
December 2022
Volume 11, Number 4

SA-CME 
Breaking Barriers:  
The Past, Present and 
Future of Focused 
Ultrasound and Diffuse 
Intrinsic Pontine Glioma

Review 
Focused Ultrasound for 
Ablation in Neurosurgery: 
Present Use and Future 
Directions

Case Report 
Radiation Myonecrosis 
Following Stereotactic 
Body Radiation Therapy 
in Metastatic Renal Cell 
Carcinoma

Case Report 
High-Dose-Rate 
Brachytherapy 
Followed by Concurrent 
Chemoradiotherapy 
for Esophageal 
Adenocarcinoma

www.appliedradiationoncology.com

Applied Radiation Oncology
Decem

ber2022          Volum
e 11, N

um
ber 4





May Abdel-Wahab, MD, PhD, FASTRO, FACR

Director, Division of Human Health, International Atomic 
Energy Agency, Vienna, Austria

Jeffrey Buchsbaum, MD, PhD, AM, FASTRO

Program Manager, Radiation Research Program, National 
Cancer Institute, Washington, DC

Zachary S. Buchwald, MD, PhD 

Assistant Professor, Department of Radiation Oncology, 
Winship Cancer Institute, Emory University School of 
Medicine, Atlanta, GA

John Dombrowski, MD, PhD

Associate Professor; Director of Radiation Oncology 
Services; Chair, Department of Radiation Oncology; Saint 
Louis University, St. Louis, MO

Mohamed A. Elshaikh, MD

Director, Residency Training Program, Director, Gynecologic 
Radiation Oncology, Department of Radiation Oncology, 
Henry Ford Hospital; Clinical Professor, Wayne State 
University School of Medicine, Detroit, MI

Sarah Hoffe, MD

Section Head, GI Radiation Oncology, Moffitt Cancer Center, 
Tampa, FL

Daniel J. Indelicato, MD

Professor and Associate Vice Chair, Department of 
Radiation Oncology, Department of Radiation Oncology, 
University of Florida, Jacksonville, FL

Deepak Khuntia, MD, FASTRO

Senior Vice President and Chief Medical Officer, Varian, 
Palo Alto, CA, and Radiation Oncologist at PCS Medical 
Group, Los Gatos, CA

Keith Hsiu Chin Lim, MBBS, FRANZCR

Senior Consultant, Department of Radiation Oncology, 
National University Cancer Institute, Singapore; Assistant 
Professor, Department of Medicine, Deputy Chief Medical 
Information Officer, National University Hospital, Singapore

Erin Murphy, MD

Radiation Oncologist, Brain Tumor and Neuro-Oncology 
Center, Cleveland Clinic, Cleveland, OH

Elizabeth M. Nichols, MD

Associate Professor and Clinical Director, Radiation 
Oncology, University of Maryland Medical Center,  
Baltimore, MD

Robert A. Price, Jr. PhD, DABR, FAAPM, FASTRO

Chief Clinical Physicist and Professor, Department 
of Radiation Oncology, Fox Chase Cancer Center, 
Philadelphia, PA

Farzan Siddiqui, MD, PhD

Senior Staff Physician, Vice-Chair Operations, Director H&N 
RT Program, Department of Radiation Oncology, Henry Ford 
Hospital, and Clinical Assistant, Department of Radiation 
Oncology, Wayne State University, Detroit, MI

Sewit Teckie, MD, MBA

System Chief of Radiation Oncology, New York Health and 
Hospitals, New York, NY

Lei Wang, PhD, DABR

Clinical Associate Professor, Department of Radiation 
Oncology, Stanford University School of Medicine, Palo 
Alto, CA

Kristina Demas Woodhouse, MD

Assistant Professor, Department of Radiation Oncology, 
Division of Radiation Oncology, The University of Texas MD 
Anderson Cancer Center, Houston, TX

Ping Xia, PhD

Head of Medical Physics of Radiation Oncology, Professor 
of Molecular Medicine, Taussig Cancer Center, Cleveland 
Clinic, Cleveland, OH

ARRO REPRESENTATIVE

Amishi Bajaj, MD

PGY5, Radiation Oncology, Northwestern University, 
Feinberg School of Medicine, and Chair, Association  
of Residents in Radiation Oncology (ARRO)

DIVERSITY, EQUITY AND INCLUSION EDITOR

Myrsini Ioakeim-Ioannidou, MD

Postdoctoral research fellow in radiation oncology, 
Massachusetts General Hospital, Boston, MA, and Harvard 
Medical School, Boston, MA

©2022 Anderson Publishing, Ltd. All rights reserved.Reproduction in whole or part without expressed written permission is strictly prohibited.

CIRCULATION, COVERAGE and ADVERTISING RATES: 
Details regarding circulation, coverage, advertising 
rates, space sizes, and similar information are 
available to prospective advertisers. Closing date 
is 30 days preceding date of issue. View our media 
planner at appliedradiationoncology.com/advertise. 

EDITORIAL CONTRIBUTIONS: Applied Radiation 
Oncology accepts clinical review articles, 
research papers, and case reports that pertain to 
radiation oncology and related oncologic imaging 
procedures that will be of interest to radiation 
oncologists. Author guidelines are available at 
https://appliedradiationoncology.com/Author-
Guidelines. Every precaution is taken to ensure 
accuracy, but the publishers cannot accept 
responsibility for the correctness or accuracy 
of the information supplied or for any opinion 
expressed. Before using procedures or treatments 
discussed or suggested by authors, clinicians 
should evaluate their patients’ conditions, compare 
the recommendations of other authorities, consider 
possible contraindications or dangers, and review 
applicable manufacturer’s product information. 
Review articles and cases should be geared 
to the practitioner and should reflect practical 
everyday clinical applications rather than research 
activity. Articles and cases may pertain to clinical 
management, administration, fiscal, technical, and 
medico-legal issues. All review articles, research 
articles and case reports undergo a double-
anonymized peer review process. 

EDITOR-IN-CHIEF
John Suh, MD, FASTRO, FACR

Professor and Chairman of the Department 
of Radiation Oncology, at the Taussig 
Cancer Institute, Rose Ella Burkhardt 
Brain Tumor and Neuro-oncology Center, 
Cleveland Clinic, Cleveland, OH

GROUP PUBLISHER
Kieran N. Anderson

ASSOCIATE PUBLISHER
Cristine Funke

MANAGING EDITOR
Sharon Breske

PRODUCTION DIRECTOR
Barbara A. Shopiro

CIRCULATION DIRECTOR
Cindy Cardinal

Editorial Advisory Board

Anderson Publishing, Ltd. 
180 Glenside Avenue,  
Scotch Plains, NJ 07076 
Tel: 908-301-1995   
Fax: 908-301-1997   
info@appliedradiology.com 
ESSN: 2334-5446 (online)

1December 2022 Applied Radiation Oncology



UPDATE YOUR SUBSCRIPTION PREFERENCES

Please take a moment to update your subscription preferences.

appliedradiationoncology.com/subscribe

Launched as an eJournal in 2012, Applied Radiation Oncology (ARO) is now 

available in print, online or on your mobile device. Published quarterly under the 

editorial guidance of John Suh, MD, FASTRO, FACR, Chairman of the Department 

of Radiation Oncology and Associate Director of the Gamma Knife Center at the 

Brain Tumor and Neuro-Oncology Center at Cleveland Clinic, each issue presents 

board-reviewed case presentations and clinical review articles that provide 

practical, actionable information that radiation oncologists can use to enhance 

the efficiency and quality of radiotherapy.

Editorial coverage targets imaging, contouring, target delineation, treatment 

planning, patient immobilization, organ tracking, safety and quality, and other 

timely topics essential to the discipline.



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.

7	 Breaking Barriers: The Past, Present and Future 
of Focused Ultrasound and Diffuse Intrinsic 
Pontine Glioma
Zachary K. Englander, MD, MS; Christopher Troy, MD; Masih Tazhibi, 
BA; Nina Yoh, MD; Hong-Jian Wei, PhD; Neil Feldstein, MD; Elisa 
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The blood-brain barrier (BBB) remains a significant blockade for 
effective drug delivery in treating diffuse intrinsic pontine glioma 
(DIPG). Low-frequency focused ultrasound (FUS) therapy in 
conjunction with intravenous microbubbles can transiently disrupt 
the BBB in a localized manner to facilitate drug delivery. This 
review examines recent preclinical studies evaluating the safety 
and feasibility of FUS-mediated BBB opening in the brainstem. The 
authors also discuss the published phase 0-2 clinical trials of low-
frequency FUS therapy in the adult glioma population, and phase 1 
clinical trials in DIPG that are underway.
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Transcranial MR-guided focused ultrasound surgery (MRgFUS) 
has become a well-established tool in functional neurosurgery 
for movement disorders such as essential tremor and Parkinson’s 
disease. Ongoing studies are evaluating additional indications, 
and multiple clinical trials are open for the treatment of psychiatric 
illness, chronic pain, and epilepsy. Given an aging population as 
well as the increasing prevalence of diseases treated, the risk-
benefit ratio of MRgFUS as a noninvasive ablative therapy should 
solidify its role as a treatment option for an increasing number of 
patients. This article reviews the use of FUS in thermoablation of 
brain tissue.
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Treatment Options in  
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John Suh, MD, FASTRO, FACR
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EDITORIAL

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

Welcome to the December 2022 issue of Applied Radiation Oncology, which focuses on the 
role of focused ultrasound (FUS) for neurological disease. FUS, while not a traditional tool 
in the radiation oncology armamentarium, is garnering interest and showing potential as 
a treatment option to consider for certain patient populations. The review article, Breaking 
Barriers: The Past, Present and Future of Focused Ultrasound and Diffuse Intrinsic Pontine Glioma 
(DIPG), offers a comprehensive update on how the advent of FUS-mediated blood brain barri-
er opening lays groundwork to promising advances in neuro-oncology. Approved for SA-CME 
credit, the article discusses preclinical studies from the last decade that assess the safety and 
feasibility of FUS-mediated BBB opening in the brainstem. The authors also review published 
phase 0-II clinical trials of low-frequency FUS therapy in the adult glioma population, and 
phase I clinical trials in DIPG that are underway. We hope you enjoy this interesting and time-
ly review of emerging technologies to consider in treating this highly malignant cancer.

A second review article, Focused Ultrasound for Ablation in Neurosurgery – Present Use and 
Future Directions, examines the risk-benefit ratio of MR-guided FUS surgery as a noninvasive 
ablative therapy for movement disorders such as essential tremor and Parkinson’s disease, as 
well as other indications. The authors describe the science behind ablative action and note 
that there may be a future role for radiation oncologists in utilizing this form of treatment.

The issue also features two case reports, the first of which is Radiation Myonecrosis After 
Stereotactic Body Radiation Therapy (SBRT) for Metastatic Renal Cell Carcinoma (RCC). This in-
sightful article details what is believed to be the second reported case of radiation myonecro-
sis after SBRT and the first reported case in a patient with RCC, as well as the first involving a 
patient on concurrent immunotherapy. This report adds to the published collection of radia-
tion-induced myonecrosis cases and cautions clinicians on this rare but serious potential side 
effect of radiation therapy.

The second case report, High-Dose-Rate Brachytherapy (HDRBT) Followed by Concurrent 
Chemoradiotherapy for Esophageal Adenocarcinoma, provides an unusual example of how an 
upfront 3D HDRBT boost with dose manipulation followed by intensity-modulated radiation 
therapy showed good tumor response and minimal toxicity in a patient. Additionally, this 
case illustrates how upfront HDRBT swiftly relieved dysphagia, increasing the patient’s accep-
tance of subsequent treatment with concurrent chemoradiotherapy, and how dose escalation 
with the aim to improve local control rate is feasible with HDRBT.

4 December 2022Applied Radiation Oncology



Finally, we are delighted to present the Resident Voice editorial, Resident-Led Education 
Committee: Fostering Leaders and Impactful Change in Radiation Oncology Education. Cultivating 
leadership is a passion of mine and it’s exciting to see how residents in radiation oncolo-
gy and medical physics at UCSF have built a successful program to bolster teaching and 
leadership training. Through summer internships, journal clubs, a tumor board series and 
more, this enterprising group is fostering confidence and laying the foundations to excep-
tional leadership. 

In other news, we are delighted to welcome Amishi Bajaj, MD, as the new Association 
of Residents in Radiation Oncology (ARRO) representative to serve on the ARO editorial 
advisory board for a 1-year term. Dr. Bajaj is a PGY5 radiation oncology resident at 
Northwestern University, Feinberg School of Medicine; chair of ARRO; and past president of 
the McGaw Medical Center Housestaff Association. In her role with ARO, Dr. Bajaj will assist 
with a variety of editorial responsibilities, including coordinating the Resident Voice editori-
al featured in every issue. Dr. Bajaj succeeds Justin Anderson, MD, PGY5 resident physician 
at Mayo Clinic Arizona, whom we thank for his wonderfully conscientious and dedicated 
service from 2020 to 2022.

We also thank the peer reviewers who critiqued submissions throughout 2022. An integral 
component to scholarly publishing, the peer review process is a time-consuming volunteer 
effort, and we are deeply indebted to those who made room in their demanding schedules 
to assess, filter and ultimately improve review articles, research papers, and case reports for 
the journal. Please see p. 24 for our acknowledgement of these committed clinicians who 
deserve high praise and recognition. 

Finally, a word of gratitude to our readers for your many contributions to our growth over 
the last 11 years. Your support remains a key pillar to our advancement and success. We wish 
you a joyful holiday season and peaceful New Year! 

5December 2022 Applied Radiation Oncology



Breaking Barriers: The Past, Present and Future of 
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examines recent preclinical studies 
evaluating the safety and feasibility 
of FUS-mediated BBB opening in the 
brainstem. The authors also discuss 
the published phase 0-2 clinical 
trials of low-frequency FUS therapy 
in the adult glioma population, 
and phase 1 clinical trials in DIPG 
that are underway.
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Abstract

Diffuse intrinsic pontine glioma (DIPG) is a malignant childhood tumor of the brainstem with a dismal prognosis. 
While recent progress has been made in understanding the molecular underpinnings of the disease, the blood-
brain barrier (BBB) remains a significant blockade for effective drug delivery. Low-frequency focused ultrasound 
(FUS) therapy in conjunction with intravenous microbubbles can transiently disrupt the BBB in a localized 
manner to facilitate drug delivery. This is achieved through stable cavitation, the process by which oscillations 
in bubble volume induce minor mechanical stress at the cellular level, disrupting endothelial tight junctions and 
leading to increased BBB permeability. Here we review preclinical studies performed over the last decade that 
have evaluated the safety and feasibility of FUS-mediated BBB opening in the brainstem. Furthermore, we cover 
the published phase 0-II clinical trials of low-frequency FUS therapy in the adult glioma population, as well as 
the phase I clinical trials in DIPG that are underway.

Keywords: DIPG; diffuse intrinsic pontine glioma; brainstem glioma; convection-enhanced delivery;  
focused ultrasound

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

Introduction to Focused 
Ultrasound and DIPG 
Focused Ultrasound

Since it was first described by 
brothers Pierre and Jacques Curie 
in the late 1800s, the piezoelectric 
effect — the generation of electricity 
by crystals under mechanical stress 
— has been leveraged for remarkable 
technological achievements. The 
first application was seen in World 

War I with the development of sonar 
devices by the French government 
to detect submarines.1 In 1935, 
Johannes Gruetzmacher fit a curved 
lens on the end of a piezoelectric 
generator and found that ultrasound 
waves could be focused.2,3 In the late 
1940s, the first attempt at clinical 
ultrasonography in the diagnosis 
of brain tumors ultimately failed 
due to the high density of the skull. 
However, 1 year later George Ludwig 

made great progress by imaging 
gallstones across the abdomen and 
advancing research into the interac-
tions between ultrasound waves and 
soft tissues. While this work was oc-
curring, other researchers attempted 
to utilize ultrasound technology for 
therapeutic effects by focusing the 
acoustic energy to heat and lesion 
tissue. This was first reported in ani-
mals by Lynn and Miller at Columbia 
University in 1942 and advanced by 

Applied Radiation Oncology 7December 2022
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others such as Ballantine at Massa-
chusetts General Hospital and the 
Fry brothers in Indianapolis.4 Thera-
peutic ultrasound now encompasses 
a wide variety of categories including 
thermal ablation, histotripsy, nerve 
stimulation, and the opening of the 
blood-brain barrier (BBB). 

The desired bioeffect of ultrasound 
depends both on the acoustic parame-
ters of the waves as well as the charac-
teristics of the target tissue. Generally, 
there are thermal and nonthermal 
effects, but all involve some degree 
of mechanical alteration induced by 
the waves’ energy.5 Thermal effects 
secondary to high-frequency FUS are 
achieved by simple absorption of ul-
trasonic energy by the tissue. The sus-
tained exposure to higher intensities 
produces heat and leads to irrevers-
ible tissue injury. This mechanism is 
well established and can be employed 
for tumor ablation, clot lysis, and 
intracranial lesioning for pathologies 

such as essential tremor,6 Parkinson’s 
disease, chronic intractable neuro-
pathic pain and obsessive-compulsive 
disorder.7,8 Lower-frequency FUS 
exhibits its effects through nonabla-
tive, nonthermal mechanisms. With 
a lower frequency and thus a smaller 
amount of acoustic energy directed 
at the targeted area, the threshold to 
produce ablative lesions is not met. 
Instead, a mechanical effect of low-in-
tensity FUS can be achieved through 
interactions with intravenously deliv-
ered gases, which can ultimately lead 
to disruption of the BBB.

BBB

The BBB is a highly discriminatory 
barrier between the central nervous 
system (CNS) and its vasculature. 
The structure of the BBB includes 
astrocyte foot processes and spe-
cialized endothelial cells. Unique 
to the cerebrovasculature, these 
endothelial cells form a continuous 

barrier, anchored to each other by 
tight junctions, which prevents the 
intercellular passage of material 
into the CNS. Additionally, there are 
fewer fenestrations and a variety of 
efflux pumps, which help protect 
the CNS from potentially harmful 
substances in the blood stream, but 
also prevent the passage of therapeu-
tics into the brain.9 Although the BBB 
is protective, transiently and focally 
increasing the permeability of the 
BBB has been a target for investiga-
tion. BBB disruption could allow for 
the delivery of drugs like chemo-
therapy, immunotherapy, stem cells, 
and gene therapy to CNS targets.10 
To improve penetration, investiga-
tors have explored changes in drug 
molecular size and lipophilicity, as 
well as carriers that can cross the 
BBB.11,12 Current attempts to disrupt 
the BBB have shown moderate suc-
cess but with potentially significant 
adverse effects: direct injection of 

Figure 1. Focused ultrasound (FUS) devices: Carthera SonoCloud (A), Insightec Exablate (B), NaviFUS (C), TheraWave (D)

A

C

B

D
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drugs through convection-enhanced 
delivery is invasive and carries risks 
of damage to neural tissue; and the 
use of hypertonic solutions, such as 
mannitol, to osmotically induce BBB 
opening, leads to a nonselective, 
global increase in BBB permeability 
that can cause unwanted drug-in-
duced CNS toxicity.13-15 Violating the 
BBB in a safe, targeted, and transient 
manner using noninvasive sound 
delivery is a unique application of 
FUS and has the potential to change 
the medical management of infiltra-
tive brain tumors.

FUS and BBB 

Investigations of the nonthermal 
effects of FUS have been underway 
for decades.16 The success of FUS in 
BBB disruption is largely achieved 
through the process of cavitation and 
the resultant mechanical stress on the 
endothelium. With the application of 
ultrasonic waves, injectable gaseous 
microbubbles within the cerebrovas-
culature absorb the energy and begin 
to oscillate.17 This oscillation is known 
as acoustic cavitation and can be in-
ertial or stable. Inertial cavitation is a 
violent implosion or explosion of the 
microbubbles that leads to tissue de-
struction. Stable cavitation on the oth-
er hand is the process by which these 
oscillations in volume induce minor 
mechanical stress at the cellular level, 
disrupting endothelial tight junctions 
and leading to increased BBB perme-
ability.18 The continuous expansion 
and compression of the microbubbles 
is transmitted to the vessel wall as 
mechanical stress, separating the 
endothelial lining. The oscillation 
also induces jet streaming, or acoustic 
streaming, which adds further stress 
to the vessel wall.19 Passage through 
the temporarily disrupted BBB is 
thought to be through 4 mechanisms: 
widening of interendothelial spaces 
due to opening of tight junctions, 
upregulation of transcytosis as 
evidenced by increased cytoplasmic 
vesicles, channel and fenestration 

formation, and free movement across 
the injured endothelium.20

DIPG

DIPG is a malignant tumor that 
arises from the brainstem primarily 
in children ages 5 to 9. It is a difficult 
disease carrying a mean life expectan-
cy of less than a year, with less than 
10% of patients surviving more than 2 
years.21 Given that these tumors grow 
diffusely through the pons, one of the 
most highly eloquent regions of the 
brain, surgical resection is not feasi-
ble.22 The mainstay of treatment for 
this disease is fractionated radiation 
therapy, which is the only treatment 
modality that has been shown to pro-
long survival in these patients.23 Many 
trials have been conducted to evaluate 
different combinations of chemo-
therapy without success. Over the last 
decade, significant advancements have 
been made in understanding the mo-
lecular characteristics of these tumors. 
Nevertheless, there remains little 
success with these targeted therapies 
in clinical trials. The BBB, as described 
above, is thought to be a major factor 
in limiting the penetrance of drugs 
to these infiltrative brain tumors. 
Furthermore, there is very minimal 
tumor-induced BBB disruption in these 
patients as evidence by the absence of 
contrast enhancement on MRI in the 
majority of cases. Thus, FUS appears 
to be a promising option for the treat-
ment of this highly malignant cancer.

FUS — Current Devices
Three classes of FUS devices are 

under investigation for use in hu-
mans: fixed-frame MRI-guided devic-
es (MRgFUS), implantable ultrasound 
devices, and frameless neuronaviga-
tion-guided devices24 (Figure 1). 

Exablate

One of the first FDA-approved 
devices was the Exablate system 
by Insightec, an MRgFUS machine 

initially developed to treat uterine 
fibroids by thermal ablation.7 The 
technology was adapted, and the new-
er Exablate Neuro system has been 
FDA-approved for thalamotomy and 
is in use in more than 10 clinical trials 
investigating its ability to disrupt the 
BBB. The device consists of a helmet 
transducer that includes more than 
1000 elements coordinated to trans-
mit ultrasound to a precise target. The 
treatment planning and monitoring 
is performed using real-time MRI 
guidance. Treatment with the device 
requires placement of a stereotactic 
head frame with fixed skull pins. The 
extended duration of the procedures 
coupled with the discomfort of lying 
in a fixed frame within an MRI ma-
chine can be a limiting factor.

SonoCloud
The SonoCloud-9, developed by 

the French company Carthera, is an 
implantable, unfocused, ultrasound 
system that features 9 transducers. 
The device is placed within the skull 
bone following a craniotomy, which 
can occur either during a sched-
uled brain tumor resection, or as a 
standalone ambulatory procedure. 
While the noninvasive systems 
require mathematical calculations 
to overcome the complexities of 
achieving effective sonication through 
bone, the SonoCloud bypasses the 
skull and sits directly above the dura. 
As the investigators on the original 
clinical trial note, the absence of 
bone-induced attenuation of the 
US waves eliminates the need for 
intraprocedure MRI monitoring.25 
The SonoCloud-9 recently received an 
FDA breakthrough device designation 
and is under investigation in multiple 
clinical trials. 

NaviFUS and TheraWave

The most recently developed devic-
es rely on neuronavigation tracking, a 
technology commonly used for many 
neurosurgical procedures. Using 
infrared cameras, the precise location 
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of FUS transducer placement can be 
achieved by registering the coor-
dinate system developed from the 
preprocedural MRI or CT with the co-
ordinates of the patient’s skull. There 
are 2 such devices in varying stages 
of development: the NaviFUS System, 
developed by a group in Taiwan, and 
a similar device developed by our 
group at Columbia University.26,27 
Like the SonoCloud, these neuronav-
igation-based devices have largely 
been explored with low-frequency 
ultrasound and BBB disruption.28 
The NaviFUS device has been used in 
multiple clinical trials investigating 
its efficacy in the treatment of both 
glioblastoma (GBM) and drug-resis-
tant epilepsy.29 The Columbia device 
(TheraWave) has demonstrated target-
ed and reproducible BBB disruption 
in several nonhuman primate studies. 
It is currently classified under an FDA 
investigational device exemption and 
has been registered in a clinical trial 
for Alzheimer’s disease and anoth-
er for DIPG (discussed below). The 
advantages to these systems are the 
avoidance of invasive procedures and 
the absence of prolonged time in the 
MRI scanner. These are lightweight, 
portable devices that can be used in 
an outpatient setting, allowing for po-
tentially wider access and application.

Preclinical Work

The past decade has seen a signifi-
cant increase in preclinical FUS-me-
diated BBB-opening studies, with 
several groups narrowing their focus 
on drug delivery to the brainstem. 
In 2018, Alli and colleagues from 
the Hynynen lab at the University of 
Toronto demonstrated the safety of 
doxorubicin delivery to the murine 
brainstem following ultrasound 
treatment.30 Using an animal 
MRgFUS device, BBB opening was 
achieved and confirmed both with 
contrast-enhanced MRI and Evans 
blue staining. Using liquid chroma-
tography/mass spectrometry (LCMS), 

significantly higher doses of doxo-
rubicin were found in the brainstem 
of mice that underwent sonication. 
This group also found that treatment 
was not associated with any cardio-
pulmonary or motor deficits. 

During the same year, the Chen 
lab from Washington University in 
St. Louis published 2 papers on the 
delivery of nanoparticles to the pons. 
The first study evaluated the use of 
FUS in the presence of intravenous, 
radiolabeled gold nanoclusters.31 In 
contrast to the previous study, which 
used contrast-enhancement as a 
marker of BBB disruption, this project 
allowed for a more precise, real-time 
tracking of drug delivery via in vivo 
microPET/CT imaging of 64Cu-integrat-
ed gold nanoclusters. Additionally, the 
spatiotemporal distribution of these 
nanoclusters was then quantified by 
imaging at different time points post-
sonication. In their follow-up study, Ye 
and colleagues attempted to curtail the 
systemic drug exposure by utilizing 
intranasal delivery.32 They successfully 
demonstrated less systemic uptake but 
equivocal pontine distribution with ra-
diolabeled gold nanoclusters following 
inhaled intranasal delivery in mice. 
In their most recent preclinical study, 
using a RCAS/tv mouse DIPG model, 
Zhang et al demonstrated a twofold 
increased uptake of 64Cu-Cu nanoclus-
ters in the murine tumors that were 
exposed to FUS compared with the 
nontreated tumors. In a follow-up 
study, Ye et al evaluated the ability 
of FUS to enhance the delivery of 
immune checkpoint inhibitor therapy 
in a murine brainstem glioma model.33 
Using an intranasally delivered pro-
grammed cell death-ligand 1 antibody 
(aPD-L1) tagged with a fluorescent dye, 
they demonstrated an approximately 
fourfold increase in drug concentra-
tion following FUS therapy compared 
with intranasal delivery alone.

Building on these studies, our group 
set out to investigate the safety of 
FUS-mediated chemotherapy delivery 
in a preclinical pontine glioma mod-
el.34 We implanted high-grade glioma 

cells into the pons of immunocompe-
tent mice. Once tumor formation was 
identified on MRI, we treated mice 
with FUS and found no significant 
cardiopulmonary or motor deficits 
associated with treatment. Histological 
analysis did not show any harmful 
effects. Furthermore, using LCMS, a 
fivefold increase in the concentration 
of etoposide in mice that underwent 
FUS was noted compared with mice 
treated with etoposide alone. Our 
study also found that multiple FUS 
treatments were not associated with 
any negative effects. 

Ishida et al published similar experi-
ments using doxorubicin but in immu-
nocompromised mice with patient-de-
rived xenografts.35 While the tumor 
model was more accurate, the absence 
of immune response in this model was 
a limitation. The justification behind 
using doxorubicin was rooted in sev-
eral in vitro studies demonstrating its 
efficacy in treating multiple DIPG cell 
lines, plus its known limited ability to 
cross the BBB. These authors similarly 
found a fourfold increase in drug con-
centration within the mouse tumors 
that underwent FUS compared with 
the control group. Additionally, they 
found decreased tumor growth rate 
on MRI and decreased ki67 – a marker 
of tumor proliferation – on immuno-
histochemical staining in the treated 
mice. Nevertheless, there was no 
survival benefit in the study, which the 
authors attributed to the limited single 
treatment plan as well as the systemic 
toxicity of doxorubicin. Future animal 
studies will need to optimize drug 
formulations to avoid systemic toxicity, 
while incorporating a more robust FUS 
regimen that can increase tumor ex-
posure to higher drug concentrations 
over a prolonged period.

Clinical Trials

BBB Opening Trials in  
Adult Glioma

Multiple published clinical trials 
have investigated the utility of FUS-me-
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diated BBB opening in the adult supra-
tentorial glioma population (Tables 1 
and 2 summarize the clinical trials and 
serious adverse events, respectively). 
The first published trial came from the 
Carpentier group at the Pitie Salpetri-
ere University Hospital using the Sono-
Cloud CarThera device.25,36 In a sin-
gle-arm, phase 1/2a study, 19 patients 
were implanted and treated with the 
CarThera device alongside the delivery 
of carboplatin. A total of 65 treatments 
were delivered, more than 50 of which 
demonstrated evidence of BBB disrup-
tion on MRI. This radiographic effect 
was quantified based on the degree of 
contrast enhancement and correlated 
with amount of acoustic pressure. 
They found an increased delivery of 
energy associated with a more robust 
BBB opening. No significant adverse 
events (SAEs) were observed. One 
patient experienced a transient facial 
nerve palsy, which resolved within 
2 hours followed by the administra-
tion of steroids. Several patients also 
experienced transient brain edema 
that resolved with steroids. Although 
the study was underpowered, patients 
who underwent radiographic BBB 
breakdown lived longer than those 
who did not (OS 12.94 months vs 
8.64 months).  

In 2019, Mainprize et al published 
the first clinical trial evaluating the 
safety of noninvasive FUS and drug 
delivery in brain tumor patients.37 

In this phase 1, single-arm study, 5 
patients with GBM underwent MRgFUS 
treatment with concurrent chemother-
apy (temozolamide or doxorubicin) 
1 day prior to surgical resection. No 
adverse clinical or radiographic events 
were observed. To quantify radio-
graphic BBB opening, they measured 
the percentage of sonicated tissue that 
exhibited contrast enhancement (in-
creased signal intensity compared with 
the nontreated adjacent brain tissue), 
the highest of which was 50%. Four of 
the 5 patients had evidence of contrast 
enhancement following treatment. In 
2 of the patients, chemotherapy levels 
were quantified with LCMS. The au-
thors found a trend toward increased 
drug concentration in the treated 
tissue compared with the nontreated 
tissue. A phase 0 study published in 
Proceedings of the National Academy of 
Sciences of the United States of America 

(PNAS) 2021 similarly evaluated the 
safety of MRgFUS in 4 adult patients 
with lobar diffuse glioma.38 They did 
not observe any SAEs with treatment, 
although no therapeutic was delivered. 
Furthermore, histological analysis of 
treated tissue did not demonstrate any 
necrosis or microhemorrhage. Each 
treatment volume was measured, the 
largest of which was 10.08 cm3. Using 
intravenously administered fluores-
cein, they found a 2.2-fold increase 
in drug accumulation in the brain 
tissue that underwent FUS-mediated 
BBB opening, compared with non-
treated tissue. 

In Taiwan, Chen et al reported 
their findings in a 6-patient, phase 1 
pilot study. They performed a dose 
escalation design with the NaviFUS 
Neuronavigation-guided focused ul-
trasound system device, without drug 
delivery, to determine a safe energy 

Table 1. BBB-Opening Clinical Trials With Published Results

TRIAL DEVICE/THERAPEUTIC RADIOGRAPHIC CONFIRMATION LARGEST BBB OPENING BBB NORMALIZATION TIME

Idbaih et al36  
NCT02253212

SonoCloud-1 / 
Carboplatin

Gd enhancement N/A N/A

Mainprize et al37 
NCT02343991

Exablate/ None Gd enhancement 2.43 cm3 24 hours

Anastasiadis et al38 
NCT03322813 

Exablate/ None Gd enhancement 10.08 cm3 N/A

Chen et al27  
NCT03626896

NaviFUS/ None Gd enhancement N/A 24 hours

Meng et al39 
NCT03714243

Exablate/ Trastuzumab Gd enhancement/ Radioisotope N/A 24 hours

Table 2. Adverse Events in BBB-Opening Clinical Trials

TRIAL PATIENTS (N) TREATMENT-RELATED ADVERSE EVENTS

Idbaih et al36  
NCT02253212

21 Transient cerebral edema (n = 2, 11%) 
Transient facial palsy (n = 1, 5%)

Mainprize et al37  
NCT02343991

5 Back pain (n = 1, 20%) 
Headache (n = 2, 40%)

Anastasiadis et al38  
NCT03322813

4 None

Chen et al27  
NCT03626896

6 None

Meng et al39  
NCT03714243

4 Pin site tenderness (n = 1, 5%) 
Headaches (n = 1, 5%) 
Back pain (n = 1, 20%)
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level for BBB disruption.27 No SAEs 
were observed. Similar to the Carpen-
tier study, they found a correlation 
between degree of signal change on 
MRI and the amount of acoustic ener-
gy delivered. All radiographic changes 
were transient and returned to near 
baseline at 24 hours. Interestingly, they 
found a lack of significant immunolog-
ical response on histological analysis 1 
week following treatment. 

Meng et al published their phase 
1, FUS-mediated drug-delivery study 
in brain tumor patients, specifically 
in those with Her2-positive breast 
cancer and brain metastases.39 Four 
patients were treated with MRgFUS 
and radiolabeled trastuzumab, a 
monoclonal antibody for the Her2 
receptor. No treatment-related seri-
ous adverse events were observed. 
Unlike prior studies that relied on 
contrast-enhanced, T1-weighted MRI, 
single-photon emission computerized 
tomography (SPECT) imaging was used 
to track radiotracer uptake. Following 
MRgFUS and intravenous injection 
of 111In-BzDTPA-NLS-trastuzumab, 
increased SPECT signal intensity was 
observed only in regions in which FUS 
was targeted, but not in other meta-
static lesions that weren’t sonicated. 
This was the first study to demonstrate 
real-time tracking of drug delivery to 
brain tumors following BBB opening. 

Current and Future 
Trials in DIPGs 

There are 3 current trials in the 
DIPG patient population. Our group 
began the first phase 1 clinical trial 
(NCT04804709) in children with re-
current diffuse midline glioma. Study 
participants underwent treatment with 
FUS combined with oral panobinos-
tat. The purpose of the study was to 
evaluate the feasibility of opening the 
BBB safely in 1, 2, or 3 tumor sites. The 
trial followed a 3+3 Number of Tumor 
Sites (NOTS) escalation scheme, which 
refers to the number of openings in 
the BBB. Subjects started the first cycle 
of the treatment arm with 1 tumor site 

and moved on to incrementing NOTS 
levels if no dose-limiting toxicities 
(DLTs) were observed.

Another trial (NCT05123534) has 
recently opened at Children’s National 
Hospital, University of California San 
Francisco (UCSF), and the Ivy Brain 
Tumor Center using sonodynamic 
therapy, a technology that utilizes 
ultrasound-generated light, or sono-
luminescence. This light can then 
trigger the byproduct of an injectable 
therapy, SONOALA-001, to activate 
cell death exclusively within glioma 
cells. This is a phase 1/2 study in newly 
diagnosed DIPG following radiation 
therapy using a dose escalation 
model with both drug dose and energy 
delivered. Patients are administered 
SONOALA-001 and sonicated using the 
Exablate Neuro system several hours 
later. This treatment modality is also 
being studied in adult GBM patients 
in a clinical trial in Arizona, and early 
reports have noted its safety. Most 
recently, a single-arm, nonrandom-
ized, prospective feasibility study was 
opened at Children’s National Hospital 
to treat DIPG patients with FUS and 
doxorubicin using the Exablate Neuro 
system (NCT05630209). This study is 
recruiting as of press time. 

Other Applications – 
Liquid Biopsy

The first liquid biopsy study follow-
ing FUS was performed by the Chen 
lab. Using an enhanced green fluores-
cent protein (eGFP)-transduced GBM 
cell line, Zhu et al observed a signifi-
cant increase in plasma eGFP mRNA 
in multiple preclinical mouse models 
using a variety of acoustic pressures.40 
Meng et al published the first study 
in humans to evaluate the feasibility 
of liquid biopsy following treatment 
with ultrasound.41 In 9 patients 
undergoing clinical trial for GBM 
with Exablate, blood samples were 
collected before and after sonication. 
Non-brain-tumor patients undergoing 
FUS alone were used as controls. They 
found an increase in cell-free DNA 

(cfDNA) as well as neuron-derived 
vesicles and brain derived proteins 
associated with the treatment. They 
also found methylation signatures 
within the cfDNA samples following 
BBB opening that were distinct from 
the cfDNA collected pre-BBB opening. 
Interestingly, for the 1 patient in the 
trial with an IDH1 mutant glioma, they 
observed a two- to threefold increase 
in IDH1 mutant cfDNA following BBB 
opening. These findings altogether 
are very early but demonstrate the 
feasibility of using FUS-mediated BBB 
opening as a tool for both drug deliv-
ery and noninvasive diagnostics. 

Conclusion
Despite recent advancements in the 

molecular understanding of DIPG, the 
BBB remains a significant challenge 
for advancing care in this disease. The 
advent of FUS-mediated BBB opening 
has led to an exciting new era in the 
field of neuro-oncology. Preclinical 
studies have demonstrated the efficacy 
of increasing drug distribution within 
the brainstem and brainstem tumors 
using FUS. Multiple successful phase 
1 clinical trials have been reported in 
the adult glioma population, and sev-
eral are underway for those with DIPG. 
Although it is still early, our hope is 
that FUS will provide a platform for 
delivering cutting-edge therapies to 
improve outcomes for this population.
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Focused ultrasound (FUS) as a 
therapeutic modality for the treat-
ment of neurological conditions has 
seen a rapid expansion over the past 
decade due to its ability to produce 
controlled and precise effects non-
invasively. In contrast to stereotactic 
radiosurgery, FUS is capable of 
nonionizing tissue destruction. This 
narrative review will focus on its use 
in thermoablation of brain tissue, 

though notably FUS is being avidly 
investigated for applications within 
neuromodulation as well as transient 
blood-brain barrier opening. 

Although ultrasound was discov-
ered in the late 1800s, the invention 
of FUS is attributed to Johannes 
Gruetzmacher who placed curved 
quartz on a piezoelectric generator 
to concentrate waves. Initial trials 
in humans targeted deep structures 

for movement disorders, but lesions 
were imprecise prior to the advent of 
modern imaging. Furthermore, large 
portions of skull were removed to 
mitigate wave distortion and surface 
heating. In 1998, the use of MRI and 
a helmet equipped with 2 arrays and 
64 elements was shown to transmit 
pulsed sonication through a piece 
of a human skull to induce tissue 
destruction in an in vivo rabbit brain, 
which catapulted FUS as a nonin-
vasive modality.

Since that time, myriad develop-
ments such as live MRI guidance 
have improved the safety and 
efficacy of FUS ablation (Figure 1). 
As of this writing, 3 neurological 

Abstract
Focused ultrasound (FUS) as a therapeutic modality for the treatment of neurological conditions has seen a rapid 
expansion over the past decade due to its ability to produce controlled and precise effects noninvasively. FUS has 
multiple mechanisms of action, but at higher frequencies, thermal ablation is predominant and is capable of pre-
cise and controlled lesioning of brain tissue. In particular, transcranial MR-guided focused ultrasound (MRgFUS) 
surgery has become a well-established tool in functional neurosurgery for movement disorders such as essential 
tremor and Parkinson’s disease. Since its first US Food and Drug Administration (FDA) approval in 2016, MRg-
FUS has gained popularity amongst researchers, clinicians, and patients. Ongoing studies to evaluate additional 
indications are underway. Multiple clinical trials are open for the treatment of psychiatric illness, chronic pain, 
and epilepsy. Given an aging population as well as the increasing prevalence of diseases treated, the risk-benefit 
ratio of MRgFUS as a noninvasive ablative therapy should solidify its role as a treatment option for an increasing 
number of patients.

Keywords: focused ultrasound, high-frequency focused ultrasound, ultrasonic therapy, minimally invasive surgery, 
clinical device, ablation, brain, essential tremor, Parkinson’s disease, depression
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Figure 1. Timeline of the focused ultrasound 
(FUS) development and use from 1940 
until 2021. Figure 1 references are in a 
separate section at the end of the article. 
Abbreviations: AD, Alzheimer’s disease; ALS, 
amyotrophic lateral sclerosis; BBB, blood-
brain barrier; BBBO, blood-brain barrier 
opening; DMG, diffuse midline glioma; FDA, 
US Food and Drug Administration; GBM, 
glioblastoma; MRgFUS, MR-guided focused 
ultrasound; OCD, obsessive-compulsive 
disorder. 
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indications have been FDA approved 
for MRI-guided FUS (MRgFUS): 
thalamotomy for essential tremor 
(ET), thalamotomy for tremor-domi-
nant Parkinson’s disease (TDPD), and 
pallidotomy for the motor symptoms 
of Parkinson’s disease. Multiple 
additional indications are being in-
vestigated in clinical trials as of this 
writing (Table 1).

Mechanism of Action for 
Ablation

The ablative action of FUS de-
pends on frequency, which leads to 
either thermal or mechanical tissue 
destruction. At higher frequencies 
of 650 kHz, thermal ablation is 

predominant. The FDA-approved 
hemispherical transducer (Exablate 
4000; Insightec) can achieve peak 
temperatures of 51°C to 60°C under 
continuous visual MR guidance and 
MR thermometry with an accuracy of 
< 2 mm. Within 48 hours of treat-
ment, 3 concentric zones appear on 
T2-weighted sequences: 2 inner zones 
representing necrosis and a zone of 
perilesional, vasogenic edema, which 
subsides within 10 days. Several 
pitfalls should be considered (Figure 
2). Higher frequencies and higher 
incident angles can lead to overheat-
ing of the skull due to its high acoustic 
absorption. High incident angles (> 
20°) prohibit targets more proximal to 
the skull from successful treatment; 

thermal ablation can only be applied 
to central brain regions (approximate-
ly 3 cm radius around the midcom-
missural point, the halfway point on a 
line joining the anterior and posterior 
commissures). Thick and poorly ho-
mogenous skulls limit the penetration 
of ultrasound. Preoperative com-
puterized tomography is obtained to 
assess patient-specific metrics such as 
skull thickness and skull homogene-
ity as quantified by skull density ratio 
(SDR). An SDR below 0.4 is consid-
ered inconducive to optimal thermal 
lesioning and FDA labeling includes 
only patients with an SDR of 0.4 or 
higher.  At a single-center study in 
Taiwan, 246 patients were evaluated 
and 50% had a skull score under 0.4 

Table 1. Clinical Trials of Focused Ultrasound for Intracranial Ablation
TRIAL NAME LOCATION ENROLLMENT STATUS TRIAL NUMBER

Essential Tremor (ET)

Bilateral Treatment of Medication Refractory ET The Ohio State Medical Center, Ohio, United States Active, not recruiting NCT04112381

A Second Magnetic Resonance Guided Focused 
Ultrasound Thalamotomy for ET

Sunnybrook Health Sciences Centre, Ontario, 
Canada

Recruiting NCT04720469

Bilateral ET Treatment With FUS Toronto Western Hospital, University Health 
Network, Ontario, Canada

Recruiting NCT04501484

Transcranial Ultrasound Therapy of ET Pitié-Salpêtrière Hospital, Paris, France Recruiting NCT04074031

Exablate Transcranial MRgFUS for the 
Management of Treatment-Refractory 
Movement Disorders

Sunnybrook Health Sciences Centre, Ontario, 
Canada 
Toronto Western Hospital, Ontario, Canada

Active, not recruiting NCT02252380

Parkinson’s Disease (PD)

Exablate Pallidotomy for Medically-Refractory 
Dyskinesia Symptoms or Motor Fluctuations of 
Advanced PD

Multicenter: United States, Canada, Israel, Italy, 
Korea, Spain, Taiwan, UK

Active, not recruiting NCT03319485

Exablate Transcranial MRgFUS of the 
Subthalamic Nucleus for Treatment of PD

University of Virginia, Virginia, United States Active, not recruiting NCT02246374

MRgFUS Pallidothalamic Tractotomy for 
Therapy-Resistant PD

Chinese PLA General Hospital, Beijing, China Not yet recruiting NCT04996992

A Clinical Trial for the Safety and Effect of 
MRGuided FUS Subthalamotomy for Medication 
Refractory PD

Osaka University Hospital, Osaka, Japan Recruiting NCT04744493

Obsessive-Compulsive Disorder (OCD)

The Use of Transcranial Ultrasound Treatment 
of OCD

Neurological Associates of West LA, California, 
United States

Enrolling by invitation NCT04775875

Trial of MR-guided Focused Ultrasound 
(MRgFUS) Bilateral Capsulotomy for the 
Treatment of Refractory OCD

Foothill Medical Centre, Alberta, Canada 
Sunnybrook Health Sciences Centre, Ontario, 
Canada

Recruiting NCT03156335
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Table 1 continued. Clinical Trials of Focused Ultrasound for Intracranial Ablation
TRIAL NAME LOCATION ENROLLMENT STATUS TRIAL NUMBER

Depression / Anxiety

The Use of Transcranial Focused Ultrasound for 
the Treatment of Depression and Anxiety

Neurological Associates of West LA, California, 
United States

Enrolling by invitation NCT04250441

The Impact of Focused Ultrasound 
Thalamotomy of the Anterior Nucleus for Focal-
Onset Epilepsy on Anxiety

The Ohio State University, Ohio, United States Not yet recruiting NCT05032105

Trial of MR-guided Focused Ultrasound for 
Treatment of Refractory Major Depression

Sunnybrook Health Sciences Centre, Ontario, 
Canada

Recruiting NCT03421574

Pain

Feasibility Study of Exablate Thalamotomy  
for Treatment of Chronic Trigeminal  
Neuropathic Pain

University of Virginia, Virginia, United States Active, not recruiting NCT03309813

MR Guided Focused Ultrasound (FUS) for the 
Treatment of Trigeminal Neuralgia

University of Maryland Medical Center, Maryland, 
United States

Recruiting NCT04579692

Feasibility Study of Exablate Thalamotomy  
for Treatment of Chronic Trigeminal  
Neuropathic Pain

Univ. of Maryland School of Medicine, Maryland, 
United States 
Univ. of Maryland Medical Systems, Maryland, 
United States

Active, not recruiting NCT03111277

Multimodal MRI for MRgFUS Central Lateral 
Thalamotomy in Neuropathic Pain

Chinese PLA General Hospital, Beijing, China Recruiting NCT05122403

Focused Ultrasound (FUS) Mesencephalotomy 
for Head & Neck Cancer Pain

University of Virginia UVA Health, University 
Hospital, Virginia, United States

Recruiting NCT03894553

Epilepsy

A Pilot Study: Focused Ultrasound Thalamotomy 
for the Prevention of Secondary Generalization 
in Focal Onset Epilepsy

The Ohio State University, Columbus, Ohio, United 
States

Recruiting NCT03417297

MR-Guided Focused Ultrasound in the 
Treatment of Focal Epilepsy

Stanford University Medical Center, California, 
United States 
University of Kansas Medical Center, Kansas, 
United States 
Mayo Clinic, Minnesota, United States 
University of Virginia, Virginia, United States

Recruiting NCT02804230

suggesting that the portion of patients 
who are ineligible for MRgFUS due to 
skull characteristics is significant. Air 
trapped in hair will severely attenu-
ate transmission of ultrasound, thus 
necessitating a thorough and full 
shave of the head, a cause of distress 
in some patients.

Lower frequencies around 220 
kHz produce therapeutic mechanical 
energy by interacting to rapidly ex-
pand and contract entrapped gas in a 
process called cavitation. Cavitation to 
the point of tissue destruction can be 
accomplished through a process called 
histotripsy in which short-duration 

pulses produce sufficient mechanical 
action to fragment extracellular matri-
ces and to disintegrate cells into their 
subcellular constituents. This process 
is focal and leaves the surrounding 
tissue intact. Lower frequencies are 
less susceptible to acoustic absorption 
and higher incident angles, expand-
ing the potential reach of MRgFUS 
beyond a 3-cm radius to encompass 
the entire intracranial space. This 
remains an area of research but its use 
intracranially is limited by concerns 
of an increased risk of hemorrhage 
in comparison to thermoablation. 
However, evidence in large animal 

models suggests there is minimal 
effect 200 μm from target boundaries 
and that major hemorrhage and other 
complications do not occur.

Current FDA-Approved 
Indications 

MRgFUS ablation has become a 
well-established tool in functional 
neurosurgery for movement dis-
orders such as ET and Parkinson’s 
disease. Given the small size of tissue 
targets, central location within the 
skull, and an aged patient popu-
lation with higher operative risk, 
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movement disorders approximate 
ideal indications for noninvasive 
thermal ablation. 

Essential Tremor

In July 2016, thalamotomy (inten-
tional destruction of thalamic tis-
sue) for refractory ET became the 
first FDA-approved intracranial use 
of MRgFUS. ET was once referred 
to as “benign essential tremor;” 
however, “benign” was dropped out 
of consideration for a disease that 
is often debilitating, involving the 
hands and arms, and is worse when 
reaching the target during common 
daily activities such as holding a 

glass, eating with utensils, and 
writing. ET is the most common 
cause of action tremor in adults 
and remains a progressive process 
with no disease-modifying agents. 
The overall prevalence of ET in 
2021 in ages over 65 was 5.67%. In 
the oldest age groups, median prev-
alence is 9.3%, with several studies 
reporting values over 20% without 
a predilection for gender. Current 
first-line treatment for ET con-
sists of monotherapy with either 
propranolol or primidone; howev-
er, 30% and 32% of patients see no 
therapeutic benefit, respectively. 

Second-line treatments include 

combination drug therapy of these 
2 first-line agents as well as the 
addition of gabapentin or topira-
mate. Success rates are generally 
lower and side effects can be dose 
limiting. Patients failing adequate 
trials of at least propranolol and 
primidone may be offered surgical 
options, which include treating 
the ventral intermediate nucleus 
(VIM) of the thalamus with deep 
brain stimulation (DBS) or thalam-
otomy (conventional thalamotomy, 
Gamma Knife [Elekta], or MRgFUS). 
A clinical trial randomizing 76 pa-
tients with ET to MRgFUS or a sham 
procedure showed a 47% tremor 

Figure 2. Factors 
to consider during 
MR-guided focused 
ultrasound surgery 
include water coupling 
to regulate surface 
temperature, patient 
skull characteristics 
such as skull thickness 
or density, and 
electronic phase 
correction to mitigate 
amplitude degradation 
caused by skull 
heterogeneity. The 
efficiency of ablation 
is also affected by 
the transducer shape, 
number of elements 
used, and ultrasound 
incident angles. 

18



Focused Ultrasound for Ablation in Neurosurgery REVIEWREVIEW

Applied Radiation OncologyDecember 2022

reduction at 3 months after MRg-
FUS, which largely persisted after 
1 year. Adverse events included gait 
disturbance in 36% of patients and 
paresthesias or numbness in 38%, 
which persisted at 1 year in 9% 
and 14% of patients, respectively.10 
Treatment is largely unilateral due 
to concerns for increased compli-
cations with bilateral thalamoto-
my, but recent evidence suggests 
a bilateral staged plan can be 
safe and effective. A prospective, 
single-arm, single-blinded phase 
2 trial of second-side MRgFUS 
thalamotomy in 10 patients with 
ET showed clinically significant 
improvement in quality of life at 
3 months (mean Quality of Life in 
Essential Tremor score difference, 
19.7; 95% CI, 8.0-31.4; P = 0.004). 
Patients reported they would elect 
a second-side procedure despite 
mild adverse effects including 2 
with transient gait impairment and 
a fall, 1 with dysarthria and dys-
phagia, and 1 with mild dysphagia 
persisting at 3 months. Currently, 
ET remains the subject of numer-
ous active clinical trials to expand 
and optimize its treatment.

Parkinson’s Disease (PD)

PD is the second most common 
neurodegenerative disease with a 
steadily increasing global preva-
lence. More than 6 million individ-
uals are currently affected, which 
corresponds to a 2.5-fold increase 
in prevalence over the past gener-
ation. This number is projected to 
double again to over 12 million by 
2040 or even as high as 17 million 
given increasing longevity, declin-
ing smoking rates, and increasing 
industrialization. Tremor due to PD 
is a rest tremor and typically begins 
unilaterally, which distinguishes 
it from ET. Of historical note, 50 
patients with PD were amongst the 
first humans to be treated with FUS 
in 1960, a procedure that required 
creation of a skull window and 
took 14 hours to complete, with 

temporary improvement at best. 

As the drug L-dopa was developed, 
this procedure was understandably 
abandoned in favor of medical 
management. It was not until 2018 
that thalamotomy for tremor-dom-
inant PD received FDA regulatory 
approval in the US, becoming 
the only additional intracranial 
indication for FUS other than ET. 

For patients with treatment-resis-
tant PD, DBS has largely replaced 
conventional lesioning, and targets 
include the ventral intermediate 
nucleus, subthalamic nucleus, and 
internal globus pallidus, depending 
on specific patient symptomatolo-
gy. A randomized, sham-controlled 
trial of VIM MRgFUS involving 27 
tremor-predominant PD patients 
showed that medication median 
tremor scores improved 62% in 
FUS-treated patients compared 
with 22% after sham procedures; 
the between-group difference 
was significant (Wilcoxon P = .04). 
All adverse events were mild and 
resolved within 3 months. Initially, 
transcranial MRgFUS targeting 
of the subthalamic nucleus was 
well-tolerated in an open-label pilot 
study with improvements in motor 
function; however, a subsequent 
randomized, sham-controlled 
trial revealed significant adverse 
effects including persistent new 
dyskinesias, motor weakness, and 
gait and speech disturbances. As a 
result, efforts to pursue this target 
have stalled. The internal globus 
pallidus is commonly targeted in 
DBS, but its lateral location can be 
challenging for thermoablation. 
Nevertheless, MRgFUS pallidotomy 
in a nonblinded study improved 
Unified PD Rating Scale part III 
scores by 39.1% and the Unified 
Dyskinesia Rating Scale by 42.7% 
at 12 months, and FDA approval 
for this location has been granted. 

The scales measure nonmotor and 
motor experiences of daily living, 
patient perceptions, time factors, 
anatomical distribution, objective 

impairment, severity, and disabil-
ity. A promising area of study is 
lesioning of the pallidothalamic 
tract for chronic therapy-resistant 
PD. A recent study of 47 patients re-
sulted in a mean reduction of 84% 
for tremor, 70% for rigidity, and 
73% for distal hypobradykinesia. 

At present, multiple clinical trials 
to study thermoablation targets 
for PD, including international 
trials, are underway.

Frontier Indications

Psychiatric Diseases

MRgFUS capsulotomy is being 
studied as a potential treatment 
for obsessive-compulsive disorder 
(OCD), depression, and anxiety with 
small studies published to date. OCD 
is related to an imbalance of excit-
atory and inhibitory pathways in 
the corticostriatal-thalamocortical 
circuit. Patients are noted to have 
hyperactive caudates, orbitofrontal 
cortices, or anterior cingulates. As 
such, DBS targets have included the 
ventral striatum, the subthalamic 
nucleus, the anterior limb of the 
internal capsule, and the anterior cin-
gulate cortex. MRgFUS treatment has 
focused on the anterior limb of the 
internal capsule. Two human trials 
studied MRgFUS anterior capsuloto-
my for medically refractory OCD with 
a mean reduction in the Yale-Brown 
Obsessive Compulsive Scale of 33% to 
37.8% at 2 years in some patients. No 
serious adverse events were report-
ed. A case report of refractory OCD 
in the form of constant, debilitating 
musical obsession achieved durable 
improvement after MRgFUS capsu-
lotomy. These small studies suggest 
that the overall response to MRgFUS 
capsulotomy with respect to symp-
tom response rate and magnitude is 
comparable to stereotactic radiosur-
gery capsulotomy, which uses high-
dose ionizing radiation. Additional 
clinical trials to further evaluate OCD 
and MRgFUS are underway. Major 
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depressive disorder (MDD) is highly 
prevalent and treatment-refractory in 
a third of patients and is often comor-
bid with anxiety and other psychiatric 
illness. It is a heterogeneous disorder 
implicating numerous structural 
and functional brain circuits with 
historical surgical treatments includ-
ing the internal capsule, bilateral 
anterior cingulotomy, subcaudate 
tractotomy, and limbic leucotomy. 

In a phase 1 trial of anterior capsu-
lotomy for MDD with MRgFUS, 2 
of 6 previously treatment-resistant 
patients met criteria for response at 6 
months (50% reduction in Hamilton 
Depression Rating Scale) with 4 out 
of 6 showing no significant change. 

Clinical trials to further evaluate the 
efficacy of MRgFUS for MDD and 
anxiety are underway.

Chronic Pain

The prevalence of pain lasting 
more than 3 months is as high as 6.9% 

to 10% in the general population. Ex-
tracranial application of FUS was FDA 
approved in the treatment of pain for 
bone metastasis in 2012, and clinical 
trials to investigate intracranial 
applications of MRgFUS for pain are 
ongoing. Anterior cingulate, brain-
stem, spinal cord, and pituitary gland 
targets have all been discussed in the 
literature, but the thalamus remains 
a principal target for ablative therapy 
given its role in the relay of ascend-
ing nociceptive input from neurons 
of the spinal thalamic tract to key 
cortical areas. Bilateral central lateral 
thalamic nuclei thermoablation in 
9 patients with chronic neuropathic 
pain produced pain relief in > 50% 
at 1 year.  A particular area of study 
is neuropathic pain associated with 
trigeminal neuralgia, which is being 
treated with MRgFUS bilateral medial 
thalamotomy in clinical trial.

Chronic pain is a heterogeneous 
disease with multifactorial effectors 

and MRgFUS will not be a cure-all, 
but will likely join the broad arma-
mentarium of medical and surgical 
treatment for suffering patients. 

Epilepsy

Few case reports have detailed 
MRgFUS as a treatment in epilepsy 
patients. One 26-year-old man with 
gelastic epilepsy and hypothalamic 
hamartoma received MRgFUS ablation 
to the boundary area of the lesion to 
disconnect the hamartoma cells from 
the base of the hypothalamus. He was 
able to achieve seizure freedom by 
decreasing his antiepileptic dosage. 

One female patient with left tempo-
ral lobe epilepsy was treated with 12 
sonication sessions to the hippocam-
pus, but failed to achieve the target 
temperature of (> 54 °C). Nevertheless, 
at 12 months, seizure frequency had 
decreased from 3 or 4 seizures per 
month to near seizure freedom, sug-
gesting either a partial physiological 

Figure 3. Intracranial targets for MR-guided focused ultrasound ablation include thalamotomy, pallidotomy and pallidothalamic tractotomy for 
Parkinson’s disease (PD); anterior capsulotomy for major depressive disorder (MDD) and obsessive-compulsive disorder (OCD); and thalamotomy 
for chronic pain and essential tremor.
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or neuromodulatory effect. Tierney et 
al performed MRgFUS on 5 patients 
with benign brain tumors, 3 of whom 
presented with primary concern for 
seizure secondary to hypothalamic 
hamartomas, and for whom ther-
moablation resulted in 90%, 95% 
and 100% seizure freedom at 1 year 
follow-up. Two phase I clinical trials 
of MRgFUS and epilepsy are ongoing 
to investigate ablation of the anterior 
nucleus of the thalamus to prevent sec-
ondary generalization in focal onset 
epilepsy and in patients with comorbid 
moderate-severe anxiety, respective-
ly. MRgFUS for epilepsy remains a 
nascent field for continued study. 

Conclusion
Since its first FDA approval in 2016, 

FUS has gained popularity amongst 
researchers, clinicians and patients as 
judged by an increase in the number 
of presentations at international 
meetings, the volume of publications, 
and the increase in the number of pa-
tients treated. As of 2020, 375,000 pa-
tients had received some form of FUS 
treatment, of which 1% was intracra-
nial. Its utility for noninvasive tissue 
destruction is particularly relevant 
in neurological disease where small, 
deep lesions provide a large effect in a 
multitude of pathological conditions 
(Figure 3). FUS is an acoustic, non-
ionizing therapy and there may be a 
future role for radiation oncologists 
in utilizing this treatment. MRgFUS 
thalamotomy for ET and thalamotomy 
or pallidotomy for Parkinson’s disease 
are increasingly utilized by patients 
and surgeons since regulatory ap-
proval in 2016 and 2018, respectively. 
Initial studies of safety and efficacy 
for additional indications from 
depression to trigeminal neuralgia 
are reassuring and may soon warrant 
additional regulatory approvals. Use 
of FUS in neuro-oncology is a nascent 
and promising frontier. Given an 
aging population as well as increasing 
prevalence of diseases considered 
for treatment, the risk-benefit ratio 

of MRgFUS as a noninvasive ablative 
therapy should solidify its role as a 
treatment option for an increasing 
number of patients. 
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Introduction
Renal cell carcinoma (RCC) is 

the 7th most diagnosed cancer in 
the developed world and one of 
the fastest-growing cancer diagno-
ses in the US.1 It comprises many 
histopathologic variants, the most 
common being the clear cell variant, 
with the rhabdoid variant associat-
ed with higher mortality rate and 
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poorer prognosis.2 Although no 
clear explanation exists, laboratory 
experiments have shown that RCC is 
also relatively radioresistant and evi-
dence suggests that hypofractionated 
radiation therapy with higher doses 
and fewer fractions are necessary 
to overcome these tumor cells.3,4 
Thus, stereotactic body radiation 
therapy (SBRT) is now preferred over 
conventional radiation therapy.4,5 

We present a rare case of radiation 
myonecrosis in a patient with meta-
static RCC, treated with concurrent 
immunotherapy and SBRT. This is 
the first case of radiation myonecro-
sis following radiation therapy for 
RCC, and only the second case of ra-
diation myonecrosis following SBRT. 

Case Summary
Our patient is a 39-year-old woman 

diagnosed with metastatic RCC after 
resection of a left-forearm mass in 
July 2018. Initial x-rays followed by 
MRI revealed a soft-tissue mass and 
ulnar lytic lesion concerning for 
malignancy, and positron emission 
tomography / computed tomography 
(PET/CT) revealed a left renal mass 
presumed to be her primary site of 
disease. Her disease course/time-

Abstract

Cases of radiation-induced myonecrosis are exceedingly uncommon in radiation literature. We present a rare 
case of radiation myonecrosis in a 39-year-old woman with metastatic renal cell carcinoma (RCC) on concur-
rent immunotherapy, following 40 Gy in 5 fractions of radiation to a paravertebral muscle metastasis in the 
neck. We describe a 1-year timeline wherein the patient receives radiation therapy, develops clinical signs of 
radiation myonecrosis, and then shows radiographic resolution of the lesion followed by radiographic evidence 
of radiation myonecrosis at the treatment site. The patient improved clinically within 1 month following radio-
graphic diagnosis. We add this to the collection of published radiation-induced myonecrosis cases to caution 
radiation experts about potential side effects of radiation therapy. 
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Figure 1. Patient timeline. Renal cell carcinoma (RCC) was diagnosed in July 2018. Cervical stereotactic body radiation therapy (SBRT) was performed 
in August 2019, with concurrent systemic therapy on pembrolizumab and axitinib. Radiation myonecrosis (RM) was not diagnosed by MRI until 
September 2020. Clinical recovery was shown 4 weeks in October 2020 after the diagnosis of radiation myonecrosis.

Figure 2. Pretreatment sagittal and axial 
T1-weighted postcontrast MR images 
show a homogeneously enhancing (A, 
B), T2 hyperintense (C) ovoid metastatic 
deposit (arrowheads, A-C) in the right 
splenius capitis muscle. Post-treatment 
MRI on February 10, 2020, shows no 
residual enhancing mass on the sagittal 
(D, arrowhead) or axial (E) T1-weighted 
postcontrast images consistent with 
treatment response. There is mild 
patchy enhancement (E) and T2 
hyperintensity of the right paravertebral 
muscles consistent with post-treatment 
changes at the radiation treatment 
field. (F) A subcentimeter nonenhancing 
treated lesion with T2 hypointense 
rim (arrowhead, F) is noted. MRI 
on September 16, 2020, revealed 
findings consistent with radiation 
myonecrosis manifesting with central 
hypoenhancing tissue at the site of the 
treated metastatic deposit surrounded 
by radiating (star-like) peripheral 
enhancement at the margins of the 
treatment field (G, arrowhead). The right 
posterior paravertebral muscles show 
T2 hyperintense atrophic changes of 
the muscle around the T2 hypointense 
treated lesion (I, arrowhead). (Affected 
muscle: multifidus, semispinalis 
cervicis, semispinalis capitis, splenius 
capitus and trapezius) 
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line is depicted in Figure 1. Ultra-
sound-guided biopsy followed by left 
radical nephrectomy confirmed clear 
cell RCC. Her forearm received post-
operative RT to 45 Gy in 15 fractions.

Following nephrectomy, systemic 
therapy was initiated with nivolum-
ab. Within 8 months, she developed 
a C7 paravertebral 2.4 x 0.8-cm 
soft-tissue homogeneously enhanc-
ing deposit suspicious for metastasis 
(Figure 2A-C). Given disease pro-
gression, the patient was switched 
to combination pembrolizumab (200 
mg infusion, 3 times weekly) and 
axitinib (5 mg, twice daily) 6 weeks 
after SBRT. The C7 lesion received 
SBRT to 40 Gy in 5 fractions, every 
other day. Radiation dose distribu-
tions are shown in Figure 3. She 
simultaneously had a lumbar spine 
lesion, which received 35 Gy in 5 
fractions to comply with dose con-

straints in the pelvis and abdomen. 
Within several weeks of therapy, she 
reported neck stiffness. MRI of the 
cervical spine 8 weeks later showed 
no residual enhancement, indicating 
desirable treatment response. Twelve 
weeks later, she reported ongoing 
weakness in her neck, and difficulty 
holding up her head. 

Five months following radiation, 
she reported intermittent neck pain. 
MRI of the cervical spine showed 
no nodular enhancement to suggest 
recurrence (Figure 2D and 2E). 
There was only mild, ill-defined right 
paraspinal muscle enhancement cor-
relating with the radiation treatment 
field centered around a subcentime-
ter nonenhancing treated lesion with 
a T2 hypointense rim (Figure 2F). 
These findings suggested inflamma-
tion/myositis and were favored to be 
post-treatment changes.6,7 

Fourteen months following RT, the 
neck pain/weakness worsened, and 
imaging revealed central hypoen-
hancement surrounded by a periph-
eral rim of irregular, patchy and 
“star-like” enhancement correspond-
ing to the radiation field (Figure 2G 
and 2H). An axial T2-weighted image 
showed T2 hyperintensity of the right 
paravertebral muscles around an un-
changed nonenhancing treated lesion 
(Figure 2I). This suggested myone-
crosis within the treatment area.8-10 
Four-week follow-up MRI showed 
the lesion was unchanged, signifying 
myonecrosis (Figure 3A-D). 

After symptoms largely resolved, 
follow-up revealed a left C3 metastat-
ic lesion that extended to the left del-
toid muscle. After discussing treat-
ment options, the patient opted for 
radiation therapy and received SBRT 
(40 Gy, 5 fractions) concurrent with 

Figure 3. Axial (A) and sagittal (B) 
views of radiation plan overlap 
with myonecrosis sites shown on 
MR images taken on October 26, 
2020 (C, D). This stereotactic body 
radiation therapy (SBRT) plan was 
constructed using a 1-cm expansion 
to the planning target volume 
(PTV) directly from the gross tumor 
volume (GTV) (institutional practice). 
The radiation plan display is set to 
the 90% isodose line of the 40 Gy 
plan. Hot spots are labeled in each 
view at midline of the gross tumor.
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systemic therapy to the lesion in Feb-
ruary 2021. She now has radiographi-
cally stable radiation myonecrosis in 
the site at C7 and has only minimal 
pain with excessive movement, but 
has no further development of any 
other site of radiation myonecrosis. 

Discussion
Little is known about radiation-in-

duced myonecrosis. It is believed to 
be caused by vascular insufficiency 
from proliferation of collagen result-
ing in ischemia.11 Use of concurrent 
chemotherapy along with radiation 
increases the risk of acute and de-
layed radiation-related side effects.12 
Just 5 other case reports are pub-
lished regarding myonecrosis, none 
of which are associated with RCC. 
Table 1 summarizes the previous 
cases reported in the literature. 

In 1992, Redvanly et al reported 
myonecrosis in the left sternocleido-
mastoid muscle following radiation 

for a squamous cell carcinoma of 
the pyriform sinus. The maximum 
dose point dose to the sternoclei-
domastoid was 7590 cGy. Necrotic 
muscle was surgically removed, and 
histology revealed myonecrosis. We 
concluded that this is a case of radia-
tion-induced myonecrosis.13

In 1999, Welsh et al described 
radiation myonecrosis in a patient 
who received 45 Gy in 18 fractions 
to the inferior pelvis for a para-
sacral mass from bladder cancer. He 
received adjuvant gemcitabine and 
cisplatin. Five months following RT, 
he developed gluteal pain bilater-
ally and MRI revealed a band-like 
pattern of edema on T2-weighted 
images. He was managed on NSAIDs 
and a short course of prednisone. 
Ten months following RT, he had 
atrophy and loss of the overlying 
subcutaneous fat.14 

In 2007, Velcheti et al reported 
radiation myonecrosis of the left 
trapezius in a patient receiving 70 Gy 

in 35 fractions to his left upper lobe; 
he was on concurrent paclitaxel/
carboplatin. Six months following 
radiation, the patient developed pain 
in his upper back, corresponding to 
the area that received at least 50 Gy. 
Biopsy revealed skeletal muscle with 
necrosis. Four months later, an MRI 
was obtained and findings were con-
sistent with radiation myonecrosis.11

In 2016, Florczynski et al published 
a case of severe myositis of the hip 
flexors in a patient on concurrent 
capecitabine for rectal cancer receiving 
adjuvant FOLFOX. Five months follow-
ing radiation, he developed bilateral 
weakness of the iliopsoas muscles. 
Authors concluded from clinical and 
radiographic findings that this was ra-
diation myonecrosis induced through 
radiation recall after starting FOLFOX 
following the completion of radiation.15

In 2020, Facer et al described a 
case of radiation myonecrosis in 
the iliopsoas muscle following SBRT 
for leiomyosarcoma in the right 

Table 1. Previously Reported Cases of Radiation Myonecrosis in Literature
CASE REPORT SUMMARY RT PRESCRIPTION CHEMOTHERAPY TIME TO RM SYMPTOM 

ONSET/DIAGNOSIS
OUTCOME

Redvanly et al,13 
1992

65 yo, male, SCC of the 
right pyriform sinus, 
developed RM in left 
SCM muscle

EBRT, 39.6 Gy in 22 fx, 
20 Gy boost in 10 fx; 
186 cGy/fx

Max dose: 7590 cGy 
hot spot in the left SCM

N/A 7 mo. Surgically removed

Welsh et al,14 
1999

60 yo, Caucasian, male, 
TCC of the bladder, 
developed RM in b/l 
superior gluteal regions

EBRT, 2-field, 45 Gy in 
18 fx; 250 cGy/fx; no 
max dose reported

Gemcitabine, cisplatin; 
administered 4 weeks 
after RT

5 mo. Muscle atrophy with 
loss of subcutaneous 
fat observed 10 
months after RT

Velcheti et al,11 
2007

60 yo, African 
American, male, SCC 
of LUL lung, developed 
RM in left trapezius 
muscle

EBRT, 70 Gy in 35 fx, 
200 cGy/fx RM site: 
5000 cGy isodose line

Paclitaxel, carboplatin; 
concurrent with RT

6 mo. Spontaneous resolution 
10 months after RT

Florczynski et al,15 
2016

65 yo, male, rectal 
adenocarcinoma of 
distal rectal wall, 
developed RM in b/l 
iliopsoas muscles

EBRT, 6-field, 50 Gy in 
25 fx, 200 cGy/fx

Max dose in iliopsoas: 
4950 cGy (R), 4705 
cGy (L)

Capecitabine 
(neoadjuvant) 
concurrent with RT; 
FOLFOX (adjuvant)

5 mo. Muscle strength 
regained and pain 
reduced after steroid 
treatment

Facer et al,16 
2020

43 yo, female, 
leiomyosarcoma 
metastasized to right 
hip, developed RM in 
right iliopsoas muscles

SBRT, 3 field, 21 Gy in 
3 fx, 700 cGy/fx

Doxorubicin, 
ifosfamide, docetaxel, 
gemcitabine; 
administered 10 
months before RT

5 mo. Spontaneous near-
resolution 7 months 
after RT

Abbreviations: RM, radiation-induced myonecrosis; yo, year old; SCC, squamous cell carcinoma; SCM, sternocleidomastoid; EBRT, external beam radiation 
therapy; fx, fractions; TCC, transitional cell carcinoma; b/l, bilateral; RT, radiation therapy; LUL, left upper lobe, SBRT, stereotactic body radiation therapy
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iliac bone. This patient completed 
treatment with docetaxel and gem-
citabine and then developed pain 
in the right hip associated with a 
lesion that was treated with SBRT to 
the iliac bone (21 Gy in 3 fractions). 
Five months later, the patient was 
diagnosed with radiation-induced 
myonecrosis by MRI. Similar to other 
cases, the MRI showed band-like 
abnormal signal intensity in the area 
overlapping radiation. Follow-up 
MRI at 7 months showed persistent 
radiographic changes.16

Our report is the first radiation 
myonecrosis case resulting from 
radiation therapy for RCC. Clinical-
ly, the patient experienced general 
stiffness and weakness in the cervi-
cal lesion and was in moderate but 
tolerable pain. She was instructed 
to use heat, ice, and over-the-count-
er medicine as home treatments 
to relieve symptoms. As shown in 
Figure 3, the radiation treatment 
area directly overlaps with the site of 
myonecrosis. Our case demonstrates 
that radiation myonecrosis occurred 
with a dose fractionation of 40 Gy in 
5 fractions (the bioequivalent dose 
would be ~131 Gy, assuming α/β ~3.5 
for muscle).17 This dose is well above 
the reported threshold of 55 Gy, 
which is known to cause late muscle 
morbidity after radiation therapy, 
particularly in sarcomas.18 

Our patient was not treated with 
conventional radiation. Instead, 
similar to the myonecrosis case 
presented by Facer et al in 2020, our 
patient received SBRT, which has a 
much higher dose per fraction (800 
cGy). Previous reports have associ-
ated spinal SBRT with an increased 
risk of radiation-induced myositis, 
which could further cause myonecro-
sis.16,19 These recorded associations 
between SBRT and radiation-induced 
myopathies suggest that our use of 
SBRT may have contributed to our 
patient’s myonecrosis.

Interestingly, our patient re-
ceived no chemotherapies that were 
reported in the previous 5 historical 

radiation myonecrosis cases. Rather, 
she underwent systemic therapy 
using pembrolizumab/axitinib, a 
combination anti-PD-1/L1 immuno-
therapy with a VEGF/VEGFR inhibitor 
(a preferred regimen).20 While there 
are no reports of radiation-induced 
myonecrosis in patients on con-
current pembrolizumab/axitinib, 
it is possible that these agents and 
high-dose radiation contributed to 
the development of her radiation 
myonecrosis. It is also worth noting 
that in the previously reported radi-
ation myonecrosis cases, all patients 
received systemic therapies, which 
suggests that general caution should 
be taken in treating with concurrent 
SBRT and systemic therapies. Case 
reports in the past have suggested 
that one of our patient’s immunother-
apies, pembrolizumab, could induce 
necrotizing myositis in patients.21-23 
It is therefore possible that pembroli-
zumab secondarily influenced the 
formation of radiation myonecrosis. 
Furthermore, the VEGF inhibition 
effect of axitinib might exacerbate 
toxicity by decreasing angiogenesis 
in the lesion. Little is reported on 
concurrent axitinib-radiation therapy, 
but ongoing clinical trials on the com-
bination therapy do not report any 
related adverse effects either.24

Our case features an atypical course 
of radiation myonecrosis. In the 5 re-
ported cases, imaging diagnosis could 
be made approximately 5 to 7 months 
after radiation therapy, but our case 
was diagnosed radiographically at 
14 months. This suggests variability 
in the course of disease for radiation 
myonecrosis and should be considered 
for future diagnoses. Interestingly, 
our patient developed myonecrosis 
overlapping the 40 Gy in 5 fractions in 
her cervical spine but did not develop 
this phenomenon in her lower spine 
where she was simultaneously treated 
to 35 Gy in 5 fractions. She did not have 
other adverse side effects after either 
of the other 2 treatments. 

From the radiographic findings 
and clinical presentations in this 

case, we assumed a true radiograph-
ic diagnosis of radiation-induced 
myonecrosis. The differential diagno-
sis included tumor recurrence, infec-
tion, and radiation recall myositis. 
Stability of radiographic presentation 
over follow-up MRIs rules out tumor 
progression and infection was ruled 
out from clinical and laboratory find-
ings. This case differentiates itself 
from radiation recall myositis in sev-
eral ways. Radiation recall myositis is 
most likely triggered by gemcitabine 
and sometimes triggered by other 
chemotherapeutics.25 The mecha-
nisms of action of these agents are 
either related to DNA damage and 
synthesis or microtubule function, 
which differ from our patient’s ther-
apy of pembrolizumab and axitinib. 
Pembrolizumab is associated with 
cutaneous and pulmonary radiation 
recall reactions,26,27 but not with radi-
ation recall myositis. Axitinib has no 
reports of radiation recall reactions. 
Therefore, it is unlikely that the 
patient’s symptoms were caused by 
radiation recall myositis. 

Conclusion
To our knowledge, only 5 oth-

er reported cases describe this 
postradiation phenomenon. Our 
case shows both similarities and 
differences to the previously re-
ported cases in terms of symptom 
presentation, disease timeline and 
treatments received. In this modern 
era, it is important to consider the 
possible effects of immunotherapy 
and systemic therapies in gener-
al with radiation therapy. We add 
this to the published collection of 
radiation-induced myonecrosis cases 
and caution experts on this rare 
but serious potential side effect of 
radiation therapy. 
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Radiation oncology training follows an appren-
ticeship model. However, radiation oncologists 
must eventually lead multidisciplinary teams. 
Residency programs have focused on incorpo-
rating leadership training into their curricula to 
meet this need, and residents are often involved in 
peer-to-peer or near-peer teaching.1,2 Still, many 
have expressed interest in more teaching opportu-
nities.3 At our institution, the desire to take a more 
active role to impact radiation oncology education 
resonated with a number of our residents.

With the support of departmental leadership, 
in 2020 we formed a resident-led Education 
Committee to increase engagement in medical 
education, scholarship, and leadership. Over the 
last 2 years of growth and development, we have 
established dedicated monthly meetings, created 
a leadership board, and established 4 core goals 
of the committee:

Resident-Led Education Committee:  
Fostering Leaders and Impactful Change  
in Radiation Oncology Education
Christina Phuong, MD; Lisa Ni, MD; Horatio R. Thomas, MD, MSc; Benjamin Li, MD, MBA; Jie Jane Chen, MD;  
Katie E. Lichter, MD; Steve E. Braunstein, MD, PhD; Sumi Sinha, MD*

RESIDENT VOICE

Dr. Phuong is a PGY4 
and chief resident 
physician, Department 
of Radiation Oncology, 
University of California 
San Francisco.

Dr. Ni is a PGY4 and 
chief resident physician, 
Department of Radiation 
Oncology, University of 
California San Francisco.

Dr. Thomas is a PGY5 
resident physician, 
Department of Radiation 
Oncology, University of 
California San Francisco.

1. Identify and address gaps in residency education.
2. Implement sustainable educational initiatives 

across various interprofessional groups.
3. Share ongoing projects within medical education 

to identify resources and invite collaboration. 
4. Cultivate future leaders in medical education.

To meet these goals, we have undertaken a host 
of interprofessional projects. The committee col-
laborated with departmental and institutional lead-
ership to implement initiatives that address gaps 
identified in radiation oncology resident education 
and to refine existing curricula. For 2 years, the 
committee has co-hosted medical student summer 
interns in partnership with the American Society 
of Clinical Oncology (ASCO) and mentored a medi-
cal-student-led tumor board seminar series.4-6 The 
Education Committee also leads a monthly medical 
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Dr. Li is a PGY5 resident 
physician, Department 
of Radiation Oncology, 
University of California 
San Francisco.

Dr. Chen is a PGY3 
resident physician, 
Department of Radiation 
Oncology, University of 
California San Francisco.

RESIDENT VOICE

assistant radiation oncology curriculum in our de-
partment, which is undergoing multi-institutional 
expansion.7 Finally, committee meetings serve as a 
platform for structured discussion of the growing 
body of medical education literature during jour-
nal clubs and an opportunity to share and collab-
orate on ongoing education-related projects. The 
result has been a thriving education community 
with ever-growing interest in medical education.

The Education Committee has been instrumen-
tal in supporting both medical and physics resi-
dents with any degree of background in medical 
education and in turning ideas into structured proj-
ects. It has inspired confidence in residents to take 
on leadership roles, become involved in medical 
education opportunities outside of our institution, 
and present our work at conferences to influence 
the field of radiation oncology globally.

With the growing recognition that teaching and 
leadership training during residency are integral 
components of professional development for 
residents, this Education Committee has provid-
ed a unique opportunity to develop these skills.2 
Taking part in this committee has empowered us 
to be pioneers of education — to refine, imple-
ment, and sustain initiatives across various facets 
of medical education, as well as to participate in 
education-related scholarship. The resulting wave 
of new educators continues to ripple through our 

program. We believe members will be empowered 
and equipped with the skills necessary to engage 
future generations and lead our field.
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High-Dose-Rate Brachytherapy (HDRBT) 
Followed by Concurrent Chemoradiotherapy 
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Case Summary 
A 62-year-old woman was referred 

to our center for a moderately differ-
entiated fungating esophageal ade-
nocarcinoma at 25 cm from the inci-
sors. A computed tomography (CT) 
scan (Figure 1) showed a mid to low-
er esophageal tumor with radial ex-
tension into to the pericardium and 
distally into the cardioesophageal 
junction (COJ) but no regional nodes 
or distant metastasis (TNM7 cT4 N0 
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M0). The patient was assessed by an 
upper gastrointestinal surgeon, who 
deemed the disease was inoperable. 
Treatment options were discussed, 
including upfront high-dose-rate 
brachytherapy (HDRBT) followed by 
definitive radiation therapy (dRT) 
or concurrent chemoradiotherapy 
(CRT). The patient understood and 
consented to the proposed treatment 
regimen consisting of 3 fractions of 
HDRBT followed by CRT to a dose of 
50.4 Gy in 28 fractions.

HDRBT Procedure 

Brachytherapy Applicator Insertion

The insertion was completed un-
der sedation in the operation theater 
with endoscopic and fluoroscopic 
guidance. During the first insertion, 
there was a circumferential tumor 
at 24 cm from the incisor with near 
complete obstruction of the lumen, 
needing balloon dilatation (Figure 
2). Using endoscopy with fluoro-
scopic guidance, a radio-opaque 
marker was placed on the chest wall 
corresponding to the superior and 
inferior extension of the tumor. Fol-
lowing marker placement, a 6-mm 
diameter Nucletron intraluminal 
brachytherapy applicator was insert-
ed with the distal part into stomach, 
also under fluoroscopic guidance. 
The brachytherapy applicator was 

Abstract

This is a case report of a patient with unresectable locally advanced esophageal adenocarcinoma treated 
with high-dose-rate brachytherapy (HDRBT) followed by chemoradiotherapy (CRT) with intensity-modulated 
radiation therapy (IMRT). The treatment regimen consisted of 3 fractions of weekly 7 Gy HDRBT followed by 
CRT to 50.4 Gy in 28 fractions. The patient achieved complete clinical response shown by radiological imag-
ing and endoscopic examination after 3 months of treatment completion, and the response was sustained 
at 18 months based on radiological imaging. Her dysphagia markedly improved from tolerating fluids only at 
presentation to managing a semisolid diet after the second fraction of brachytherapy and a solid diet while 
on CRT. While the patient refused further investigation and did not come for follow-up after the 18-month as-
sessment, she reported no symptoms of disease recurrence up to 40 months in our regular verbal communi-
cation/follow-up via telephone.

Keywords: Esophageal brachytherapy, dysphagia, esophageal adenocarcinoma
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anchored at the mouth with a bite 
block. For the second and third 
sessions, no balloon dilatation was 
needed due to good tumor response. 

Treatment Planning

In the 2-mm-slice CT-simulation 
images, the contrast-enhancing tu-
mor was marked as the gross tumor 
volume (GTV) with the superior and 
inferior extension corresponding to 
the ball bearing that was placed on 

the chest wall. A dose of 7 Gy was 
prescribed to cover the GTV plus a 
1-cm safety margin superiorly and 
inferiorly using the Oncentra Master-
plan V5.0 brachytherapy treatment 
planning system. Thereafter, the iso-
doses were normalized and adjusted 
graphically to have the 7 Gy isodose 
line covering the GTV, and heart 
dose constrained to the 6 Gy isodose 
line. The radial distance of the 7 Gy 
isodose is limited to 7 mm from the 

center of the applicator at the safety 
margin region superiorly and inferi-
orly, while allowing a more generous 
coverage at thicker tumor depth (Fig-
ures 3A-C). Maximum esophageal 
surface dose is 25 Gy to 52.88 Gy. 

Treatment

The patient was treated with the 
Nucletron HDRBT afterloader system 
using an iridium-192 brachytherapy 
source with an initial source strength 

Figure 1. Coronal and axial computed tomography showed circumferential thickening of the esophageal wall extending into the stomach.

Figure 2. Esophagogastroduodenoscopy before brachytherapy 
showed a bleeding fungating tumor affecting full 
circumference of the esophageal wall. 
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of 10 mCi. She was treated with 3 
fractions of weekly 7 Gy HDRBT us-
ing the same plan. The intraluminal 
applicator was removed immediately 
after each session.

Following the second fraction 
of HDRBT, the patient had marked 
improvement in the dysphagia score. 
She was tolerating a semisolid diet 
and her weight was progressively 

increasing. During the third HDRBT 
applicator insertion, esophagogastro-
duodenoscopy showed gross resolu-
tion of the intraluminal esophageal 
tumor (Figure 4).

After completing HDRBT treat-
ment, the patient was subjected to 
external-beam radiation therapy 
(EBRT) using IMRT to a total dose of 
50.4 Gy in 28 fractions over 5 weeks 

with concurrent oral capecitabine 
1g twice a day on radiation therapy 
days only. The treatment volume 
encompassed a 4-cm superior and 
4-cm inferior margin, which extend 
into the fundus of the stomach; a 
1-cm radial margin around the GTV 
to generate the clinical target volume 
(CTV); and a 1-cm margin was added 
for the planning target volume (PTV) 

Figure 3. High-dose-rate brachytherapy dose distribution in axial (A), 
coronal (B) and sagittal (C) computed tomography slices.
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(Figure 5) as per standard contouring 
guidelines. No elective nodes were 
included. All organs at risk such as 
bilateral lung, heart, spinal cord, 
bilateral kidney, and liver were defined 
in each CT slice and met the normal 
tolerance as per QUANTEC. Daily 
electronic portal imaging and weekly 
cone-beam CT were used for treatment 
verification. Oral capecitabine was 
used as the patient refused intrave-
nous chemotherapy. On completion of 

CRT, the patient had grade 1 esopha-
gitis but was still tolerating well orally. 
She was prescribed a proton pump 
inhibitor for 6 months.

Follow-up 

Endoscopic examination after 3 
months showed complete clinical 
response with fibrosis and mild stric-
ture at the gastroesophageal junc-
tion, which was easily dilated with a 
balloon (Figure 6A). CT-TAP (CT of 

the thorax, abdomen and pelvis) at  
3 (Figures 6A-B) and 18 months (Fig-
ure 7) showed focal wall thickening 
along the irradiated esophagus with 
no evidence of recurrence. 

The patient’s  last physical fol-
low-up with us was 12 months after 
completing treatment, at which time 
she refused endoscopy or imaging 
investigations. She was tolerating an 
oral diet with mild grade 1 dysphagia 
and had gained weight. Thereafter, we 

Figure 4. Esophagogastroduodenoscopy on third 
brachytherapy showed disappearance of esophageal tumors.

Figure 5. External-beam radiation therapy plan.
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followed up with her via 2 monthly 
phone calls as she declined any as-
sessment and reported a good quality 
of life. During phone assessments at 
29, 34 and 40 months, she reported 
grade 1 dysphagia and was otherwise 
well. Unfortunately, at 48 months 
following treatment, we were in-
formed by a family member that the 
patient had died 1 week earlier, with 
a likely diagnosis of a cerebrovas-
cular accident. 

Discussion
Based on the RTOG 85-01 inter-

group trial and RTOG 94-05, radia-
tion dose to 50 Gy with concurrent 
chemotherapy is the preferred 
treatment for patients with unre-
sectable esophageal cancer.1,2 While 
CRT improves locoregional control, 
locoregional recurrence (LRR) still 
affects about 50% of patients, half of 
whom have an isolated recurrence 

without distant metastases.3 Further-
more, the majority of LRRs occur at 
the primary site vs being nodal, sug-
gesting a benefit from dose escala-
tion to the primary tumor.3 Radiation 
therapy dose escalation has been 
reported to improve the outcomes in 
a few studies involving unresectable 
esophageal cancer patients.2,4 The 
ARTDECO dose escalation trial in 
esophageal cancer patients showed 
a numerically superior 3-year, local 

Figure 7. Axial computed tomography scan 18 months after 
treatment showed no evidence of residual disease.

Figure 6. Clinical (A) and radiological information (B) showed good response with no evidence of disease after 3/12 of treatment.

A B
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progression-free survival (LPFS) in 
the dose-escalated (61.6 Gy) arm at 
73% vs 70% in the standard (50.4 Gy) 
arm, although it did not reach statis-
tical significance. This study, which 
used advanced radiation therapy 
techniques, had better pretreatment 
staging investigations and a different 
choice of concurrent chemotherapy 
regimen compared with earlier stud-
ies that showed increased acute and 
late toxicity with dose escalation.5 

Intraluminal HDRBT of the esoph-
agus has the distinct advantage of 
delivering a high dose of radiation to 
the tumor while sparing the normal 
organs. However, use of HDRBT is 
riddled with significant toxicity, such 
as esophageal fistula and stricture.6-9 
American Brachytherapy Society 
recommendations for esophageal 
HDRBT include use of an external ap-
plicator whose diameter is 0.6 to 1.0 
cm, EBRT delivered before HDRBT, 
and maximum tumor length under 
10 cm.10 The initial rationale for the 
larger applicator size was to reduce 
the mucosal dose in relation to dose 
at the prescription point. However, 
this is an old guideline and has since 
been removed from the ABS website. 
Newer studies have included tumors 
larger than 10 cm in length, and 
some have delivered HDRBT before 
commencing EBRT.6,10 

We theorize that the addition 
of HDRBT to EBRT in esophageal 
cancer improves the local control 
rate and provides durable alleviation 
of dysphagia.11,12 One randomized 
controlled trial even showed the 
superiority of HDRBT over EBRT 
boost.13 In most literature, an HDRBT 
boost was added following EBRT, not 
prior to it. While an HDRBT boost 
is usually delivered after EBRT, in 
1 single-arm phase 2 study, HDRBT 
before EBRT is shown to be safe and 
effective in inducing rapid and du-
rable relief from dysphagia prior to 
commencing curative intent CRT.13-16 
Delivering HDRBT upfront also has 
the advantage of providing easy 
tumor identification and defining the 

target volumes as opposed to doing 
so after EBRT, which could signifi-
cantly shrink the esophageal tumor. 
In addition, by starting with HDRBT, 
we could better recognize the tumor 
location compared with post-EBRT 
when usually no tumor is visible. 
Additional advantages are that with 
rapid significant tumor shrinkage, 
patients tend to have immediate 
improvement in their dysphagia 
score and nutrition status, and tend 
to be more receptive to subsequent 
proposed treatment with CRT.16

One study reported that applica-
tor size may not correlate with the 
esophageal fistula rate.4 However, the 
dose per fraction of HDRBT showed 
a strong correlation with the fistula 
rates.17 In a study by Vuong et al, with 
the use of lower-dose fractionated 
HDRBT, there was only 1.2% fistula 
rates for all 70 patients. This study 
also shortened the overall treatment 
time by delivering HDRBT twice a 
week to a total dose of 20 Gy in 5 
fractions and commencing EBRT the 
week immediately following HDRBT 
completion.4 When overall treatment 
time is below 8 weeks, studies have 
shown fewer local recurrences.18

In this patient, HDRBT was deliv-
ered over 3 weekly fractions of 7 Gy 
each to a total dose of 21 Gy. This dose 
schedule was chosen as the patient 
refused a more fractionated schedule 
of 20 Gy in 5 fractions treating 2 frac-
tions a week due to logistical reasons. 
In the treatment planning process, we 
applied a 3D planning method with 
dose manipulation similar to dose 
painting in the IMRT. Rather than 
apply the dose prescription to a point 
at a radial distance from the center of 
the applicator, which produces a uni-
form cylindrical target, we ensured 
that 90% of the GTV received the pre-
scribed dose of 7 Gy. The 7 Gy isodose 
curve was manipulated in such a way 
that generous coverage was allowed 
to areas with thicker tumor depth, 
while the same isodose line was 
restricted at smaller tumor depth or 
the safety margin region. This method 

of dose painting was described by 
Lettmaier et al who suggested that 
the use of 3DCT-based treatment 
planning has the advantage of dose 
manipulation over an applicator-based 
approach, which ignores surrounding 
normal structures.19

Conclusion
Use of an upfront 3D HDRBT boost 

with dose manipulation followed by 
IMRT showed good tumor response 
and minimal toxicity in this patient. 
Upfront HDRBT has the advantage of 
rapid relieving dysphagia, mak-
ing the patient more receptive to 
subsequent treatment with concur-
rent CRT. Dose escalation with the 
aim to improve local control rate 
is feasible with HDRBT. Treatment 
for postradiation stricture, a known 
toxicity of radiation therapy/HDRBT, 
can be addressed by endoscopic 
balloon dilatation. 
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 Got radiation?                        
See what you’ve been missing

Imaging in radiation environments just got easier

With superior capabilities for operating in radiation environments, the MegaRAD cameras provide 
excellent image quality well beyond dose limitations of conventional cameras, and are well suited 
for radiation hardened imaging applications

KiloRAD PTZ radiation
resistant camera with
Pan/Tilt/Zoom

MegaRAD3 produce color
or monochrome video up to 
3 x 106 rads total dose

MegaRAD1 produce
monochrome video up to 
1 x 106 rads total dose

Find out more at thermofi sher.com/cidtec
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In the United States:
For customer service, call 1-800-888-8761
To fax an order, use 1-315-451-9421
Email:  sales.cidtec@thermofi sher.com

International:
For customer service, call [01) 315-451-9410
To fax an order, use [01) 315-451-9410
Email:  sales.cidtec@thermofi sher.com
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