

Kenta Nakamura, MD; Zachary L. Steinberg, MD;
James M. McCabe, MD; William L. Lombardi, MD;
Mark L. Phillips, PhD; Creighton Don, MD, MPH

While intravascular brachytherapy (IVBT) for multiple-recurrent
in-stent restenosis inside of drug-eluting stents is moderately
effective, there is room for improvement. This review examines the
published literature regarding a dose-response relationship for
IVBT, focusing on radionuclides and delivery systems, dosimetric
uncertainties, geometric obstacles, higher doses, animal models,
and retrospective and prospective clinical studies.

27

RESEARCH

Radiation Therapy Techniques in the Management
of Locally Advanced, High-Grade, Soft-Tissue
Sarcoma

Barry W. Goy, MD; Chris S. Helmstedter, MD; Janis F. Yao, MS;
Sajjad P. Syed, MD

This retrospective analysis assesses which prognostic factors are
associated with local recurrence rates and wound complications of
locally advanced, high-grade, soft-tissue sarcoma.

Applied Radiation Oncology (ISSN: 2334-5446) is published quarterly by Anderson Publishing, Ltd., 180 Glenside Avenue, Scotch Plains, NJ 07076. Subscription is free of charge to all medical
professionals. To update your subscription preferences, visit appliedradiationoncology.com/subscribe. Complaints concerning non-receipt of this journal should be made via email to our
publisher, Kieran Anderson at kieran@appliedrradiology.com.
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EDITORIAL

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.

Education Updates and Spotlight

on Sarcoma

John Suh, MD, FASTRO, FACR

Each year, autumn arrives with its traditional promises of cooler weather, striking foliage, and
all things pumpkin. Marking the start of the academic year, it’s also replete with exciting educa-
tional opportunities, including a few of our own. In our previous issue, we introduced 4 new medi-
cal student committees for Applied Radiation Oncology: First Pass Peer Review Committee, Podcast
and Webinar Committee, Future Content Committee, and the Social Media Committee. Please join
us in welcoming these bright new members and co-chairs for the 2022-2023 academic year (see p.
45 for details) and be sure to stay tuned to their contributions to ARO.

In the Issue

We are also pleased to present our issue
theme of sarcoma and the role that radiation
therapy plays in treating this uncommon
cancer. The research article, Radiation Therapy
Techniques in the Management of Locally Ad-
vanced, High-Grade, Soft-Tissue Sarcoma (STS),
presents a relevant study investigating prog-
nostic factors associated with local recurrence
and wound complications. Among findings,
the authors discuss how high-grade STS
(greater or equal to 5 cm) may benefit from in-
creased radial CTV margins in the absence of a
fascial boundary. They also discuss important
considerations regarding bolus techniques and
wound complications.

Two case reports on sarcoma are featured as
well. Shingles After a Single Fraction of Radiation
for Ewing Sarcoma describes the first reported
case of varicella-zoster virus reactivation after
1 fraction of radiation. The authors posit that
a common mechanism, which may be distinct
from immunosuppression, may exist whereby
radiation therapy lowers the threshold for reacti-
vation of latent alphaherpesviruses. The second
case, Aggressive Multimodality Therapy for Treat-
ment of a Locally Advanced Radiation-Related Chest

Wall Sarcoma, is a novel case showing successful
treatment using neoadjuvant thermochem-
oradiation, surgical resection, and complex
reconstruction with a titanium mesh implant
and multisite flap closure.

In addition, the issue features the
SA-CME-accredited review, Practical Applica-
tions of the Internet of Things in Radiation Oncolo-
gy. This timely article explores the applications
- and major challenges - of IoT in radiation
oncology, including the integration of elec-
tronic health records and nonhealth care data
with therapeutic augmented reality, wearable
technologies, smart voice assistants, digital
medications, artificial intelligence, robots,
continuous Bluetooth-enabled monitors, and
smart cameras. We hope you enjoy this review
and its promising outlook on how IoT applica-
tions can augment the quality and efficiency of
cancer care, bringing several practical applica-
tions to radiation oncology.

A second review article, The Evidence and
Rationale for a Coronary Brachytherapy Dose-Re-
sponse, offers a compelling and comprehensive
look at how and why increasing the prescription
dose or prescription depth could improve effec-
tiveness of intravascular brachytherapy. While
IVB has been shown to reduce restenosis by
half, recurrence rates of 40% at 3 years call for

®©Anderson Publishing, Ltd. All rights reserved. Reproduction in whole or part without express written permission is strictly prohibited.
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Radiation Therapy Era

Practical Limitations

apy FLASH Trials

Webinars and SA-CMEs

Recent SA-CME courses include:

+ Clinical Applications of FLASH Radiation Therapy
+ Using Decision Theory for Re-irradiation of Head & Neck Cancer

+ Radiation-Induced Carotid & Vertebral Artery Stenosis in the Intensity-Modulated

+ The Emerging Role of Digital Therapeutics in Clinical Oncology Practice
+ Formalized Mentorship in Radiation Oncology in the COVID Era

+ Radiation Recall After the COVID-19 Vaccine

+ MR-Guided Radiotherapy: Patient Selection and New Opportunities

+ The Benefits and Future of Proton FLASH

+ Technological Basis for Clinical Trials in FLASH Radiation Therapy

+ Managing Anxiety & Minimizing Sedation in Pediatric Radiation Oncology

+ A Proposed Way Forward From the Prior Authorization Crisis in Radiation Oncology

+ MR-Guided Radiation Therapy for Oligometastatic Malignancies

+ Technological Basis for Clinical Trials in FLASH Radiation Therapy: A Review

+ Applications of Artificial Intelligence in Head and Neck Radiation Therapy

Additional educational offerings include our webinars and SA-CME activities, which are both complimentary,
housed at www.appliedradiationoncology.com. Attending webinars live is ideal given the real-time Q&A session, but
archived webinars afford the bonus of round-the-clock convenience. Our most recent topics include:

+ The Emerging Role of Digital Therapeutics in Medical, Surgical and Radiation Oncology

+ Stereotactic Body Radiation Therapy (SBRT) vs Stereotactic Ablative Radiation Therapy (SABR): Does Terminology
Differentiate Treatment Intent in Metastatic Cancer?

+ Actualizing Risk-Adapted Thoracic Stereotactic Body Radiation Therapy With MR Guidance
+ Integrating MR-Guided Radiation Therapy Into Clinical Practice: Clinical Advantages and

+ FLASH Radiation Therapy: Review of the Literature and Considerations for Future Research and Proton Ther-

+ Managing Anxiety and Minimizing Sedation Requirements in the Pediatric Radiation Oncology Population

improvement. The authors examine how
better methods to individualize dose deliv-
ery to a patient’s vessel walls seem a viable
way to improve IVB effectiveness.
Rounding out the issue is the Resident
Voice editorial, Environmentally Sustainable
Radiation Oncology: Can We Turn the Tides?
Discussing the newly formed Climate
Health, Equity, and Sustainability Task-
force (CHEST) - created by the Association

September 2022

of Residents in Radiation Oncology’s
Global Health Subcommittee - the column
underscores the critical need for advocacy
and commitment to sustainable practices
in our field and beyond. We applaud these
important efforts and urge your support

to help decarbonize energy sources,
reduce waste, recycle more often, promote
climate health equity, and enact additional
measures toward a greener future.

Connecting at ASTRO

In closing, fall also plays host to
the annual ASTRO conference - the
ultimate occasion to gather, learn,
teach, share, and connect. I hope to see
you in San Antonio to harvest all these
opportunities and more. Thank you for
your continued support over the years,
and happy autumn!
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of health care systems, loT
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Practical Applications of the Internet of
Things in Radiation Oncology

Nikhil G. Thaker, MD, MHA, MBA;* Brian De, MD;? Chirag Shah, MD;® Sudhir Manda, MD;*
Trevor J. Royce, MD, MS, MPH;>¢ Sushil Beriwal, MD, MBA’

Abstract

As the global population ages, there will be an ever-increasing demand on health care systems worldwide for
managing chronic conditions, including cancer care. A shift to automated health care solutions will be neces-
sary to improve quality of care while also reducing resource burden to practitioners. Health care systems are
amidst a digital transformation from traditional brick-and-mortar care delivery models to those that include
virtual care, telehealth, and remote treatment delivery.

The internet of things (IoT) is a system of wireless, interconnected digital devices that can collect, send, and
store data over a network without requiring human intervention, and it holds promise of improving the quality
of health care while streamlining and enhancing health care delivery. This is especially relevant in technolog-
ically oriented medical fields such as radiation oncology. Various applications of IoT have been described in
cancer care with immediate relevance to radiation oncology, including the integration of electronic health re-
cords (EHR) and nonhealth care data with therapeutic augmented reality, wearable technologies, smart voice
assistants, digital medications, artificial intelligence (Al), robots, continuous Bluetooth-enabled monitors,
and smart cameras. 10T holds promise of improving primary care through disease prevention and population
health initiatives, and improving secondary and tertiary care including cancer care through integration of loT
data to create more coordinated, improved, and proactive care.

However, several challenges to loT adoption in radiation oncology exist, including the need for more robust
policy measures, enhancements in usability and cost effectiveness of 10T devices, improvements in cyberse-
curity and privacy, transparency of data governance, standardization of protocols to enhance interoperability,
and finally, more favorable reimbursement.

Keywords: Internet of Things, 10T, [oMT, therapeutic augmented reality, wearable technologies, smart voice
assistants, digital medications, artificial intelligence, robots, smart cameras
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“ Practical Applications of the Internet of Things in Radiation Oncology

Figure 1. There are 3- and 5-layer loT architectures that describe the main ideas of loT. The 3-layer
architecture includes the perception layer, which is the physical layer; the network layer, which is
responsible for connecting to other smart things; and the application layer, which is responsible

for delivering application-specific services to the user. Research purposes require a more nuanced
framework using a 5-layer architecture. The 5-layer architecture adds a transport layer, which transfers
the sensor data to and from the perception layer to the processing layer; the processing layer, which
stores, analyzes, and processes huge amounts of data that come from the transport layer; and the
business layer, which manages applications, business models, and user data/privacy.

Business Layer

Application Layer

Network Layer

Perception Layer

Application Layer

Processing Layer

Transport Layer

Perception Layer

The pace of population aging is
much faster today than in the past;
by 2030, 1 in 6 people worldwide
will be aged 60 years or older, and
between 2015 and 2050, the propor-
tion of the world’s population over 60
years will nearly double from 12% to
22%.! As the population ages, there
will be an ever-increasing global
demand on health care systems
for managing chronic conditions,
including hypertension, diabetes,
obesity, infectious diseases, hemato-
logic disorders, and cancer.”

The cost of cancer care in the
US is substantial and rising. The
total cost in 2015 was $183 billion
and is projected to increase 34% to
$246 billion by 2030.° This expected
increase is attributable not only to
population growth and increasing
life expectancy, but also to subopti-
mal care coordination, inappropriate

Applied Radiation Oncology

or duplicative services, inefficiencies
that require outpatient/inpatient
follow-up rather than home mon-
itoring, and the high cost of novel
therapies.* This will create major
challenges to delivering quality care
within our health care system that

is safe, timely, effective, efficient,
equitable, and patient-centered.®
These demands will ultimately
require improved population health
management techniques and oppor-
tunities for enhancing value-based
care delivery. The 2020 response to
the COVID-19 pandemic has also
highlighted the need to transition to
technology-based remote health care
delivery options.®’

A shift to automated health care
solutions in the information age will
be necessary to improve quality of
cancer care while also reducing re-
source burden to practitioners.® This

is particularly important in cancer
care where there is a growing em-
phasis on technologically oriented
care delivery such as radiation on-
cology. IoT includes a world where
interconnected internet-enabled
devices or “things” can collect and
share data (machine-to-machine)
without human intervention. In
2020, more than 21 billion devic-

es are estimated to be connected

to the internet, and health care

IoT (or internet of medical things
[IoMT]) could collect health-related
data from individuals to improve
care delivery and reduce provider
burden.®In this review, we provide
an overview of the digital trans-
formation of health care systems,
IoT technology in cancer care, its
practical applications in radiation
oncology, and ongoing opportunities
and challenges.

The Internet of Things

Digital Transformation
of Health Care Systems

Many health care systems are
amidst a digital transformation as
they move from traditional brick-
and-mortar care delivery models
to models that include virtual care,
telehealth, and remote treatment
delivery." The COVID-19 pandemic
(in 2020 to the present) has especially
emphasized the need for a technol-
ogy-enabled health care system that
can facilitate digital transformation.®’
Health care systems view digital
transformation as a way to become
more consumer-friendly, but will
need to focus on interim milestones
to justify value; acquire the talent,
data, and key performance indicators
needed to overcome digital trans-
formation challenges; and cultivate
executive champions.”? However,
in a recent survey, only 7 percent
of health care and pharmaceutical
companies said they had “gone
digital,” compared with 15 percent of
companies in other industries."
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In response to technological evolu-
tions, IoT technology holds promise
to support health care systems to
deliver higher quality care and to im-
prove population health initiatives.
From a health care perspective, IoT
can be considered as any device that
can collect health-related data from
computing devices, mobile phones,
smart bands and wearables, digital
medications, implantable surgical
devices, or other portable devices
that may communicate through
channels such as radiofrequency
identification that can measure
health data and connect to the
internet.* IoMT has been described
in health care, with immediate appli-
cations to cancer care and radiation
oncology, including mobile health,
ambient assisted living, wearable
devices, smartphones, eHealth,
community-based health care and
other uses.* These applications can
be leveraged in nearly all health
care settings, from primary care to
tertiary care.

loT and Healthcare Architecture

There are 3- and 5-layer IoT archi-
tectures that have previously been
described and that can be applied to
IoT in health care.'®'” Architectures
are the way that the components -
such as devices, network structure,
and cloud technology - are orga-
nized. The most basic architecture
includes the perception layer, the
network layer, and the application
layer'>'8 (Figure 1A), which we will
cover briefly here:

Perception layer. The perception
layer is the physical layer that is the
foundation of IoT. This layer has
sensors for sensing and gathering
information about the environment.
It senses some physical parameters,
identifies other smart objects in the
environment, and provides geo-
graphic location recognition. This in-
cludes radiofrequency identification
(RFID), infrared sensors, cameras,
GPS, medical sensors, and smart
device sensors that can allow for
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Figure 2. Internet of Things (IoT) applications in cancer care explored in this review include augmented
reality, sensor technology, smart patches, smart cameras, smart voice assistants, digital medications,

and artificial intelligence and robotics.
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real-time monitoring and network
transmission (eg, an implanted, con-
tinuous blood glucose level sensor as
detailed below). There are numerous
examples of 10T devices in health
care but limited data on quality and
safety.” Some examples include ther-
apeutic augmented reality, wearable
technologies, smart voice assistants,
digital medicines, robots, continuous
monitors, Bluetooth-enabled moni-
tors, and smart cameras, all of which
are discussed in detail below.
Network layer. The network layer
is responsible for connecting to other
smart things, network devices, and
servers. This includes wireless and
wired networks that communicate,
store, process and transmit sensor
data either locally or in a centralized
way. Most IoT devices use high fre-
quencies with short-range communi-
cation technologies. High-frequency
4G cellular networks have improved
potential for communications, and
5G networks are expected to provide
a reliable connection for numerous
devices simultaneously.”” Centralized
cloud-based computing is becoming
more popular as it improves flexibil-
ity, scalability and access. However,
centralization could lead to slower

transmission times between central
data centers and IoT devices as well
as accumulation of unnecessary data.
Conversely, the edge cloud allows

IoT sensors and network gateways to
process and analyze data in a decen-
tralized fashion, reducing the amount
of data required to be communi-
cated and managed at a centralized
location.”® As an example, blockchain
uses decentralized data storage that
can be regulated by patients and may
improve mobile health applications,
monitoring devices, sharing and
storing of electronic medical records,
clinical trial data, and insurance
information storage.?

Application layer. The applica-
tion layer is responsible for deliv-
ering application-specific services
to the user, such as smart homes,
smart cities, and smart health.'
Some examples include therapeu-
tic augmented reality, wearable
technologies, smart voice assistants,
digital medicines, robots, continuous
monitors (eg, an application that
records and reads out blood glucose
levels from a continuous, implanted
sensor), Bluetooth-enabled moni-
tors, and smart cameras (Figure 2),
which have immediate applications
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Table 1. Application Layer Examples

DEVICE BRIEF DESCRIPTION AND SAMPLE APPLICATIONS (SEE TEXT FOR DETAILS)

Therapeutic augmented reality Includes augmented reality, mixed reality, and virtual reality that can visualize data
collected from sensors. Applications have included a broad range of diseases in both
the inpatient and outpatient settings. For cancer care, applications include oncologic
surgery, brachytherapy, patient education, and practitioner training.

Sensor technologies (including smart  Devices worn by a user that connect to sensors, apps (such as a smart phone), or

monitors and wearable tech) web portals through wireless connections. Applications include glucose monitors,
insulin pens, Fithits and smartwatches, fall detectors, electrocardiograms, and blood
pressure monitors. Such smart monitors are being deployed on linear accelerators for
continuous analytic data monitoring (including feedback for equipment maintenance
and fault prevention).

Smart patches Superficial patches on the skin that can track vital signs including heart rate, respira-
tory rate, and temperature, as well as sleep/wake cycle and step counts. May be used
for transdermal diagnosis/assessment and therapeutic delivery.

Smart cameras Cameras (such as smartphones or standalone technology that includes camera and
smart technology infrastructure) that capture and analyze images or changes in the
environment. Applications include assessing skin lesions, wounds, or conditions; mon-
itoring ocular pathology; enhancing privacy through masking technology; enhancing
patient/resident safety through fall monitoring and prevention; and enhancing efficien-
cy of patient check-in and monitoring processes. These cameras can aid a radiation
oncologist’s assessment of skin lesions and radiation toxicity.

Smart voice assistants Installed in a private setting (such as home or car) and provide Al-supported conversa-
tion agents, including Amazon’s Alexa, Google Assistant, and Apple’s Siri. Applications
have included appointment scheduling, chatbots, web browser searches, answering
health care questions, phone calls. Conversation agents may help educate cancer
patients about treatments, provide feedback on pain management options, refill
medications, locate practitioners, assist in documentation through ambient clinical
intelligence, and other applications.

Digital medications Ingestible sensors made from magnesium, copper, and silicon that communicate
with an external body sensor such as a patch, mobile app, or website. Can be used to
monitor medication adherence and absorption, and prompt patients to take medica-
tions. Potential use for patients on oral chemotherapeutics. Bluetooth inhalers, which
are devices that use a Bluetooth sensor paired to a mobile app that provides analytics
and patient/practitioner feedback, may be a digital medicine and have analytic sen-
sor technology.

Artificial intelligence (Al) and robotics Al-powered robots that can interact with humans. Applications include medication
management and assisting rehabilitation in the home setting, patient navigation, ab-
normality detection, and collection of patient data in hospital setting. Could assist with
oncologic surgeries, brachytherapy, chemotherapeutic and other systemic therapy
delivery, and patient education at point of care.
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in radiation oncology. Table 1 lists a
brief description of each application,
although many others exist.

Research purposes require a more
nuanced framework using a 5-layer
architecture. The 5-layer architec-
ture adds a transport layer, which
transfers the sensor data to and from
the perception layer to the process-
ing layer; the processing layer, which
stores, analyzes, and processes huge
amounts of data that come from the
transport layer; and the business
layer, which manages applications,
business models, and user data/pri-
vacy (Figure 1B).

loT Applications in Cancer Care

Augmented Reality

Therapeutic augmented reality (or
extended reality) includes augment-
ed reality (AR), mixed reality (MR),
and virtual reality (VR) that can visu-
alize data collected from sensors that
are part of the IoT. This technology
combines high-quality stereoscop-
ic computer displays such as with
goggles to display an immersive 3D
environment, with 6 degrees-of-free-
dom spatial tracking to capture the
movements of the user and con-
trollers, and interact with virtual or
augmented surroundings.” Exam-
ples have included a broad range of
inpatient and outpatient applications
to learn about anatomy, anesthesia,
central vein catheterization,” mental
health and anxiety disorders,*
stroke,” pain management,®>?” and
obesity.?® Augmented reality may aid
oncologic surgeries,”*! education
for patients undergoing radiation
therapy,** immersive virtual reality
to reduce patient anxiety and psycho-
logical symptoms,**** practitioner
training,** and brachytherapy.*

Within radiation oncology, AR can
provide 3D and 360-degree views to
simulate the entire process of radia-
tion therapy, from clinics to simulation
rooms and treatment rooms.*® AR will
also provide 360-degree views of the
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treatment room to correct positioning
in real-time.** A projector-based
display has already been used to sim-
ulate controlling a linac for training
and education.* Physicians, dosim-
etrists, physicists and even patients
can explore spatial relationships of
dosimetric distribution. For example,
a patient with a meningioma may be
considering stereotactic radiation
therapy and may want to utilize AR to
understand the concepts of how the
brain and adjacent critical organs at
risk may be exposed to radiation due
to its proximity to the primary target.

Sensor Technology

Sensor technologies are devic-
es placed on equipment or worn
by a user that connect to sensors,
apps (such as on a smartphone),
or web portals, through wireless
connections. Although only 21% of
adults and fewer elderly people own
wearable devices, the majority of US
adults own a smartphone, allowing
smartphone technology to rapid-
ly scale IoT-based interventions.*
Applications include continuous
glucose monitors, smart insulin pens,
loneliness detectors, sleep track-
ers, smartwatches and Fitbits, fall
detectors, wireless electrocardiogram
monitors, wearable blood pressure
monitors, and others.** Bluetooth
inhalers are a related technology that
use a Bluetooth sensor paired to a mo-
bile app that provides analytics and
patient/practitioner feedback.*
Commonly, wearable devices
have been used to assess physical
activity levels, as these levels before,
during, and after cancer treatment
have been established as robust
predictors of clinical outcomes as
well as quality of life.**** Interest-
ingly, lower levels of activity during
chemoradiation (head and neck,
lung, and gastrointestinal cancer)
as measured with Garmin devices
were associated with greater hos-
pitalization risk, lower likelihood
of completing treatment without

delays, and shorter survival.*~*° Simi-
larly, daily step count for abdominal
cancer patients on postoperative
day 7 was inversely correlated with
the postoperative complication
index.* Published prospective
studies incorporating mobile sensor
data with clinical outcomes have
focused mostly on patient-reported
outcomes, toxicity and symptom
burden,***quality of life,* hospital-
izations or readmissions,*»**%%% or
postoperative events.*

Smart monitors are also being
deployed on linear accelerators. Such
technology allows for continuous
background analytic data monitoring
that provides feedback for equip-
ment maintenance, proactive service
and fault prevention for field service
technicians.® This application has
already helped technicians identify
early trends in equipment malfunc-
tion - such as couch faults or slow
multileaf collimator motors - and
order and install replacement parts
before machine downtime. IoT offers
an opportunity to maximize machine
uptime and provide personalized,
continuous remote support for radi-
ation oncology clinics. Analytics can
also be applied to the continuously
monitored historical logs and con-
figuration files using machine-learn-
ing algorithms.

Smart Patches

Smart patches such as vital sign
patches are designed to wirelessly
track and monitor heart rate, respi-
ratory rate, sleep cycle, stress levels,
temperature, step counts, and falls/
incapacitation.® Temperature-track-
ing smart patches (TempTraq) are
being used in CAR T cell therapy clin-
ical trials.®! In a recent proof-of-con-
cept study, smart patches were used
to monitor dyspnea in the palliative
care setting.®? Transdermal delivery
of chemotherapeutics utilizing smart
patches may be a possibility in the
future.®® Smart patches have also
been used to biopsy skin cells on the
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skin surface.** Despite these prom-
ising applications, patients may be
wary of wearing a patch sensor, and
instead opt for biosensors embedded
in armbands or wrist-worn devic-
es.* For example, patients who are
receiving concurrent chemoradia-
tion therapy may be at higher risk of
hospitalization due to toxicities®” and
could benefit from smart patch tech-
nology to seamlessly evaluate vital
signs and distress in real-time using
remote patient monitoring evaluated
by a centralized virtual care team.®

Smart Cameras

Smart cameras, such as smart-
phones or standalone technology
that includes camera and smart tech-
nology infrastructure, can capture
changes in the environment. Smart
cameras may support a machine
vision system by digitizing and trans-
ferring frames for computer analysis
although some smart cameras can
also serve as self-contained vision
systems without relying on exter-
nal processing equipment.® Such
technology can be used to diagnose,
monitor, or evaluate skin conditions
including assisting with wound care
in patients with diabetes and skin
cancer.”’* Smart cameras can also
enhance privacy by using video ana-
lytics to hide sensitive health data on
displays; enhance patient/resident
safety through fall monitoring and
prevention; and enhance efficiency
of patient check-in, admission, and
patient flow through the clinic.”
Within the radiation oncology clinic,
smart cameras may capture patient
check-in, waiting times, clinic visit
times, location of family members,
and help monitor safety at the linac
and brachytherapy consoles, among
other applications.

Smart Voice Assistants

Smart voice assistants can be
installed in a private setting (such
as the home or car) and provide
Al-supported conversation agents,
including Amazon’s Alexa, Google

Applied Radiation Oncology

Assistant, and Apple’s Siri, to answer
a specific set of health-related
questions without human contact.
Examples include evaluation and
management of depression and anx-
iety; autism; sexual, substance, and
physical harassment issues; language
impairment; obstructive sleep apnea;
hypertension; breast cancer; type 2
diabetes; and pain management.’
Smart voice assistants may also im-
prove access to in-home virtual care.”
Applications have included schedul-
ing appointments; offering chatbots,
web browser searches, and phone
calls; educating cancer patients about
treatments; providing feedback on
pain management options; refilling
medications; locating practitioners;
assisting with documentation through
ambient clinical intelligence; and
other applications.”* Specifically

for radiation oncology, a smart voice
assistant could remind patients about
the day of their weekly treatment
management visit, the time of their
scheduled daily radiation treatment
(with special reminders when sched-
ules change); record notes prior to,
during, and after visits; and help find
high-quality education for patients
and caregivers.

Digital Medications

Digital medications include an in-
gestible sensor (typically made from
magnesium, copper, or silicon) that
can communicate with an external
body sensor such as a wearable patch
or mobile app. Information is stored
on the cloud and used to measure
medication adherence, absorption,
activity, and heart rate.® In 2019, Pro-
teus Digital Health introduced digital
chemotherapy for stage 3 or stage 4
colorectal cancer.® When a patient
swallows the capsule, a sensor acti-
vates when it reaches the stomach,
which then transmits data to a smart
patch with the time of day, the dose,
and the type of medication. Unfor-
tunately, Proteus recently filed for
bankruptcy, driven by an expensive
technology without a clear business

model and uneven patient acceptance
of ingestible sensors.® This example
illustrates the importance of demon-
strating a clear value proposition

and product-market fit. In radiation
oncology, these technologies (linked
with smart patches) can assess pa-
tient compliance and toxicities with
concurrent chemotherapies (such as
capecitabine or temozolomide).

Artificial Intelligence

Overall, Al is a promising medical
application leveraging IoT. Narrow Al
applications include natural language
processing, image analysis, drug
discovery development, and compu-
tational genomics. Recently, Google
Health and Meditech have announced
a collaboration to improve clinical
search functionality in Expanse elec-
tronic health record, which would be
another practical use of AI technolo-
gy.% With data generated from mobile
health apps and IoT devices, Al and
deep learning can also optimize
disease management and provide
big data analysis.* Big data in health
care has rapidly grown to include
genomics, metabolomics, proteomics,
lipomics, transcriptomics, immunom-
ics, glycomics and imageomics.®°

Deep learning, a subset of Al, is
now being used in decision-mak-
ing, autosegmentation, radiation
treatment planning, and adaptive
radiation therapy, but may be limited
by access to the internet, web-based
cloud solutions, or high-performance
computing hardware; and lack of
protocols for clinical commission-
ing, validation, implementation,
and maintenance.” Ultimately, AI
holds promise of augmenting or
improving efficiencies rather than
replacing radiation oncologists’
toolsets, although it may refocus
tasks performed by the treatment
planning team.”?

Robotics

Robots using Al technology can
interact with humans in various
health care settings. Examples have
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included robots assisting patients
with hospital navigation, collecting
patient data and assisting with physi-
cal therapy and rehabilitation.**** Ro-
botic surgery has gained acceptance
in minimally invasive surgery,” and
Al in surgery has shaped preoper-
ative planning and intraoperative
guidance.’®” Al-powered robotics
could also have applications in
brachytherapy, including placement
of applicators/needles, and che-
motherapeutic and other systemic
therapy delivery.

loT and Improving Cancer
Care Delivery

IoT can enable smart devices to
transform traditional cancer care in
the radiation oncology clinic into a
more efficient, higher-quality, tech-
nology-enabled service. IoT will be
able to impact health care delivery
across the full spectrum of care de-
livery, from primary care to tertiary/
quaternary care.

Oncology patients are not only
grappling with acute care for their
cancer diagnosis but also with
competing risks with comorbidities.
Primary care focuses on disease
prevention, reducing disease burden,
modifying risk factors, and caring
for patient populations. Unfortunate-
ly, 28% of men and 17% of women
do not have a primary care provider
and lack chronic care services, which
will also impact compliance and
outcomes from oncologic thera-
pies.”® IoT will enable patients to
better self-manage conditions and
allow providers to assess modifiable
risk factors in real-time.*” It will
also increase capacity and access
to primary care using Al (including
chatbots) and smart voice assistants.
However, there is no well-defined
pathway for regulatory approval of
smart apps, and data on safety and
efficacy is lacking.'%1% IoT will also
be able to help integrate nonhealth
data through data from smart homes,
including data from independent
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living units, grocery/refrigeration,
wearable devices, power, applianc-
es, security, and entertainment, to
provide a more holistic view of pa-
tients and their unique needs. When
applied over the population level,
it will enhance disease surveillance
and assessment of environmental
risk factors. During the COVID-19
pandemic, big data analytics have
been applied to credit card pay-
ments, television surveillance, and
geographic location to contact trace
and identify close contacts.!®

IoT will also directly improve can-
cer care delivery. Better integration
of IoT data with EHRs and nonhealth
data will lead to more coordinated
and proactive care, as opposed to
the current piecemeal, uncoordi-
nated care within the traditional
health care system. For instance, IoT
can better connect physicians with
patients in their home, allowing phy-
sicians to better understand patients,
better assess toxicities from systemic
therapies and radiation, assess treat-
ment compliance, reduce costs, and
improve quality of care. IoT will also
encourage self-monitoring of data
uploaded to the cloud and allow for
continuous feedback from providers;
create alerts when intervention is
needed; help emergency depart-
ments and urgent care facilities
better triage patients; and increase
the number of point-of-care tests
rather than outsource to centralized
locations. 510103

Within the radiation oncology clin-
ic, IoT will allow for broader commu-
nication with cloud platforms, data
centers, and remote monitoring and
control systems. It will facilitate clin-
ic workflows, automation of narrow
tasks such as contouring,'*% treat-
ment and adaptive planning,'°%7
quality assurance and quality control
procedures, ' patient positioning
with sensors, intelligent image-guid-
ed radiation therapy and intelligent
robotics, and communication with
radiation information systems po-
tentially even in remote settings with

limited availability of trained on-site
staffing. Data from smart homes

can be integrated with wearable
sensors and digital medications/
pillboxes to provide contextual data
to radiation oncologists and multidis-
ciplinary teams.

Challenges

To further support the growth and
use of IoT in cancer care delivery,
health care policy will need to sup-
port mobile and eHealth technolo-
gies. This will require government
and private sector investment in IoT
hardware and software infrastruc-
ture and a transparent and efficient
regulatory pathway for approval with
the US Food and Drug Administra-
tion (FDA). Several countries already
have policies for IoT.** Despite
ongoing evidence development
in other industries, there are still
limited use cases in health care, and
limited government (including FDA)
regulations and approval.

IoT technology will also need
to become more usable and cost
effective for consumers of all so-
cioeconomic backgrounds in order
to increase user acceptability and
confidence in the technology. For
instance, a much lower percentage of
55- to 64-year-olds use smart devices
compared with those ages 18 to 29
years.'! Only 15% of Americans with
an annual household income below
$30,000 own a smart speaker while
that number rises to 34% for those
who earn above $75,000.'! There
is also limited understanding from
both patients and physicians of the
value of cloud-based storage systems,
an unfamiliarity with IoT technology,
and limited organizational readi-
ness to adopting such technology.!*?
Patients and physicians may also
be reluctant to adopt these technol-
ogies if they are intrusive, difficult
to use with current daily schedules
or workflows, or associated with an
overwhelming amount of data.

Furthermore, cybersecurity risks
remain an obstacle of growth and
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integration of IoT technologies with
existing technologies, especially as
the number of entry points with each
internet-connected device increases.
This is especially the case in health
care where protected health infor-
mation (PHI) is being transmitted
across machines and must abide by
the Health Insurance Portability and
Accountability Act of 1996 (HIPAA).
ToT communications are wireless and
most utilize low energies, both of
which increase the difficulty in ensur-
ing security. Although draft security
feature recommendations for IoT
devices have been released, the level
to which these will be adopted or how
they can be enforced is unclear.’®

Transparency of data governance
and ownership will also be needed
for IoT applications. Cloud-based
aggregation of IoT data has resulted
in centralized cloud storage, which
has raised questions about who owns
the health care data, and who can
view, edit or delete the data. Sharing
of this data between states, nations,
and organizations is also an import-
ant consideration.

Lack of standardization of proto-
cols has also created issues about
interoperability of IoT devices with
each other or existing legacy tech-
nologies. There is not yet consensus
regarding wireless communication
protocols and standards for ma-
chine-to-machine communication.
Even existing EHR technology lacks
full semantic interoperability, al-
though a push toward Fast Health-
care Interoperability Resources
(FHIR) holds promise.'**

Finally, there may be an increased
resource and information burden to
health care providers without ade-
quate reimbursement. In traditional
health care systems, health care staff
lack expertise to assist with data
monitoring and there is an increased
burden to clinicians for review-
ing large volumes of data. There
may also be increased malpractice
liability associated with data mon-
itoring. The COVID-19 pandemic
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has improved reimbursement for
telehealth services (commensurate
with its increased utilization), but
reimbursement for IoT applications
will need a concerted effort across
governmental and private payers.''®

Summary and Conclusions

IoT applications hold great po-
tential to improve the quality and
efficiency of cancer care with several
practical applications to radiation
oncology. As health care systems
transform from traditional care
delivery models to digital health
models, IoT will enable integration
of EHR and nonhealth care data
with therapeutic augmented reality,
wearable technologies, smart voice
assistants, digital medicines, robots
with AI capabilities, continuous and
Bluetooth-enabled monitors, and
smart cameras. However, imple-
mentation and full realization of the
value of IoT will require more robust
policy measures, enhancements in
usability and cost effectiveness of IoT
devices, improvements in cybersecu-
rity and privacy, transparency of data
governance, standardization of pro-
tocols to enhance interoperability,
and more favorable reimbursement.
These innovations will improve
disease prevention and population
health initiatives as well as high-acui-
ty care such as cancer care.
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Abstract

dose, and response.

the current prescription doses.

Background: Multiple prospective, randomized trials have confirmed that vascular brachytherapy can prevent in-
stent restenosis (ISR) after percutaneous coronary intervention (PCI). Although several observational studies suggest
short-term effectiveness, the rate of long-term ISR after salvage intravascular brachytherapy (IVBT) is approximately
40% at 3 years’ follow-up. While moderately effective, there is clearly room to improve IVBT.

Methods: We used the PubMed search engine with the terms coronary, intravascular brachytherapy,

Results: A positive dose-response relationship has been shown for IVBT, based on preclinical, retrospective and
prospective randomized clinical trials. There has been remarkably little toxicity of IVBT, despite many thousands of
patients being treated on and off trials. Considering the lack of reported complications despite meticulous follow-up
of hundreds of patients enrolled in studies, it seems that coronary vessel tolerance to radiation may be higher than

Conclusion: Given the high rate of failure in patients with recurrent ISR, and a fairly consistent dose-response rela-
tionship in most studies, further clinical investigation of higher prescription doses seems warranted.

Keywords: radiation, oncology, coronary, brachytherapy, heart, cardiac, intravascular

Radiation is routinely used for a
variety of noncancerous conditions,
including keloids, heterotopic bone
formation, Dupuytren’s contracture,
and arteriovenous malformations.**
Its use against atherosclerotic vascu-
lar disease was first explored in the
1960s.° By the 1990s, intravascular
brachytherapy (IVBT) techniques
were developed to prevent restenosis

after coronary angioplasty or stent
placement.® At least 6 prospective,
randomized trials have confirmed the
clinical efficacy of IVBT, which reduc-
es the restenosis rate from approx-
imately 40% to 20%, depending on
patient characteristics and the length
of follow-up.”*

For several years, brachytherapy
was the most effective treatment to
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prevent restenosis inside coronary
stents (Figure 1). Early studies were
done with iridium-192 (Ir-192), a
high-energy photon emitter. Stron-
tium-90 (Sr-90), a pure beta emitter,
was later adopted to limit shield-
ing requirements. Retrospective
and prospective randomized trials
showed similar outcomes with Ir-
192 vs Sr-90.':13

Drug-eluting stents (DESs) were
developed in the late 1990s. In 2
randomized studies, they proved
somewhat more effective than
brachytherapy for treating restenosis
within bare-metal stents.'*** DES
largely replaced IVBT for treatment
of in-stent restenosis (ISR) after 2006.
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Although no study has compared
IVBT for treatment of ISR specifical-
ly in DES, the convenience of stent
placement led to their nearly univer-
sal adoption for ISR in DES.

First-time DESs have only about
a 1% to 2% ISR rate of 1 year."” But
patients who need a second DES for
same-site ISR may have a 15% to
20% chance of developing a second
restenosis at 1 year." Factors that
might account for a higher subse-
quent restenosis rate include drug
resistance, metal hypersensitivity,
stent underexpansion, barotrauma
stent gap, and residual uncovered
atherosclerotic plaque.'” Addition-
ally, subsequent restenosis becomes
progressively more likely as addition-
al stents-inside-stents are placed.’®"
With an increasing chance of
restenosis with more stent layers,
the proper treatment for ISR of a
DES has become a subject of some
controversy.” Placing additional
stents in an occluded DES has been
the most common solution.

IVBT is a potential alternative
to angioplasty alone or inserting
additional stents inside of stenosed
stents. Three retrospective, uncon-
trolled studies suggest that IVBT may
be a preferable choice for recurrent
ISR, with 1-year target lesion revas-
cularization rates of 10% to 20.2%
These studies have led to a gradual
resurgence of IVBT for patients
with a second episode of ISR. IVBT
was available in 45 US institutions
as of 2020 (Best Vascular, email,
August 29, 2022).

Although several observational
studies suggest short-term effective-
ness, the rate of late ISR after salvage
IVBT remains up to 40% at 3 years,
and potentially higher with longer
follow-up (Figure 2).22 While moder-
ately effective, there is clearly room
to improve IVBT for multiple-recur-
rent ISR inside of DESs. As part of
an effort to improve our institution’s
program, we reviewed the published
literature regarding a dose-response
relationship for IVBT.
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Figure 1. Example of short stenotic lesion involving the proximal right coronary artery (RCA). Note the
myriad pathologies in addition to the stenotic lesion. CABG = coronary artery bypass graft.
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Figure 2. The target vessel revascularization (TVR) rate after intravascular brachytherapy (IVBT)
increased to approximately 40% at 3 years in the 2 series with longest follow-up. It appears likely to
continue increasing thereafter. *Restenosis was defined as target vessel revascularization. MGH =
Massachusetts General Hospital.
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Table 1. Preclinical Studies Addressing IVBT Dose-Response in Animals

AUTHOR RADIATION SOURCE DOSE TESTED ENDPOINT DOSE-RESPONSE
Waksman (1995)% Swine Sr-90 7-56 Gy Neointima formation Yes

Verin (1995)%2 Rabbits Y-90 6-18 Gy Stenosis Yes

Weinberger (1996)%° Swine Ir-192 10-20 Gy Neointima formation Yes (?)

Mazur (1996)% Swine Ir-192 10-25 Gy Intimal proliferation Yes (?)
Waksman (1997)% Swine Sr-90/1r-192 14, 28 Gy Cell proliferation Yes

Carter (1999)% Swine P-32 Neointima Yes

Kaluza (2001)%® Swine pP-32 7-36 Gy Neontimal growth Yes

Table 2. Clinical Studies Addressing Dose-Response in Humans

AUTHOR (YEAR) PATIENTS RADIATION SOURCE RANDOMIZED DOSES TESTED DOSE-RESPONSE

Teirstein (1998)*? 52 Ir-192 No <8 Gy and > 8 Gy Yes

Coen (2000)5* variable No various ?

Albiero (2000)%" 82 P-32 No 0.75 uCi-12.0 uCi Yes

Witkowski (2000)4¢ 48 P-32 Yes 20 Gy (? Yes

Sabate (2000)* 18 Sr-90 No adventitial D90 Yes

Verin (2001)4" 181 Sr-90 Yes 9,12, 15,18 Gy Yes

Ahmed (2001)%® 180 Ir-192 No 15vs 18 Gy Yes

Morino (2002)#4 30 Sr-90 No 18 vs 23 Gy No

Singh (2004)% 42 Sr-90, Ir-192 No <8.4Gyand > 8.4 Gy Yes

Kuchulakanti (2005)%° 167 Ir-192 No 18 vs 21 Gy No

Price (2006)2¢ 336 Ir-192 Yes 14 vs 17 Gy Yes

Table 3. Isotopes Used (Extensively) Clinically for IVBT?*
Methods
ISOTOPE  PRIMARY (THERAPEUTIC) DECAY MODE  HALF LIFE AVERAGE ENERGY
We used the PubMed search
. . Ir-192 Gamma 74 days 0.375 MeV

engine with the terms coronary,
intravascular brachytherapy, dose, Sr-90*  Beta (pure) 28 years 0.970 MeVv
and response. The search yielded 104 p-32 Beta (pure) 14 days 0.695 MeV

articles or abstracts, 90 of which
dealt with coronary brachytherapy.
Of those, only 4 mentioned dose-re-

*Sr-90 is also referred to as Sr-90/Y-90.
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sponse in the title or keywords.
Starting with those, we were able to
identify a total of 15 publications that
considered some aspect of a dose-re-
sponse relationship. The 15 studies
are listed in Tables 1 and 2.

Radionuclides and Delivery
Systems

Clinical studies primarily em-
ployed catheter-based temporary
delivery systems, using Ir-192 or Sr-
90 (Table 3). A wide variety of other

Applied Radiation Oncology

isotopes and delivery systems have
been considered for development,
but were not extensively pursued.*
To minimize shielding requirements,
the beta-emitting Sr-90 source
system has been universally adopted
(for now).” Clinical studies verified
comparable outcomes with gamma
or beta sources.**

Murky Dosimetry

While there is substantial in
vivo evidence of a dose-response
relationship for IVBT (see below),

myriad impediments remain to our
understanding and manipulation
of the relationship, starting with
uncertainty over the intended radi-
ation target(s), and the dose actually
delivered to that target.

Smooth muscle cells (SMCs) or their
progenitors are generally believed
to be the effectors of restenosis.?”?
Labeling studies in pigs have shown
that vascular damage (catheter-based
stretching or plaque destruction)
induces SMC migration from the outer
to the inner vascular wall, where they
generate an extracellular matrix,
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Figure 3. In situ stent lattice visible
on intravascular ultrasound (IVUS).
Calcium deposits are often visible on
IVUS, permitting quasi-quantitative
identification. As with ultrasound in
general, a bit of imagination often
aids image interpretation.

leading to neointimal build-up and
repeat occlusion. It is generally held
that radiation prevents re-occlusion
by limiting SMC migration.* The
simplest mechanistic explanation
is that the outer vascular wall is the
radiation target, being the site of
resting SMCs. However, it is unclear
whether radiation’s antistenotic effect
is a result of direct action on SMCs.
Postradiation SMCs do not exhibit
apoptosis, suggesting that direct radi-
ation killing is not the mechanism by
which radiation works.* Instead, the
anti-ISR effect may be mediated by ra-
diation-induced cytokine release.”*
In addition to questions about the
actual radiation target, there is sub-
stantial uncertainty regarding geo-
graphic dose distribution within the
vessel wall. Compared with external
beam techniques, the quantification
of IVBT doses is crude, complicated
and undoubtedly inaccurate. By its
nature, brachytherapy’s rapid dose
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transg:qcer

adventitia

fall-off leads to extreme heterogene-
ity longitudinally and circumferen-
tially across the vessel wall, exacer-
bated by stents and calcium.?"*

Metal stents and calcium depos-
its both interfere with radiation
penetration of the vessel wall.**3
Stent lattice decreases dose transmis-
sion by approximately 20% to 30%
behind the metal lattice itself.**%
And patients commonly have had
additional stents-within-stents to
treat prior sites of restenosis, so the
cumulative dose reduction could be
far greater and complex.

Coronary calcifications also
diminish dose transmission through
the vessel walls. The thickness of
calcium is typically highly variable
along the vessel. In a heavily calci-
fied section, the adventitial beta dose
could easily be reduced twofold.*

Quantifying and correcting for
dose perturbations in atherosclerotic
vessels is further hindered by the lack

stent scaffolding

of high-quality imaging. Intravascular
ultrasound (IVUS) or optical coher-
ence tomography (OCT) are the most
common modalities used. IVUS gives
a fair image of vessel wall thickness
in healthier vessels.* However, metal
stents and thick calcium deposits are
poorly imaged, at best (Figure 3).

Geometric Obstacles

In addition to interference by
stents and calcium, geometric factors
substantially alter vessel wall doses.
The rapid dose fall-off of Sr-90 beta
leads to dramatic dose inhomogeneity
in the confines of a 4-mm diameter
coronary artery. There is approxi-
mately a 50% dose fall-off over 1 mm
of tissue, about the thickness of a
coronary vessel wall.*! Source wire
asymmetry inside the vessel exacer-
bates fall-off by increasing dose to
the near wall and decreasing dose to
the far wall (Figure 4).*” Additionally,
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centered 90-Sr source

adventitia

P

4 mm

23 Gy 61 Gy

non-centered 90-Sr source

11 Gy
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asymmetry is exacerbated by vessel
curvature.®®

Taken together, rapid dose fall-off,
stents, calcium, suboptimal imaging
and source asymmetry lead to great un-
certainty about minimal (or maximal)
doses to the vessel wall.** Considering
the doses employed over the narrow
range of 10 to 25 Gy, these dose-lower-
ing effects might significantly limit the
effect of IVBT - or maybe not.

Does Dose Matter?

Where radiation is used against
benign disease, a dose-response re-
lationship is typically demonstrable.
Conditions for which a relationship
has been established include keloids
and arteriovenous malformations.>?
Similarly, a positive dose-response re-
lationship has generally been shown
for IVBT based on preclinical, retro-
spective and prospective randomized
clinical trials (see below). Addition-
ally, smooth muscle cellularity is de-
creased in a DES vs bare-metal stent,
a phenomenon that might render DES
ISR less sensitive to radiation inhibi-
tion.* Accordingly, a dearth of SMCs
might require a higher radiation dose
to disrupt SMC-based restenosis.

Animal Models

There are at least 8 pre-clinical
animal studies of Ir-192 or Sr-90 IVBT
to prevent restenosis, 3 of which
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investigated a dose-response relation-
ship.®The results are mixed. In one of
the earliest pre-clinical IVBT dose-re-
sponse studies, Mazur and colleagues
used a miniature swine coronary
overstretch model to search for an
Ir-192 dose-response for maintaining
coronary patency. For such studies,
the coronary vessels are damaged
by overdilation with a balloon or
wire stent, preceded or followed by
intravascular radiation. Their results
were inconclusive. Brachytherapy’s
anti-stenotic effect for the left anterior
descending artery increased steadily
from 10 to 25 Gy at 1.5 mm from the
source center. However, results were
mixed for the right coronary artery
(RCA) and circumflex (Cx).*

Weinberger and colleagues, also
using a miniature swine model,
showed increased inhibition of
neointima as the dose was increased
from 15 to 20 Gy (Ir-192, at the
“vessel wall”). A dose of 10 Gy was
associated with accelerated stenosis,
a puzzling phenomenon of some
concern.® A stimulatory effect of
lower doses has not been consistent-
ly reported by other investigators
and may have been an artifact

In the largest pre-clinical study,
Waksman and colleagues studied 42
swine treated to doses ranging from
7 Gy to 56 Gy (Sr-90 at 2 mm from
center). There was a progressive loss
of maximal intimal thickness from
7 Gy to 56 Gy, with no clear limit to

Figure 4. Schematic showing
marked dose asymmetry at
the outer vessel wall, which
occurs with 90-Sr source train
asymmetry inside the vessel.

the anti-stenotic effect with increas-
ing dose (Figure 5).* There was only
1 animal in each of the 2 highest
dose groups, making the statistical
validity uncertain.

Retrospective Clinical Studies

Two retrospective human studies
have also revealed an IVBT dose-re-
sponse relationship. Teirstein and
colleagues analyzed the relationship
between vessel wall doses and rest-
enosis in a prospective placebo-con-
trolled study, using Ir-192 for ISR of
bare-metal stents.* Their nominal
prescription dose was planned for 8
Gy to the most distal vessel wall, gov-
erned by a maximum dose of 30 Gy
to any point on the inner vessel wall
(intima). Sixteen patients received a
minimal dose less than 8 Gy to the
outer wall due to the 30 Gy intimal
dose constraint. There was no demon-
strable treatment effect in patients
with a minimum vessel wall dose
below 8 Gy (P =0.72). Patients whose
outer coronary wall received at least
8 Gy minimum did show a trend to a
beneficial treatment effect (P =0.081).

Sabate and colleagues looked retro-
spectively at vessel wall Sr-90 doses,
showing lesser plaque build-up in pa-
tients with a higher adventitial dose.*
Their method of calculating the
integral dose to the adventitia is not
readily comparable to the point doses
used by other investigators. Despite
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Figure 5. The intimal area and the maximal
intimal thickness - parameters that reflect
restenosis — were increasingly diminished
with higher intravascular brachytherapy
(IVBT) doses in swine.

Figure 6. The minimal luminal diameter and
the luminal loss - parameters that reflect
restenosis - were steadily improved with
higher doses of intravascular brachytherapy
(IVBT) in humans.

the noncomparable dose calculation
methodologies and endpoints, the
Teirstein and Sabate studies were con-
sistent in suggesting a positive clinical
dose-response relationship.

Other investigators have com-
pared more sophisticated imag-
ing-based dose metrics with revas-
cularization success.** While these
efforts point to future methodology,
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interpretation of the studies is ham- de novo stenosis to Sr-90 doses of 9,
pered by the poorly defined geomet- 12, 15 and 18 Gy at 1 mm tissue depth.
ric and compositional complexity of The percent of stenosis after inter-
the diseased vascular wall. vention was in a narrow range of 31%
to 33% among the 4 groups. Patients
i L i did not receive long-term dual anti-
Prospective Clinical Studies platelet therapy. Regardless, higher
In a meticulous prospective clinical radiation doses led to progressively
dose-response study, Verin and col- greater minimal luminal diameter
leagues randomized 183 patients with at 6-month follow-up (Figure 6).*
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Multiple angiographic indices of rest-
enosis were increasingly improved
with higher IVBT doses. There was
no consistent indication of a maximal
response, up to 18 Gy.

Price and colleagues randomized
336 patients to 14 vs 17 Gy (Ir-192 at
2 mm from source) for bare-metal
stent ISR. The average postinterven-
tion stenosis was 37% and 35% in
the 14 Gy and 17 Gy groups, respec-
tively. Patients who received a new
stent at the time of irradiation were
placed on long-term dual antiplate-
let therapy. At 8-month follow-up
angiography, minimal luminal
diameter was 1.48 for patients
treated to 17 Gy vs 1.32 mm for those
treated to 14 Gy (P = 0.007). In-stent
stenosis as a percent of the luminal
diameter decreased from 46% to
37% with the higher radiation dose
(P=0.009). Overall adverse cardiac
events decreased from 28% to 17%
in patients who received the higher
dose (P=0.018).%

Like the retrospective studies, the
2 prospective randomized clinical
studies are not readily comparable,
as they used different source types
(Sr-90 vs Ir-192), dose specification (1
vs 2 mm from center) and endpoints.
Nonetheless, they both showed a
consistent relationship between
higher prescription dose and greater
effectiveness at preventing resteno-
sis. Not known is whether prescrip-
tion doses higher than the currently
used 18 to 23 Gy are more effective
(and safe). Had the popularity of
IVBT not plummeted abruptly with
the introduction of DES, the upper
limit of the dose-response would
likely have been studied years ago.

Does Dosimetry Matter?

It is hard to reconcile the extreme
technical challenges of IVBT dosim-
etry with the surprisingly consistent
clinical evidence of effectiveness
and of a dose-response relationship.
Even though we cannot quantify the
dose well, the procedure works, and
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there is a dose-response relation-
ship. Perhaps precise dosimetry
is not necessary.

In planning radiation therapy
treatments, great effort is made to
achieve dose uniformity, with the
intention of delivering a minimal
tumoricidal dose to all potential sites
of malignant cells. If the antistenotic
effect of IVBT were analogous to
cancer eradication, dose perturba-
tions behind metal stent lattice and
calcium deposits would severely
limit its effectiveness. But dosimetric
goals may be different for vascular
brachytherapy. If cytokine perturba-
tions rather than direct SMC killing
are the mechanism of radiation-sup-
pressed restenosis, dose heterogene-
ity may not be so important.

The generation of effector cyto-
kines in higher-dosed parts of the
vessel wall would presumably not be
substantially compromised by dose
heterogeneity. And cytokine diffusion
within the vessel wall could minimize
the effect of radiation dose inhomo-
geneity resulting from stents, calcium
and source asymmetry. In other
words, underdosed areas in the vessel
wall would not limit radiation effec-
tiveness in the way that underdosed
regions can spare cancer cells. This
could explain the consistent effective-
ness and dose responsiveness of IVBT
despite the heterogeneous, unpredict-
able dosimetry. It would also still al-
low for a dose-response relationship,
despite unpredictable dosimetry, and
would be a rationale for increasing
the current prescription dose(s).

Are Higher Prescription Doses
Safe?

Despite early animal studies predict-
ing late radiation injury, remarkably
little clinically evident toxicity has
been reported after IVBT.* There
were early reports of excessive late
thrombosis after IVBT, leading to
longer use of dual antiplatelet therapy
(DAPT). DAPT may decrease the late
thrombosis rate, at least in patients

who have additional stents placed at
the time of IVBT.** In current prac-
tice, placement of additional stents
at the time of IVBT is not routine,
but use of prolonged DAPT is com-
monly recommended.

Candado and colleagues raised
some early concern about vessel tol-
erance when they reported a pseudo-
aneurysm in a series of 19 patients.®
It was not clear if the aneurysm was
related to radiation or the angioplas-
ty procedure. Regardless, no reports
of excessive or unusual radiation-re-
lated complications have emerged,
despite many thousands of patients
being treated on and off trials. Nor
have reports from multiple series
suggested a higher incidence of ma-
jor cardiac events in IVBT patients
compared with those treated with
angioplasty or repeat stenting. With
higher doses used in some series,
radiation-related complications have
not emerged. Coen and colleagues
treated 28 patients with 28 to 42 Gy
prescription doses (P-32 at 2 mm
from the source center), substantial-
ly higher than the current 18 to 23 Gy
typically prescribed with Sr-90. They
did not report excess toxicity.*!

More reassuring of the safety of
higher doses is a re-treatment series
published by Waksman and col-
leagues.* They retreated 51 patients
with a second IVBT, 6 months or
more after an initial IVBT, with no
apparent complications. Even a
doubling of dose by adding a second
treatment seems to not be accom-
panied by complications, again
suggesting that doses well above the
current maximum of 18 to 23 Gy are
relatively safe. Considering the lack
of reported complications despite
meticulous follow-up of hundreds of
patients enrolled in studies, it seems
likely that coronary vessel toler-
ance to radiation is higher than the
current 18 to 23 Gy. Just how much
higher the prescription doses can
safely go to is a matter of conjecture,
considering the lack of radiation-re-
lated complications to date.
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Conclusion - Where to From
Here?

Despite dosimetric uncertainties,
coronary brachytherapy has repeat-
edly proven effective, decreasing
restenosis by half.” This effectiveness
comes despite the unavoidable dose
uncertainties and inhomogeneities
with current technology. But con-
sidering the 40% recurrence rate at
3 years, there is clearly room for im-
provement. Better methods to tailor
dose delivery to individual patients’
vessel walls seem possible, and may
offer increased effectiveness.®

In summary, dose-response studies
mostly point to increasing effect with
increasing dose. Prior investigators
have not found an upper limit to the
dose-response relationship, and there
have been remarkably few compli-
cations at current doses. Despite
far-from-perfect dosimetry, it seems
that the most logical, simple way
to increase IVBT effectiveness is by
increasing the prescription dose or
prescription depth, even using the
crude system we have now. Given
the high rate of target lesion failure
in patients with recalcitrant, recur-
rent in-stent restenosis, the paucity
of options for such patients, and the
modest benefit of current brachyther-
apy protocols, further clinical studies
with higher prescription doses seem
warranted. The authors choose not to
speculate specifically at this time as to
how high the doses should be raised.
However, a substantial increase
would seem justifiable, given the lack
of clinically evident complications
with current doses.
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Radiation Therapy Techniques in the
Management of Locally Advanced,
High-Grade, Soft-Tissue Sarcoma

Barry W. Goy, MD;* Chris S. Helmstedter, MD;? Janis F. Yao, MS;® Sajjad P. Syed, MD*

Objective: We sought to assess which prognostic factors are associated with local recurrence (LR) rates and wound complica-
tions of locally advanced, high-grade, soft-tissue sarcoma (STS).

Methods: Retrospective analysis was performed on patient data from 2005 to 2018, with high-grade STS of extremity or trunk,
> 5 cm, histology-specific, with central pathology review. Wide-excision was performed in 100 patients along with radiation,
whose radiation fields and dose plans were available for review, of which 31 also received ifosfamide-doxorubicin, with a

minimum follow-up of 1 year. Multivariable analysis (MVA) of prognostic factors was calculated to see which variables were asso-

ciated with LR, and nonhealing wound rates.

Results: Median follow-up was 5.8 years. Univariate analysis revealed that trunk location, distal and radial clinical-target-volume
(CTV) margins of 1.5 cm had higher rates of LR vs > 2 cm or presence of fascial boundary. MVA of these prognostic factors
revealed that trunk location (P = 0.048), and radial CTV of 1.5 cm (P = 0.006) were independently associated with higher LR,

as 10 of 15 LRs were at the edge of the radial margin. The bolus did not affect LR. The odds ratio for nonhealing wounds at

3 months was higher for subcutaneous (T2a) disease, larger tumor size, proximal CTV > 2 cm, wider field size, bolus technique,
and lack of chemotherapy.

Conclusion: Longitudinal CTV margins of 3 cm seem adequate, but high-grade STS > 5 cm may benefit from increased radial CTV

margins of 2 to 2.5 cm in the absence of a fascial boundary, although larger CTV may increase nonhealing wound rates. Bolus
techniques may increase wound complications in T2a-b STS and should not be routinely employed.
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Limb-salvage therapy using
external-beam radiation therapy
(EBRT) to reduce local recurrence
(LR) allows surgeons to perform
wide-excision of soft-tissue sarcoma
(STS), allowing less radical surgery
such as amputation.? In 2011, the
Radiation Therapy Oncology Group
(RTOG) published guidelines for de-
signing clinical target volume (CTV)
margins in the treatment of extrem-
ity soft-tissue sarcoma (ESTS), which
was verified by subsequent publica-
tions, where longitudinal proximal/
distal CTV recommendations were 3
to 5 cm, but radial CTV was 1.5 cm.*¢
One question was whether these
guidelines can be applied to STS
involving subcutaneous tissues, and
the trunk, where space is more lim-
ited. Large treatment volumes can
increase a patient’s risk of long-term
complications.” However, this must
be balanced against risks of LR when
treatment volumes are too small, and
thus our goal was to assess prognos-
tic factors associated with higher
LR rates and wound complications
of locally advanced, high-grade,

STS, and see which CTV margins
may be optimal.

Retrospective analysis was
performed on data from 100 adult
patients from January 2005 to
December 2018, who had primary
high-grade STS of the extremity or
trunk, > 5 cm, localized to the muscle
or subcutaneous tissue, that were
either synovial (16 patients), dediffer-
entiated liposarcoma (16), myxofibro-
sarcoma (13), round cell liposarcoma
(7), undifferentiated pleomorphic
sarcoma (39), or undifferentiated
sarcoma not otherwise specified (9).
We defined locally advanced as > 5 cm
in size. Patients were T2 if the tumor
was > 5 cm in maximal dimension,
T2a for subcutaneous tumor, and T2b
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for muscle-invasive tumor.® Patients
had to have their radiation fields and
dose plans available for review, with a
minimum of 1 year of follow-up. Bone
sarcomas, gastrointestinal stromal
tumors, pediatric sarcomas, and ret-
roperitoneal sarcomas were excluded
from this analysis. Central pathology
review was performed by our soft-tis-
sue pathologist (S.S.) and graded
according to the Federation Nationale
des Centres de Lutte Contra le Cancer
(FNCLCC);’ our study included only
grade 3 or high-grade sarcomas.
Radiation therapy was delivered using
megavoltage photons, using either 6
MV or 15 MV, with the majority (78%)
undergoing preoperative radiation

to 4400-5000 cGy in 200 cGy fractions
to the gross tumor with margin,
followed by wide excision, which
occurred about 6 weeks after radia-
tion. Twenty-two percent underwent
postoperative radiation to 4500-5040
cGy with a shrinking field boost to a
total of 5940-6660 cGy in 180-200 cGy
fractions. Additional boost was not
performed on preoperative radiation
patients who had a positive margin
after wide excision.'® All patients
underwent immobilization using a
polystyrene-filled vacuum cradle.
Gross tumor volume (GTV) contours
included T1-weighted images with
gadolinium enhancement of the tu-
mor on MR, and T2-weighted edema
included in the CTV. CTV volumes
were determined by the prescribing
physician. CTV to planning target
volume (PTV) expansion was 1 cm, as
image guidance was not performed.
A bolus was used in select cases at the
discretion of the prescribing physi-
cian due to concern about scar/cuta-
neous recurrence. During the time-
frame these patients were treated,
there was no effort to treat the skin as
an organ at risk (OAR). Three-dimen-
sional conformal radiation therapy
(3DCRT) was performed in 91 pa-
tients, and intensity-modulated radi-
ation therapy (IMRT) was performed
in 9 patients. The radiation planning

images (digitally reconstructed radio-
graphs) and isodose plans were scaled
and compared to MRI evidence of LR,
which was categorized as out of field
if > 80% of the volume was outside of
the irradiated volume, in field if > 80%
of the volume was inside the irradiat-
ed volume, and marginal if recur-
rence was at the edge of the irradiated
volume between the out-of-field and
in-field parameters, listed above.
Binary classification of CTV margins
was performed. The first was a CTV of
1.5 cm. The second was a CTV margin
>2 cm or if the CTV extended to a
fascial boundary, as a fascial bound-
ary is equivalent to a wide margin.
For postoperative patients, CTV
margins were recorded based on the
original fields taken to 4500-5040 cGy,
and not based on the boost margins.

The Charlson Comorbidity Index
score is a method of categorizing
comorbidities of patients based
on the International Classification
of Diseases, and was assessed for
each patient, and tabulated in Table
1.1 After therapy, patients without
wound complications were generally
followed every 6 months for 5 years,
and yearly thereafter, with MRI of
the local area and computed tomog-
raphy (CT) of the chest.

Date of surgery was established as
time zero, and Kaplan-Meier estimates
were used to calculate local recur-
rence-free survival (LRFS).?? Charac-
teristics of patients were reported as
percentages for categorical factors,
and median with ranges was used
for continuous factors. Fisher’s exact
tests were used to test for categori-
cal differences in treatment groups.
Wilcoxon rank-sum tests were used to
calculate differences on continuous
factors. Multivariable analysis (MVA)
of prognostic factors using the Cox
proportional hazards models was
used to estimate hazard ratios on
LR.* Multivariate logistic regression
was performed and odds ratios were
calculated to detect the factors asso-
ciated with the probability of wound
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Table 1. Patient Cohort Characteristics

LOCAL CONTROL (N = 85) LOCAL RECURRENCE (N = 15) P VALUE
Age (years) 0.10
median 58.5 64.8
range 18.3-87.4 34.9-86.1
Gender 0.65
Female 40 (47.1%) 8 (53.3%)
Male 45 (52.9%) 7 (46.7%)
Race 0.09
Asian 5 (5.9%) 4 (26.7%)
Black 7 (8.2%) 2 (13.3%)
Hispanic 27 (31.8%) 3 (20.0%)
White 42 (49.4%) 6 (40.0%)
Other/unknown 4 (4.7%) 0 (0.0%)
Charlson 0.31
median 6 7
range 2-15 3-11
Stage - clinical 0.25
T2a 17 (20.0%) 5 (33.3%)
T2b 68 (80.0%) 10 (66.7%)
Size (cm) 0.36
median 10.0 9.3
range 5.2-33.4 SEI5215%3)
Location 0.001
Upper extremity 14 (16.5%) 2 (13.3%)
Lower extremity 53 (62.4%) 3 (20.0%)
Trunk 18 (21.2%) 10 (66.7%)
Margin positive 9 (10.6%) 3 (20.0%) 0.30
Preop XRT 66 (77.6%) 12 (80.0%) 0.84
Postop XRT 19 (22.4%) 3 (20.0%)
Unintended surgery 4 (4.7%) 2 (13.3%) 0.19
Bolus 17 (20%) 1(6.7%) 0.54
IMRT 8 (9.4%) 1(3.73%) 0.73
Chemotherapy 26 (30.6%) 5 (33.3%) 0.83
Long-Proximal CTV = 2 cm or fascial 77 (90.6%) 11 (73.3%) 0.058
Long-Proximal CTV 1.5 cm 8 (9.4%) 4 (26.7%)
Long-Distal CTV = 2 cm or fascial 76 (89.4%) 10 (66.7%) 0.019
Long-Distal CTV 1.5 cm 9 (10.6%) 5 (33.3%) 0.019
Radial CTV = 2 cm or fascial 73 (85.9%) 5 (33.3%) <0.001
Radial CTV 1.5 cm 12 (14.1%) 10 (66.7%) <0.001
Median field length 23.5cm (10.1-40.0) 20.0 cm (13.8-38.0) 0.09
Median field width 10.5 cm (4.2-22.0) 10.0 cm (4.2-17.0) 0.46

Abbreviations: XRT, radiation therapy; CTV, clinical tumor volume; Long, longitudinal
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Table 2. Multivariable Analysis of Prognostic Factors

PROGNOSTIC FACTOR

HAZARD RATIO

CONFIDENCE INTERVAL P VALUE

Location (trunk vs extremity) 3.54 1.01-12.40 0.048
Long-Proximal CTV 1.5 cm vs > 2 cm or fascial 0.93 0.21-4.04 0.92
Long-Distal CTV 1.5 cm vs > 2 cm or fascial 1.05 0.26-4.30 0.95
Radial CTV 1.5cm vs > 2 cm or fascial 5.40 1.63-17.84 0.006

Abbreviations: CTV, clinical tumor volume; Long, longitudinal
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complications or the presence of a
wound vacuum device at 3 months
after surgery. The forest plot was
produced to display the results
graphically. The Wald test was used
to calculate P value for the odds ra-
tio.! Statistical significance utilized
a 2-sided P < 0.05. All analyses were
conducted using SAS EG 7.13 (SAS
Institute Inc.).

Median follow-up was 5.8 years
(range 1.0 to 15.0 years). Ifosfa-
mide-doxorubicin was given in 31
patients, and 69 received radiation
therapy alone as adjuvant therapy.
Ifosfamide-doxorubicin was usually
prescribed neoadjuvantly for 5
cycles followed by radiation, then
followed by wide excision; whereas
for postoperative radiation, ifosfa-
mide-doxorubicin was administered
after the completion of radiation.
All patients underwent en bloc wide
excision, but 6 patients had unin-
tended excision, where the surgeon
had violated the tissue planes. These
6 patients subsequently underwent
en bloc wide re-excision.

Cohort characteristics using
univariate comparisons revealed that
trunk location (P = 0.001), longitudi-
nal-distal CTV 1.5 cm (P =0.019), and
radial CTV 1.5 cm (P < 0.001) were
associated with higher rates of LR,
but longitudinal-proximal CTV 1.5
cm did not quite make statistical sig-
nificance (P =0.058) (Table 1). MVA
of these factors revealed that trunk
location (P = 0.048), and radial CTV
1.5 cm (P =0.006) were independent-
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ly associated with higher rates of LR
(Table 2). No significant difference
in LR was found with preoperative
radiation, margin status, tumor size,
unintended initial surgery, use of
bolus, or chemotherapy (Table 1). Of
the patients with LR, 10 out of 15 had
a trunk location, and 10 of 15 were
muscle-invasive (T2b). In relation

to the field of radiation, 10 out of 15
were marginal at the radial edge of
the field, 4 out of 15 were in-field re-
currences (1 of which had a positive
margin), and 1 in 15 recurred mar-
ginally at the longitudinal-proximal
edge of the radiation field in which
the CTV margin was 2 cm (Table 3).
None of the LRs were completely out-
side the field of radiation. Most local
recurrences (14 out of 15) correlated
with the depth of their initial stage,
and only 1 patient with T2a disease
experienced a cutaneous recurrence,
which had also recurred at the mar-
ginal edge of the radial margin, de-
spite having a bolus applied. Most of
the patients were treated with 3DCRT
(91%), and only 9 (9%) patients were
treated with IMRT.

There were 15 patients with LR,
with an estimated 5-year LRFS of
83.0%. Sixty-nine percent of patients
had a wide radial margin since the
field edge was beyond the fascial
boundary with 7.2% LR. Of these
with a wide fascial margin, those
with a positive margin had 20% LR,
whereas those with a negative mar-
gin had 5.1% LR. Patients with a 1.5
cm radial CTV that was not beyond
the fascial boundary experienced
45.4% LR, but those with radial
CTV > 2.5 cm did not experience

LR, despite not having a fascial
boundary (Table 4).

Requirement of a wound vacuum
device and/or open wounds occurred
in 27 (27%) patients, ranging from 3
days to 29.7 months, with the median
duration of wound vacuum devices/
open wounds being 4.7 months.

The odds ratio for open wounds at 3
months or the presence of a wound
vacuum device showed a higher risk
for patients with larger tumor size (P
=0.02), larger field width (P=0.02),
and use of a bolus (P =0.02). Patients
with muscle-invasive disease had a
lower odds ratio of wound complica-
tions compared with subcutaneous
disease (P =0.008). Also, patients
with a smaller proximal CTV of

1.5 cm (P =0.046) and those who
underwent chemotherapy (P = 0.044)
experienced a lower risk of wound
complications (Figure 1).

CTV Margins

RTOG Guidelines for ESTS pub-
lished in 2011 recommended using
CTV of 3-5 cm longitudinally, but
only 1.5 cm radially.*® At that time, it
was unclear if this could be extrapo-
lated to trunk lesions, where space is
more limited, or to subcutaneous tu-
mors. In the current study, although
longitudinal proximal/distal CTV
of 1.5 cm was only associated with
increased LR on univariate analysis,
the reason may be that the standard
of care based on RTOG guidelines
was already a CTV of 3 cm. This re-
sulted in only a small percentage of
our patients undergoing a longitudi-
nal CTV of 1.5 cm, as 11% of patients
had a longitudinal CTV of 1.5 cm,
making statistical significance more
difficult on MVA. Thus, it seems that
a longitudinal proximal/distal CTV of
3 cm should be adequate, although
this can be reduced in the presence
of a fascial boundary. However, for
high-grade sarcomas > 5 cm, a radial
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Table 3. Characteristics of Local Recurrence

T-STAGE DEPTH OF LR TYPE OF LR +SURG MARG RADIAL MARG (CM) LONG MARG (CM)
1 Upper extremity 2a subcut radial-marginal N N 1.5 4.0
2 Lower extremity 2b muscle radial-marginal Y N 1.5 3.0
3 Trunk 2b muscle radial-marginal Y N 1.5 4.0
4 Trunk 2b muscle in-field N Y fascial 4.0
5 Upper extremity 2a subcut radial-marginal Y N 1.5 4.0
6 Lower extremity 2a cutan radial-marginal Y N 1.5 3.0
7 Trunk 2b muscle in-field Y N fascial 3.5
8 Trunk 2b muscle radial-marginal Y N 1.5 1.5
9 Trunk 2b muscle radial-marginal N Y 1.5 7.5
10 Trunk 2b muscle in-field Y Y fascial 3.0
11 Trunk 2b muscle radial-marginal Y N 1.5 53
12 Trunk 2a subcut radial-marginal Y N 1.5 3.0
13 Trunk 2b muscle radial-marginal Y N 1.5 3.0
14 Lower extremity 2b muscle in-field Y N fascial 3.0
15 Trunk 2a subcut long- proximal marginal Y N fascial 2.0

Abbreviations: LR, local recurrence; surg, surgical; marg, margins; long, longitudinal; subcut, subcutaneous; cutan, cutaneous

CTV of 1.5 cm may not be sufficient Table 4. Local Recurrence Based on Clinical Tumor Volume (CTV) Radial Margin

without a fascial boundary. Ameri-

CTV RADIAL MARGIN # PATIENTS

LOCAL RECURRENCE (%)

can Society for Radiation Oncology

i 0y
(ASTRO) guidelines published in Beyond fascial boundary 69 5/69 (7.2%)
2021 concluded that radial CTV of Beyond fascial boundary, but positive surgical 10 2/10 (20.0%)
margins

3-4 cm is now recommended for

Beyond fascial boundary, but negative surgical 59 3/59 (5.1%)

subcutaneous disease; so why not

. . . margins
for muscle-invasive disease?'” In our
Study, we found a signiﬁcant rate of 1.5 cm without fascial boundary 22 10/22 (45.4%)
LR using a CTV of 1.5 cm for both 2.5 cm without fascial boundary 2 0%
subcutaneous and muscle-invasive 3.0 cm without fascial boundary 6 0%
disease, in the absence of a fascial
’ 4.0 cm without fascial boundary 1 0%

boundary, with the majority being
marginal field-edge recurrences.

Without a fascial boundary, high-
grade sarcomas can easily extend
radially to adjacent musculature
for T2b disease, and thus we would
only recommend a radial CTV of
1.5 cm only in the presence of a
fascial boundary. It may be that a
radial CTV of 1.5 cm is adequate for
low-intermediate grade sarcomas
or smaller high-grade sarcomas < 5
cm, but a one-size-fits-all approach
may not be suitable, especially for
high-grade sarcomas > 5 cm. There
was & slightly higher LR for positive
margins, but this was not significant,
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possibly due to the small number of
patients with positive margins, and
that radiation may have some role in
making up for positive margins.'¢”
Despite findings of increased LR
with a radial CTV of 1.5 cm in the
current study, there are studies that
support reducing field size when us-
ing radiation as part of limb-salvage
therapy. A randomized study using
brachytherapy has led to the possi-
bility of using smaller CTV margins,
although the magnitude of the
benefit seemed smaller than the ran-
domized study using EBRT, where

larger margins were used.>'®* RTOG
0630 performed a phase II trial on
STS, utilizing 3 cm longitudinal prox-
imal/distal CTV, and 1.5 cm radial
CTV, in which 74 patients underwent
preoperative radiation followed by
surgery. There were 5 patients with
LR, and all were in-field. However,
only 48.1% had high-grade histology,
and 11.4% had smaller T1 lesions, so
only about 32 patients had sarcomas
>5 cm of high grade, with a shorter
median follow-up of 3.6 years."
ASTRO published updated guide-
lines in 2021, which recommend a
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Figure 1. Odds ratio of nonhealing wounds and/or wound vacuum device at 3 months. Abbreviations: a, Asian; b, Black; chemo, chemotherapy; CTV,
clinical tumor volume; distal, distal longitudinal; f, female; h, Hispanic; m, male; n, no; p, positive; prox, proximal longitudinal; uni, unintended surgery;
w, White: y, yes

32

AGE (older vs younger) (Step Size: 1)
GENDER (Reference: m)
f
RACE (Reference: w)
a
b
h
LOCATION (Reference: extremity)
trunk
T_STAGE (Reference: 2a)
2b
MARGIN (Reference: n)

P e

PRE_OP (Reference: n)

Y
UNI_SURGERY (Reference: n)

Yy
PROX CTV (Reference: CTV>=2cm)

CTV1.5cm

DISTAL CTV (Reference: CTV>=2cm)
CTV1.5¢cm

RADIAL CTV (Reference: CTV>=2cm)
CTV1.5cm

BOLUS (Reference: n)

Yy
CHEMO (Reference: n)

y
TUMOR SIZE (larger vs smaller) (Step Size: 1)
FIELD LENGTH (larger vs smaller) (Step Size: 1)
FIELD WITDH (larger vs smaller) (Step Size: 1)
CHARLSON (larger vs smaller) (Step Size: 1)

—
0.0001

1Covariate Wald p-value;
* p<0.05

| R RS S (e S SO
0.1 1 10 1000 100000

Odds Ratio
95% Cl)

0.95 (0.89-1.02)

2.97 (0.46-19.26)

1.78 (0.12-26.97)

0.40 (0.02-9.15)

0.36 (0.04-2.98)

1.64 (0.18-15.03)

0.03 (0.00-0.38)

0.04 (0.00-5.64)

5.42 (0.34-85.45)

48.79 (0.23-10456.28)

0.01 (0.00-0.93)
0.66 (0.04-10.23)
1.34 (0.13-13.32)
10.61 (1.41-79.66)
0.08 (0.01-0.93)
1.40 (1.05-1.86)
0.78 (0.59-1.03)

1.46 (1.06-2.02)
1.19 (0.84-1.69)

P-value'
0.1470

0.2529
0.6780
0.5663
0.3420
0.6613
0.0080
0.2070
0.2299
0.1557
0.0461
0.7634
0.8027
0.0216 *
0.0439 *
0.0203 *
0.0819

0.0208
0.3264

Abbreviations: a-asian, b-black, chemo-chemotherapy, CTV-clinical tumor volume, distal-distal longitudinal, f-female, h-hispanic, m-male, n-no, p-positive,
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longitudinal proximal/distal CTV of 3
cm, but still maintain a radial CTV of
1.5 cm for muscle-invasive disease.
However, for subcutaneous disease,
ASTRO now recommends radial CTV
margins of 3-4 cm." Our data support
these guidelines for subcutaneous
disease, although our data suggest
also expanding radial CTV to at least
2-2.5 cm for muscle-invasive disease,
due to higher marginal LR rates at
the radial margin when a 1.5 cm
radial CTV is applied, in the absence
of a fascial boundary. Most of our
patients (69%) had a radial margin
that was beyond a fascial boundary,
so a 1.5 cm CTV was considered
adequate in these patients, but in
the absence of a fascial boundary,
we found a higher LR with a 1.5 cm
radial CTV margin.

Wound Complications

The presence of an open wound
at 3 months or the use of a wound
vacuum device were significantly
higher when using wider fields, and
so an attempt to make radiation
fields smaller is an important goal.
In our study, utilizing a smaller
longitudinal proximal CTV reduced
wound complications (Figure 1).
Interestingly, chemotherapy also
reduced wound complication rates.
Most of our patients underwent
neoadjuvant sequential chemother-
apy, in which preoperative radiation
followed chemotherapy, despite it
causing immune suppression. By the
time radiation started, patient blood
counts had time to recover, and the
neoadjuvant chemotherapy caused
shrinkage of these large sarcomas.
It may be this cytoreduction that led
to lower wound complications from
chemotherapy, as we only included
the most chemotherapy-sensitive STS
histology in our study (Figure 1).%

Lastly, we found that the use of
a bolus was associated with higher
wound complications. In our experi-
ence, only 1 patient with T2a disease
had a cutaneous recurrence, which
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recurred at the radial edge in which
the CTV was 1.5 cm, and the skin was
part of the CTV where the bolus was
applied. However, in most cases our
soft-tissue surgeon will remove the
overlying skin when sarcomas are
close to the dermis. The majority of
our LRs were not cutaneous, making
it less likely for a bolus to impact

LR rates. Thus, we concur with the
most recent ASTRO guidelines from
2021, which do not recommend the
use of a bolus in the treatment of STS
with radiation.’

Limitations and Final Thoughts

One limitation of this study is that
the majority of our patients were
treated with 3DCRT techniques,
mostly using opposed fields. This
leads to a more rapid falloff in
radiation dose at the radial edge.
One study published that IMRT had
a lower rate of LR, and this may
be due to the more gradual falloff
of radial dose, which can still be
effective in controlling subclinical
disease, and thus it’s possible that
a smaller radial CTV, such as 1.5
cm, could be achievable with IMRT,
and that the current study utilized
older techniques of treatment.?"*
Thus, we anticipate the VORTEX trial
results (randomized trial of volume
of postoperative radiation therapy
given to adult patients with ESTS),
although our study predominantly
used preoperative radiation. Another
limitation of our study was the
omission of image-guided radiation
therapy (IGRT), in which studies have
suggested a reduction in the CTV to
PTV expansion from 1.0 cm to 0.5 cm
and relatively lower complications
with the use of IGRT.*%

Thirdly, none of the patients had a
radial CTV of 2.0 cm, although we did
have some with a longitudinal CTV
of 2.0 cm (Tables 3,4). Due to the
influence of the RTOG and ASTRO
guidelines, it appears that there was
a significant application of the use of
aradial CTV of 1.5 cm.*5%

We suggest when using 3DCRT that
radial CTV for subcutaneous lesions
can be extended to 2.0-2.5 cm, as this
would be similar to 3 cm longitudinal-
ly due to lower scatter contribution at
the proximal and distal edges of the
radiation field.** For muscle-invasive
disease, we also think that a 2.0-2.5
cm radial margin would be appropri-
ate, although this must be balanced
with the possibility of a slightly higher
risk of wound complications. By in-
creasing the CTV by a small amount,
we can potentially reduce marginal
recurrences, as there is evidence of
higher LR rates leading to a decline in
overall survival in STS.*

Longitudinal proximal/distal CTV
margins of 3 cm seem adequate, but
high-grade STS > 5 cm may benefit
from increased radial CTV margins
of 2-2.5 cm in the absence of a fascial
boundary, although larger CTV may
increase nonhealing wound rates. Bo-
lus techniques may increase wound
complications in T2a-b STS, and
should not be routinely employed.
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Shingles After a Single Fraction of Radiation
for Ewing Sarcoma
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Abstract

Reactivation of human herpes viruses is a feared complication for immunosuppressed cancer patients. We present
the first reported case of varicella-zoster virus (VZV) reactivation after a single fraction of radiation. This 61-year-
old woman began radiation therapy for Ewing sarcoma and within 24 hours complained of lower back pain in the
dermatome of the dorsal root ganglion (DRG) that was within the radiation field. Antiviral therapy was initiated, and
appropriate patient isolation was prioritized. Within 48 hours of radiation therapy (RT), vesicles erupted within the
painful dermatome. All symptoms resolved following a course of valacyclovir, and no long-term neurologic symp-
toms were noted. We recommend that clinicians closely monitor patients receiving radiation therapy for symptoms
of herpes zoster reactivation, provide swift and appropriate interventions when needed, and consider prophylactic
antiviral treatment prior to cancer treatment.

Keywords: Radiation toxicity, varicella zoster, shingles, reactivation, side effects, immunosuppression, skin toxicity

Case Summary

A 61-year-old woman with a history
of diffuse large B-cell lymphoma
treated with R-CHOP for 6 cycles, and
no evidence of disease for 10 years,
presented to the local emergency
department with progressive left lower
extremity weakness. MR imaging
showed an L4 vertebral body lesion
with canal and foraminal stenosis, and
bone biopsy revealed Ewing sarcoma.
Dexamethasone therapy was initiated,
and due to neurologic symptoms, RT
was started upfront. Chemotherapy

was added concurrently and continued
following RT completion. One day
after the radiation began, the patient
noted lower back pain in a right-sided
band-like distribution correspond-

ing to the dermatome of the dorsal
root ganglion (DRG) that was in the
radiation field, with no vesicles or
other dermatological lesions visible.
She was started on valacyclovir 3 times
daily due to concerns of VZV reacti-
vation and an immunocompromised
state. Two days after radiation began,
right-sided lesions concerning for VZV
were visible and appropriate isolation
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precautions were made. The diagnosis
was visual and confirmed by PCR swab
of the vesicular lesion. The patient has
recovered without any postherpetic
pain or scarring.

Imaging and Radiation Plans

MRI lumbar spine was notable for
diffuse neoplastic marrow replace-
ment at L4, epidural neoplastic exten-
sion with moderate to severe canal
stenosis, extraosseous extension into
the left paraspinal space at L4 mea-
suring 4.7 X 3.7 X 1.4 cm, abutment of
the left psoas muscle, and encroach-
ment into the left L4-5 neural fora-
men with severe stenosis (Figure 1).

Due to neurologic symptoms, RT
was started upfront and chemotherapy
was added concurrently and continued
following RT completion. Treatment
consisted of a mixed proton/photon
plan to a total of 56 Gy in 24 fractions.
The initial plan was a simple 2-beam
photon plan, anterior to posterior
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Figure 1. T2-weighted axial MRI lumbar spine (A) and T2-weighted
right sagittal lumbar spine (B). These images demonstrate an
abnormal L4 vertebral body with severe central canal and foraminal
stenosis at L4-L5. L4 is completely replaced by tumor and there is
paraspinal tumor visible next to the left psoas muscle.

Figure 2. Plan for radiation therapy showing anatomical targets and a color map describing dose color wash with axial (A), sagittal (B), and coronal (C)
views. The first dose was 5600 Gy. It started with photons, anterior-posterior/posterior-anterior (AP/PA), and then switched to protons for the final 12
fractions with a posterior beam and a left posterior oblique (LPO) beam.

Figure 3. Lesions on the right L5/S1 dermatome visible after 2 days (A) and 3 days (B) of radiation therapy.
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and posterior to anterior beams. For
the final 12 fractions, the patient was
switched to a proton plan with a poste-
rior beam and a left posterior oblique
beam to spare bowel toxicity (Figure
2). See Supplementary Figure 1 (avail-
able as a PDF in the online version of
this article at www.appliedradiationoncol-
ogy.com) for relevant dose statistics of
the safe, effective, and peer-reviewed
plan sum used to treat this patient.
One day after the radiation began,
the patient noted right-sided lower
back pain. Within 48 hours, right-
sided lesions concerning for VZV
were visible and appropriate isolation
precautions were made. Although
there is variability regarding spe-
cific dermatomes, these vesicles
were likely in the DRG of her L5/
S1 dermatome, which corresponds
to the area where she received
radiation therapy. The lesions are
seen in Figure 3.

Diagnosis

Physical examination and routine
labs were otherwise unremarkable
and there was no stigmata of VZV
reactivation at this point. Possible
diagnoses including atopic dermatitis,
trauma, autoimmune dermatolog-
ic manifestations, and pain from
musculoskeletal or neurogenic origin
were considered and ruled out. The
infectious diseases team was consulted
and suspected VZV reactivation even
prior to the appearance of lesions,
particularly given the immunocom-
promised state of the patient. Of note,
the patient received her second dose
of the SHINGRIX (GlaxoSmithKline)
vaccine in 2018 and had no prior histo-
ry of shingles/VZV reactivation.

Discussion

Our patient is the first reported
patient to have developed reactivation
of an alphaherpesvirus varicella zoster
virus (VZV) after only a single fraction
of radiation.! Reactivation of latent
VZV, also known as herpes zoster
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or shingles, is most often seen with
waning T cell immunity (eg, older or
immunocompromised individuals).
The first sign of herpes zoster is often
superficial pain followed by a maculo-
papular rash in a unilateral dermato-
mal distribution that transitions into
a vesicular rash. More concerning
neurological complications include
inflammation of the cranial nerves,
encephalitis, meningitis, and signifi-
cant ophthalmological complications.
In addition, gastrointestinal manifesta-
tions such as pancreatitis and gastritis
have been reported.? Among the more
concerning side effects, postherpetic
neuralgia can develop in approximate-
ly 1 out of 5 patients who experience a
Zoster outbreak.® Those with posther-
petic neuralgia experience significant
decline in quality of life, and therapies
such as tricyclic antidepressants, an-
algesics, and interventional therapies
have notable drawbacks and often do
not provide full relief.*> Therefore,
itis best to ensure infection does not
occur and to prioritize prevention,
particularly in immunocompromised
patients. It is important to note that
previously reported cases of herpes
zoster in cancer patients occurred
much later in the course of radiation
therapy or even months after complet-
ing treatment, and never after a single
fraction of radiation therapy. More-
over, to our knowledge no direct inves-
tigation into the mechanism linking
radiation therapy to alphaherpesvirus
reactivation has been conducted. In
this case report, we present a detailed
overview of the case at hand, offer
potential explanations, and discuss the
implications of the clinical findings.
Both cancer as well as cancer treat-
ments (including radiation therapy)
have been shown to be independent
risk factors for VZV reactivation.
Multiple studies have demonstrated
an increased risk of herpes zoster
reactivation in breast cancer patients
receiving radiation to the chest.®”
Shimizuguchi et al reported a signifi-
cantly increased incidence of herpes
zoster in patients receiving radiation
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therapy over 5 years compared with
those who did not receive radiation
therapy (hazard ratio, 2.59, 95% CI,
1.84-3.66), leading the authors to
recommend Shingrix vaccination and
possible VZV prophylaxis prior to ra-
diation therapy.® Hodgkin's lymphoma
patients have demonstrated decreased
cell-mediated immune response to
VZV in vitro. Moreover, when treated
with both radiation therapy and
chemotherapy, these patients had
decreased overall immune capacity
compared with those treated with a
single modality.>!° Small-cell lung car-
cinoma patients have also experienced
high occurrence of herpes zoster
following combined radiation and
chemotherapy.!!

We postulate that in this scenario,
the location of radiation therapy may
have caused or lowered the threshold
for a VZV outbreak. Since the radiation
for this specific patient was directed
near the spinal cord and VZV often
lays latent in the sensory DRG,? this
may have increased risk for VZV reac-
tivation. We suspect that the right low-
er lumbar/sacral DRG in this patient
was harboring dormant virus.

Previous work has proposed mech-
anisms for how radiation therapy can
reshape the tumor microenvironment,
such as through inducing cell death
and subsequently priming cytotoxic T
lymphocytes to further attack tumor
cells.'? Proposed mechanisms for
radiation-therapy-induced immuno-
suppression leading to herpetic reac-
tivation include immune dysfunction
in the treatment region and disruption
of the body’s ability to contain latent
virus, both of which increase viral load
and make reactivation more likely.!>1*

As the patient had a known history
of cancer and a nearby tumor prior to
any reported clinical manifestations,
we cannot rule out that the cause of
VZV reactivation may have been the
tumor microenvironment and that the
timeline of radiation and VZV reacti-
vation was coincidental. However, the
symptoms of herpes zoster presented
exclusively on the right side of the
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patient’s spine that was away from the
left-sided tumor, making the tumor a
less likely agent in the sequence of re-
activation. Additionally, the VZV reac-
tivation occurred only after radiation
and was in the dermatome of the DRG
corresponding to the precise target of
radiation therapy.

We also note that although she was
on concurrent steroids when this VZV
outbreak occurred, the immunosup-
pression this caused was unlikely
to have contributed to her Zoster
outbreak, since she had taken multiple
courses of steroids during prior cancer
treatments and even during prior epi-
sodes of pain leading up to this hospital
admission without such a compli-
cation. Moreover, while Qian et al
showed that the incidence of VZV was
higher in patients taking systemic cor-
ticosteroids, this increased incidence
was mostly seen 1 to 3 months after
initiation of the prolonged steroid regi-
men." Our patient showed reactivation
after a single day of dexamethasone
treatment, making dexamethasone an
unlikely agent in VZV reactivation.

We postulate that there may be a
common mechanism by which radi-
ation therapy lowers the threshold
for reactivation of latent alphaher-
pesviruses that has yet been to be
elucidated, and that this mechanism
may be distinct from immuno-
suppression. In addition, multiple
factors may contribute to reacti-
vation of VZV in patients receiving
radiation therapy, such as the type
of cancer, the type of radiation
therapy provided, and the anatom-
ical location of the radiation (eg,
proximity to spinal cord). Ultimately,
we can only posit that any perturba-
tion may increase the likelihood of
VZV reactivation.

VZV reactivation, which is typically
dermatomal, can be associated with
more severe disease or complications
in immunocompromised patients,
including those undergoing cancer
treatment. Radiation oncologists must
be vigilant when treating patients
with a past history of VZV as the virus
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lies dormant and can seemingly be
reactivated after a single dose of
radiation therapy. In addition to VZV
symptoms, complications of reactiva-
tion may hinder the patient’s cancer
treatment.'® As a result, it is impera-
tive that radiation oncologists closely
monitor radiation therapy patients for
VZV symptoms — especially if they
have not received the Shingrix vaccine
— and inform them about this possible
side effect. Early detection and treat-
ment can mitigate the course of reacti-
vation. Given the relationship between
viral load and likelihood of reactiva-
tion,* there may be use for viral load
estimation and/or VZV prophylaxis®
prior to patients undergoing radiation
treatment. Future randomized clinical
trials comparing the rates of VZV reac-
tivation in radiation fields containing
dorsal root ganglia and intervention

in the form of antiviral prophylaxis
would be a welcomed next step.

Conclusion

This interesting and concerning
finding should spark more investi-
gation into the pathogenesis of the
reactivation of this disease in the
setting of radiation therapy. Moreover,
it is imperative to increase awareness
among radiation oncologists of the
possibility of alphaherpesvirus reacti-
vation in their patients and to be more
vigilant in screening patients who may
be susceptible, as well as counseling
patients on this rare but potentially se-
rious side effect. Future clinical trials
investigating the reliability of viral load
estimation and/or VZV prophylaxis pri-
or to radiation therapy could improve
patient outcomes.
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Aggressive Multimodality Therapy for
Treatment of a Locally Advanced Radiation-
Related Chest Wall Sarcoma
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Abstract

Radiation-induced soft-tissue sarcoma (STS) is a rare but serious long-term complication following radia-
tion therapy. Management of these aggressive malignancies includes surgical resection with wide margins,
as margin status has been consistently correlated with outcomes. Given the proximity to critical structures
contained within the thoracic cavity, adequate margins are often difficult to achieve. Neoadjuvant thera-

py has become important to improve the probability of local control following surgical resection in locally
advanced cases. Current clinical practice guidelines for STS recommend neoadjuvant therapy with radiation
therapy, chemotherapy, or combination chemoradiation. While some studies have evaluated regional hyper-
thermia with chemotherapy or radiation, data regarding the efficacy of neoadjuvant thermochemoradiation
are sparse. Specifically, treatment of chest wall STS with this multimodality regimen is not well documented.
Here we present a patient who developed a 14-cm undifferentiated pleomorphic sarcoma of the chest wall
10 years after MammoSite (Cytyc/Hologic) accelerated partial breast radiation. Due to the locally advanced
nature of the primary tumor, neoadjuvant thermochemoradiation was delivered followed by an extensive
chest wall resection with reconstruction.

Keywords: chest wall sarcoma, hyperthermia, chemoradiation, neoadjuvant radiation, radiation-induced sarcoma

Background

Breast-conserving therapy is a
well-established treatment paradigm
for early stage breast cancer, and
accelerated partial breast irradiation
(APBI) following lumpectomy has

become a standard of care for many
women.? MammoSite was the first
FDA-approved device to deliver APBI,
but due to the initial single lumen
design, dose distribution could not
be well optimized to limit chest wall
and skin dose.?In a retrospective
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review, patients with a higher median
chest wall dose were found to have a
significantly higher risk of chest wall
and rib pain following high dose rate
brachytherapy, and newer multicath-
eter devices have been developed to
permit improved dose optimization.*
A late but serious complication of any
radiation therapy includes the risk of
secondary malignancy, a stochastic
effect with a probability that is pro-
portional to dose.>® The incidence of
radiation-induced sarcoma following
breast radiation therapy is approxi-
mately 0.32% at 15 years compared
with 0.23% in breast cancer patients
not treated with radiation (P =

0.001).” Radiation-induced sarcomas
are associated with poorer clinical
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Figure 1. MammoSite

plan for treatment of
T1bNOMO invasive ductal
carcinoma 10 years prior to
presentation.

Catheter: 1 of 1

Catheter: 1 of 1

outcomes when compared with
sporadic cases, and local control can
be challenging for locally advanced
cases.®In one case-control series,
the 5-year survival of patients with
radiation-induced sarcoma was 32%,
compared with 51% for sporadic
sarcomas (P < 0.001).°

Management of radiation-induced
soft-tissue sarcoma (STS) largely de-
pends on surgical resectability, with
neoadjuvant chemotherapy and/or
radiation therapy utilized to decrease
the risk of local recurrence follow-
ing surgery. For unresectable cases,
definitive radiation therapy with or
without chemotherapy can be used.??
Hyperthermia is a known sensitizer
that provides a synergistic effect
when used in conjunction with radi-
ation and chemotherapy. In this case
study, we present a patient with a 14-
cm radiation-induced undifferentiat-
ed pleomorphic sarcoma of the chest
wall that was successfully resected
following neoadjuvant thermochem-
oradiation with excellent outcomes.
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Case Summary

This is a case of a 66-year-old
woman who presented with a
1-year history of burning left upper
quadrant abdominal and chest
discomfort. Past medical history was
significant for a TIbNOMO invasive
ductal carcinoma of the left breast,
grade 1, ER 90%, PR 80%, and HER-2/
neu negative 10 years prior. The
patient was treated with standard
breast-conserving therapy with
partial mastectomy and sentinel
lymph node biopsy followed by APBI
and 5 years of anastrazole. APBI was
delivered using the single lumen
MammoSite applicator with iridium
192 high dose rate brachytherapy of
34 Gy in 10 fractions delivered twice
per day over 5 consecutive days.
Due to the cavity size and location, a
portion of the chest wall was within
the 145% isodose line (Figure 1). The
patient underwent routine annual
mammogram screening for surveil-
lance after treatment.

Thermochemoradiation for Treatment of a Radiation-Related Sarcoma

Workup of the patient’s upper
abdominal/chest wall pain was
initially limited as it was attributed
to gastroesophageal reflux disease.
The patient then noticed palpable
changes at the site of prior lumpec-
tomy, which were initially attributed
to radiation fibrosis. On routine
screening mammogram, an 8-cm
mass of the left breast lower outer
aspect was noted, which had not
been seen on the mammogram from
16 months prior. Core needle biopsy
of the left breast mass demonstrated
a large cell malignant neoplasm,
with immunostains favoring undif-
ferentiated pleomorphic sarcoma,
although a sarcomatoid carcinoma
could not be excluded. MRI of the
bilateral breasts with and without
contrast demonstrated a 14 x 9 x
9-cm mass centered within the left
chest wall, with invasion through
the chest wall and suspected to be
involving the pleura, pericardium,
and left hemi-diaphragm (Figure
2). Positron emission tomography/
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Figure 2. Pretreatment
diagnostic MRI of breasts
with contrast. T1 postcontrast
spectral attenuated

inversion recovery (SPAIR)
sequence - axial view. Large
heterogeneously enhancing
mass with mixed vascular
kinetics.

Figure 3. Neoadjuvant radiation
therapy plan - axial view.
Yellow outline denotes gross
tumor volume (GTV). Blue
outline denotes planning target
volume (PTV). Red color wash
denotes area receiving 50 Gy,
while color wash to peripheral
teal represents 25 Gy.

CT (PET/CT) demonstrated the
known primary mass with maximum
standardized uptake value (SUV)

of 25.5 and an internal mammary
and prevascular lymph node with
maximum SUV uptake of 2.5. Due to
the architecture and low SUV uptake,
the lymph nodes were favored to be
reactive in nature. A follow-up MRI
of the brachial plexus demonstrated
no evidence of infiltration.
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After multidisciplinary evaluation,
we proceeded with neoadjuvant
thermochemoradiation to improve
likelihood of achieving local control
following an anticipated close mar-
gin resection. Neoadjuvant radiation
was planned to 50 Gy in 25 fractions
delivered once daily with a 1-cm
bolus applied to the chest wall for
the first 13 fractions. Treatment was
delivered with 3 coplanar volumet-
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ric-modulated arc therapy (VMAT)
10-MV arcs prescribed to the 97.3%
planning target volume (PTV) mean
(Figure 3). Active breathing control
was utilized for motion management,

and image guidance was provided
with daily cone-beam computed
tomography (CT) and surface-guid-
ed radiation therapy to monitor
intrafraction motion.!! Superficial
hyperthermia was administered
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Figure 4. Axial slice of contrast-
enhanced computed tomography
(8 months postoperative)
demonstrating successfully
reconstructed chest wall. No
radiographic evidence of residual
disease was noted.
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with a 915-MHz microwave applica-
tor twice per week, separated by 72
hours, with the target temperature
of 40 degrees Celsius for 60 minutes
immediately prior to radiation. A
large 20 x 20-cm applicator was used.
Concurrent chemotherapy was ad-
ministered with weekly gemcitabine
at 500mg/m?. The patient tolerated
thermochemoradiation well with
toxicity limited to grade 1 radiation
dermatitis and fatigue.

Five weeks following completion
of thermochemoradiation, repeat CT
of the chest with IV contrast demon-
strated the known primary mass
without a significant change in size.
There was radiographic evidence
of radiation pneumonitis in the left
upper lung, for which the patient
was asymptomatic, and a small pleu-
ral effusion. The imaging findings
represented expected postradiation
changes and there was no defini-
tive evidence of distant metastatic
disease, so the decision was made to
proceed with surgical resection.

Seven weeks following the com-
pletion of neoadjuvant therapy, the
patient underwent surgical resection
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of the large chest wall mass. Due to
the locally advanced nature, resection
of the chest wall - portions of ribs 3
to 8 — and wedge resection of the lung
lingula were required. The postoper-
ative defect measured 18 cm and was
reconstructed with a 20 x-20 cm titani-
um mesh; a small residual defect was
covered with prolene mesh (Figure
4). The titanium mesh has been
increasingly used in our institution

to provide a more rigid mechanical
construct for large chest wall defects,
which allows for improved venti-
lation mechanics. After the chest
wall defect was closed, the plastic
surgery team performed multisite
reconstruction with latissimus dorsi
myocutaneous flap, pectoralis minor
muscle flap advancement, pectoralis
major muscle flap advancement, and
serratus muscle flap advancement.
Pathological analysis was remark-
able for ypT3 primary tumor with
70% necrosis, and final margins were
negative with the closest margin at
0.3 cm (mediastinum). The patient
tolerated the surgery well and was
discharged home on postoperative
day 5. There were no infectious,

Thermochemoradiation for Treatment of a Radiation-Related Sarcoma

pulmonary, cardiac, or wound-heal-
ing complications. She underwent
routine surveillance with CT imaging
of the chest and physical examina-
tion every 3 months for the first 2
years and every 6 months to date.
The patient is now 3.5 years post
treatment, has resumed normal
activities and has no evidence of
disease. She was initially treated
with gabapentin for mild chest wall
pain, which was discontinued 1 year
postoperatively. Currently, there is
mild episodic nerve pain of the chest
wall that lasts seconds and does not
require any medical therapy.

Discussion

STS arising in a previously irradiat-
ed field often poses a therapeutic
challenge, but neoadjuvant therapy
can be critical in achieving an RO
resection for large tumors, providing
the highest likelihood of local con-
trol. This patient’s tumor was initially
deemed unresectable by multiple
practitioners due to its extensive size.
However, after detailed imaging,
critical structures were determined
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to be tumor free and, although it was
high-risk, a chest wall resection was
deemed possible. Neoadjuvant thera-
py was crucial as the resection would
be completed with limited margins
and it also provided an opportunity
to assess the biologic behavior of the
tumor. It is important to note that the
decision to proceed with aggressive
therapy was made only after exten-
sive discussion among the multidisci-
plinary tumor board. Sarcoma tumor
board discussions can be particularly
valuable, as comprehensive multi-
disciplinary treatment planning and
care has been shown to be associated
with improved 2-year, relapse-free
survival in sarcoma patients (46.6%
vs 51.7%, P < 0.001).1% Additionally,
treatment at higher volume centers
has been associated with improved
median survival (40 months vs 37
months, P=0.002), highlighting the
importance of multidisciplinary eval-
uation at tertiary care centers.

Gemcitabine was chosen as the
concurrent chemotherapy agent as it
is a well-known radiosensitizer, and
phase I data from high-risk extremity
and trunk STS demonstrated a major
pathologic response (> 90% necrosis)
in 47% of patients at a maximum
tolerated dose of 700 mg/m?. This
study reported 5-year overall survival
of 86%, but the maximum tolerated
dose was associated with 24% grade
4 toxicity.!® This study also did not
have many trunk STSs, so there was
additional concern for an increased
risk of radiation pneumonitis that
has been seen with gemcitabine and
high-dose thoracic radiation in non-
small cell lung cancer.'*!>To provide
the maximum benefit but limit risk
of complications, which could delay
or prevent surgery, gemcitabine was
ultimately given at 500 mg/m?* week-
ly, which was well tolerated. Previous
literature suggests that gemcitabine
acts as a potent radiosensitizer even
at doses 1000 times lower than that
normally achieved in plasma.’®

Due to the partially superficial
nature of this chest wall tumor, the
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addition of moderate temperature
hyperthermia was used as a com-
plementary therapy. Hyperthermia
results in enhanced perfusion im-
proving oxygenation and, potentially,
the effectiveness of chemoradia-
tion.172° Both hypoxia and radiation
are known to induce expression of
proteins, such as HIF-1a, which pre-
vent activation of signaling cascades
necessary to induce cellular apopto-
sis. Driving down expression of these
proteins via oxygenation is thought
to alleviate this blockade, increasing
overall apoptosis from radiation-in-
duced DNA damage.?’In addition
to enhanced perfusion and oxygen-
ation, as intracellular temperature
rises, tertiary and quaternary protein
structure can be interrupted, re-
sulting in denaturation and subse-
quent loss of function. Cytoskeletal
elements, centrioles, and DNA repair
proteins have been shown to be
particularly sensitive to this form of
damage.? Interruption of DNA repair
mechanisms diminishes target cells’
ability to recover from both direct
and indirect radiation-induced DNA
damage.?? This concept has been
extended to DNA damage-based che-
motherapeutic agents.? Specifically,
hyperthermia has been shown to
decrease cells’ ability to recover from
gemcitabine-induced halted repli-
cation forks.?* Our institution has
a superficial microwave applicator
that has a typical penetration of 3 cm
and, although the entire tumor could
not be completely heated, we felt
that the possible benefit from heat-
ing the majority of the tumor with a
low risk of toxicity justified its use.
The extensive chest wall resection
that would be required to completely
remove the tumor was the driving fac-
tor that led most providers to believe
this tumor was not resectable. Any
defect larger than 5 cm and involv-
ing multiple ribs must be carefully
reconstructed to restore pulmonary
function, protect the intrathoracic
organs, and support soft-tissue recon-
struction for wound closure. In this
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case, the resulting chest wall defect
measured 18 cm and was reconstruct-
ed with titanium mesh and a complex
multisite flap closure. Titanium mesh
was chosen based on the biome-
chanical characteristics that create a
stable and rigid anatomical chest wall
contour while maintaining mechani-
cal ventilation.

While these modalities have been
studied in limited combination, the
efficacy of thermochemoradiation
prior to a large surgical resection
requiring extensive reconstruction
has not been well explored. In a
phase III randomized study, the
addition of regional hyperthermia
to neoadjuvant systemic therapy for
high-risk STS was shown to prolong
median disease-free survival by 15.9
months and subsequently improve
5- and 10-year overall survival by
11% and 10%, respectively.” Hyper-
thermia with neoadjuvant chemo-
radiation was also found to double
3-year overall survival for patients
with squamous cell carcinoma of
the esophagus, and also resulted in a
significantly higher rate of patho-
logic complete response (25% vs
5.9%, P < 0.05).% Hyperthermia can
be particularly helpful for patients
with unresectable disease, as the
thermal enhancement ratio can
result in a higher likelihood of local
control with definitive radiation. In
the meta-analysis of radiation with
hyperthermia for locally recurrent
breast cancer, the addition of hyper-
thermia increased the likelihood of
achieving a complete response by
22% without significant morbidity;
hyperthermia was also associated
with improved locoregional control
in approximately two-thirds of pa-
tients receiving reirradiation.”’ In a
more recent randomized control trial
in cervical cancer, thermochemora-
diation outperformed chemoradia-
tion alone with higher 5-year overall
survival rates (81.9% vs 72.3%, P <
0.05).28 This case provides evidence
that the successes seen with this
aggressive multimodality approach
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have potential to extend to STS of the
chest wall in patients with accept-
able comorbidities.

Conclusion

This case report demonstrates
the successful treatment of a patient
with locally advanced radiation-in-
duced chest wall sarcoma using
neoadjuvant thermochemoradiation,
surgical resection, and complex
reconstruction with a titanium mesh
implant and multisite flap closure.
The aggressive treatment approach
resulted in a microscopic complete
resection and the patient remains
disease free 3.5 years post treatment.
While radiation-induced sarcomas
present significant therapeutic
challenges, it is important that oth-
erwise fit patients without metastatic
disease receive multidisciplinary
evaluation at tertiary care centers,
because with aggressive multimo-
dality therapy they have potential for
long-term survival.
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ARO UPDATE

ARO Introduces Four Medical Student Committees

Applied Radiation Oncology is excited to announce the development of four medical student committees to help increase student ex-
posure to radiation oncology and provide publishing-related experience in the field. We look forward to working with this aspiring and
talented group for the 2022-2023 academic year, focusing on peer reviews, podcasts/webinars, blog and article submissions, and social
media engagement.

Special thanks to our dedicated board member, Sarah Hoffe, MD, section head of GI Radiation Oncology at Moffitt Cancer Center for
serving as the faculty advisor for the committees.

Please join us in welcoming the new committee members and co-chairs, and stay tuned online and in print for developments sur-

rounding their efforts!

First Pass Peer Review Committee
Committee Co-Chairs

September-December

+ Hefei Liu, Medical College of Wisconsin
+ Michael Schad, The University of Pittsburgh School of Medicine

January-April

+ Karthik Meiyappan, University of Miami Miller
School of Medicine

+ Tina Vaziri, George Washington University School of Medicine
and Health Sciences

May-July

+ Jana Kobeissi, American University of Beirut
+ Jodi Goldman, Texas Tech University Health Sciences Center
School of Medicine

Members

+ Matt Adams, Lake Erie College of Osteopathic Medicine

+ Levi Burns, McMaster University

+ Valeria Lodofio, Georgetown University School of Medicine

+ Levi Martinka, Rush Medical College

+ George Mathew, Medical University - Pleven, Bulgaria

+ Townes “Alston” Mickel, Medical College of South Carolina

+ Akshat Patel, University of Texas Southwestern Medical School

+ Shoshana Rosenzweig, Icahn School of Medicine at Mount Sinai

+ Kevin Shrake, Medical University of South Carolina

+ Elizabeth Thompson, University of South Carolina School of
Medicine Columbia

Social Media Committee

Committee Co-Chairs

+ Shoshana Rosenzweig, Icahn School of Medicine at Mount Sinai
+ Karthik Meiyappan, University of Miami Miller School
of Medicine

Members

+ Hanan Albenayyan, King Faisal University, Saudi Arabia
+ Lauren Linkowski, USF Morsani College of Medicine
+ Levi Martinka, Rush Medical College
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Podcast and Webinar Committee

Committee Co-Chairs

+ Hanan Albenayyan, King Faisal University, Saudi Arabia

+ Jana Kobeissi, American University of Beirut

+ Sidharrth V. Ramesh, University of Missouri - Kansas City
School of Medicine

Members

+ Evrosina Isaac, Virginia Commonwealth University
School of Medicine

+ Lauren Linkowski, USF Morsani College of Medicine

+ Jennifer Matsui, Ohio State University College of Medicine

+ Elizabeth Thompson, University of South Carolina School of
Medicine Columbia

Future Content Committee
Committee Co-Chairs

+ Levi Burns, McMaster University
+ Valeria Lodofio, Georgetown University School of Medicine

Members

+ Matt Adams, Lake Erie College of Osteopathic Medicine

+ Anthony Alanis, University of Texas Rio Grande Valley
School of Medicine

+ Jodi Goldman, Texas Tech University Health Sciences Center
School of Medicine

+ Emerson Lee, Johns Hopkins

+ Keldon K. Lin, Mayo Clinic Alix School of Medicine

+ Lauren Linkowski, USF Morsani College of Medicine

+ George Mathew, Medical University - Pleven, Bulgaria

+ Townes “Alston” Mickel, Medical College of South Carolina
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Dr. Bloom is a PGY4
resident physician, The
Mount Sinai Hospital.

Dr. Anderson is a PGY5
resident physician,
Mayo Clinic Arizona.

Dr. McComas is a PGY3
resident physician,
Vanderbilt University
Medical Center.

It is irrefutable that our planet and human health
are increasingly impacted by a changing climate.
Around the world, numerous sectors are actively
participating in adaptation and mitigation efforts to
reduce the environmental impact of daily practices
and lessen the burden on human health.! In the US,
the health care sector accounts for approximately
8.5% of greenhouse gas (GHG) emissions, with
hospitals consuming, on average, more than any
other type of nonresidential building.? Governments,
hospitals and health systems, domestically and
around the globe, have committed to reduce health
care emissions and address issues of environmental
injustice.® Accordant actions include: analyzing
waste streams and segregation practices, monitor-
ing operating room temperatures, creating “green”
travel policies, developing device-reprocessing
programs, recycling electronic waste, implementing
climate-smart supply chains, using locally sourced
food services, and establishing climate resiliency
community-based programs.*

As radiation oncologists in training, we feel
obligated to not only advocate but actively par-
ticipate in transitioning to sustainable practic-
es within our field and the broader oncology
community. The Global Health Subcommittee

within the Association of Residents in Radiation
Oncology has established the Climate Health,
Equity, and Sustainability Taskforce (CHEST) to
foster united awareness, action, and collabora-
tion. Broad-reaching opportunities and areas
for future focus include, but are not limited to
the following:

1. Develop and disseminate climate health
and oncology educational tools.

2. Quantify GHG emissions associat-
ed with current radiation therapy.

3. Reduce clinical and procedural waste.
4. Practice sustainable resource consumption.

5. Advocate for decarbonization of ener-
gy sources within the health system.

6. Identify opportunities for improved
equipment/departmental energy ef-
ficiency (eg, machine idle time and
sequence of treatment delivery).

7. Collaborate with industry partners to
align machine design, production, and
operations with sustainability goals.

Disclosure: The authors have no 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.
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8. Partner with suppliers to increase the
availability of reusable products when
possible (eg, immobilization devic-
es and procedural equipment).

9. Address issues of environmental
injustice and health inequities ex-
acerbated by climate change.

10. Design and implement programs
to promote climate health equi-
ty and build climate resiliency
among vulnerable populations.®

In accordance with national and international
societies and other medical specialties (includ-
ing the American Board of Radiology) who have
declared commitments toward environmental
stewardship, we as residents make this call to ac-
tion within radiation oncology and our profession-
al society.? We aim to bring climate health, equity
and sustainability to the forefront of current dis-
cussions. Radiation oncologists have an urgent but
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timely opportunity to actively engage and become
leaders in creating a more equitable, sustainable,

and healthy future for our communities, patients,
colleagues, and generations to come.
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