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Medulloblastoma is the most common malignant central nervous
system (CNS) tumor in children. The standard treatment includes
surgical resection, craniospinal irradiation (CSI), and chemotherapy,
but traditional CSI techniques, such as 3D conformal radiation
therapy (3DCRT) and Volumetric Modulated Arc Therapy (VMAT)
have limitations in terms of dose conformity and homogeneity. This
study evaluated the feasibility of using the RefleXion X1 clinical
biology-guided radiation therapy (BgRT) system for treating pediatric
medulloblastoma patients with complex craniospinal targets.
Although based on a limited dataset, the study demonstrates the
feasibility of CSI treatment planning with the RefleXion X1 system.

cancers. RPT delivers targeted radiation to both primary and
metastatic tumors, altering the tumor microenvironment (TME)
and potentially modulating the immune system’s response to 4
cancer. This review examines the clinical trials combining RPT
with ICls, emphasizing their potential to improve outcomes in
metastatic cancer while addressing challenges such as toxicity,
immunosuppressive TME, and logistical barriers, offering hope for

EDITORIAL

Revisiting Radioimmunotherapy
John H. Suh, MD, FASTRO, FACR

reshaping cancer treatment.

17

33
REVIEW

Combination of External Beam Radiation

Therapy and Immune Checkpoint Inhibitors in

Cancer Treatment: Mechanisms, Limitations, 36
and Clinical Applications

Anusha Muralidhar, PhD; Malick Bio Idrissou, PhD;
Quaovi H. Sodji, MD, PhD

External Beam Radiation Therapy (EBRT) is a key cancer

treatment that targets localized and metastatic tumors, while
immunotherapy, particularly immune checkpoint inhibitors (ICls),

uses the immune system to fight cancer. However, ICls face

challenges like treatment resistance. EBRT can enhance the 41
efficacy of ICIs by inducing immunogenic cell death, potentially

overcoming resistance and improving outcomes. The reviewers

discuss the rationale for combining EBRT with ICIs and highlight

selected clinical trials while recognizing the need for further

research to optimize outcomes and efficacy.

RADIATION ONCOLOGY CASES

Robotic-Assisted Seminal Vesicle Excision vs
Brachytherapy for Isolated Seminal Vesicle
Recurrence: 2 Case Reports

Barry W. Goy, MD; David S. Finley, MD

Volumetric Changes in Cervical Schwannoma
in Response to Adjuvant Stereotactic Body
Radiation Therapy: A Case Report

Neil D. Almeida, MD; Tyler V. Schrand, BS; Julia Rupp, BS;

Rohil Shekher, MD; Venkatesh Madhugiri, MD; Victor Goulenko, MD;
Michael T. Milano, MD, PhD; Elad I. Levy, MD, MBA,;

Dheerendra Prasad, MD, MCh

Radiation Therapy for the Management of
Refractory Giant Condyloma Acuminata:
A Case Report

Prinska Ghimire Wagle, MBBS; Samuel To, BA;
William C. Chen, MD

46

RESIDENT VOICE EDITORIAL

Artificial Intelligence in Radiation Oncology
Training: Integrating Clinical Skills and
Automation

Kishan Patel, MD

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.

March 2025

Applied Radiation Oncology 3



EDITORIAL
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Revisiting Radioimmunotherapy

John H. Suh, MD, FASTRO, FACR

Six years ago, Applied Radiation Oncology dedicated its March issue to the topic of radioimmu-
notherapy (RIT), exploring the safety and efficacy of combination immunotherapy and radiation
therapy, and its potential to invoke the abscopal response. At that time, RIT was generating
excitement for its effectiveness in treating hematological malignancies.

Today, RIT has moved from being a niche treatment for specific hematologic cancers to an
emerging therapeutic option for solid tumors, metastatic cancers, and even non-cancer diseases.
The field is on the brink of a new era with advanced precision medicine, personalized treatment
strategies, and combination therapies that harness the power of RIT in novel ways. We revisit the
topic of RIT with two review articles.

The first, Clinical Evidence of Combining Radiopharmaceutical Therapy (RPT) with Immune
Checkpoint Inhibitors (ICIs), highlights clinical trials in which this therapeutic combination is
improving outcomes in cancer treatment with reduced toxicities and enhanced immune response.
The second article, Combination of External Beam Radiation Therapy (ERBT) and Immune Checkpoint
Inhibitors in Cancer Treatment: Mechanisms, Limitations, and Clinical Applications, explores how RPT
with ICIs enhances treatment effectiveness by overcoming treatment resistance and promoting
immunogenic cell death.

This month’s research article, RefleXion X1 Treatment Planning Feasibility Study for Cranio-Spinal
Irradiation (CSI), highlights the success of a clinical biology-guided radiation therapy (BgRT)
system in treating pediatric medulloblastoma patients. The study compares treatment planning
using the BgRT system with multi-isocenter linac-based VMAT.

In clinical case studies, we examine a patient with a cervical spine schwannoma who
experiences transient swelling following stereotactic body radiotherapy (SBRT) in Volumetric
Changes in Cervical Schwannoma in Response to Adjuvant Stereotactic Body Radiation Therapy. In
Robotic-assisted Seminal Vesicle Excision vs Brachytherapy for Isolated Seminal Vesicle and Recurrence
and Radiation Therapy for the Management of Refractory Giant Condyloma Acuminata, the authors
demonstrate the effectiveness of common therapeutic approaches in managing these cases.

Finally, the Resident Voice column, Artificial Intelligence in Radiation Oncology Training:
Integrating Clinical Skills and Automation, weighs the opportunities that Al presents in clinical
training programs against its potential to contribute to a loss of fundamental skills.

Looking ahead, our issue for June will explore the impact of heavy particle treatment on the
field, particularly in the application of intractable cancers. Until then, please remember to pause
and admire the renewal and wonder that spring brings every year. Thank you, as always, for
supporting this journal!

Published: March 1, 2025. https://doi.org/10.37549/AR0-D-25-00011
© Anderson Publishing, Ltd. All rights reserved. Reproduction in whole or part without express written permission is strictly prohibited
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Clinical Evidence of Combining Radiopharmaceutical
Therapy With Immune Checkpoint Inhibitors

Introduction

Radiopharmaceutical therapy (RPT)
and immune checkpoint inhibi-
tors (ICls) represent transforma-
tive approaches to treating
metastatic cancers. This review
article discusses how RPT deliv-
ers targeted radiation to primary
and metastatic tumors and the
therapeutic advantages of combin-
ing RPT with ICls while focus-

ing on outcomes and challenges
such as toxicity, immunosuppres-
sive tumor microenvironment, and
logistical barriers.
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reader should be able to:

1. Distinguish the physical properties
of a, B, and Auger-emitting
radioisotopes to guide informed
selection of radionuclides for RPT
based on therapeutic goals and
tumor characteristics.

2. Evaluate clinical trial data
on RPT-ICI combinations and
integrate evidence-based insights
into patient selection, dosing
strategies, and treatment
sequencing for optimized
therapeutic outcomes.
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Clinical Evidence of Combining
Radiopharmaceutical Therapy With
Immune Checkpoint Inhibitors

Malick Bio Idrissou, PhD;*f Anusha Muralidhar, PhD;?" Reinier Hernandez, PhD;*3# Quaovi H. Sodji, MD, PhD*58*

Radiopharmaceutical therapy (RPT) and immune checkpoint inhibitors (ICIs) represent transformative
approaches in treating metastatic cancers. RPT uniquely delivers targeted radiation to primary and
metastatic tumors, modulating the tumor microenvironment (TME) to enhance antitumor immunity. The
therapeutic advantages of combining RPT with ICI have been shown preclinically. Clinical trials are now
emerging, offering insights into the potential therapeutic synergy between RPT and ICI. This review
highlights clinical trials of RPT combined with ICIl, emphasizing their ability to improve metastatic cancer
outcomes while addressing challenges such as toxicity, immunosuppressive TME, and logistical barriers,
and underscores their promise to redefine cancer care.

Keywords: metastatic cancer, radiopharmaceutical therapy, p-particle emitters, a-particle emitters, immune
checkpoint inhibitors

throughout the body.*® Leveraging checkpoint inhibitors (ICIs) holds
pharmaceuticals that selectively bind the potential to enhance clinical
Metastatic disease accounts for to cancer cells or accumulate responses beyond that achievable by

approximately 90% of cancer-rela- through physiological mechanisms, either monotherapy alone.
ted deaths."® Unfortunately, effective RPT provides a precise and effective For over a century, radiation
therapeutic strategies remain limited treatment modality. Remarkably, therapy, including external beam
despite tremendous advances in RPT has demonstrated significant radiation therapy (EBRT) and
cancer research.” Radiopharmaceut- therapeutic efficacy with minimal RPT, has shown dual benefits:
ical therapy (RPT) represents a toxicity in several cancer types.® tumor eradication and immune
groundbreaking approach to treating As the role of RPT in metastatic activation.” Radiation triggers
metastatic disease by delivering disease management is on the cancer cells to release damage-
targeted radiation to tumors rise, its combination with immune associated molecular patterns
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Figure 1. Radiopharmaceutical therapy delivers systemic radiation to tumor. (A) A radiolabeled, tumor-specific compound known as a
“radiopharmaceutical” is administered intravenously, resulting in selective accumulation of radionuclide in the tumor microenvironment.
(B) Pharmacophoric model of radiopharmaceutical agent. A targeting molecule is conjugated to a therapeutic radionuclide via a linker and

chelator, forming a radiopharmaceutical that ensures precise delivery of radiation to tumor cells.

(DAMPs), activating the cGAS-
STING pathway, which induces
type I interferons and the release
of cytokines that recruit immune
cells.”™? The growing promise

of RPT in treating metastatic
cancer, coupled with emerging
insights into the immunogenic
effects of radiation, has spurred
preclinical and clinical studies
exploring the combination of

RPT and immunotherapy, such as
ICIs. This review explores clinical
trials investigating the combination
of RPT with ICI, highlighting

key clinical findings, potential
challenges, and future directions in
this emerging field.

RPT has emerged as a promising
systemic therapy, enabling radiation
delivery to both local and metastatic
lesions while sparing healthy tissues
(Figure 1A).*" Unlike EBRT, which
delivers radiation to all tissues in the
radiation field, including malignant
and adjacent normal tissues, RPT
uses tumor-targeting biomolecules
(eg, antibodies, peptides, or small

March 2025

molecules) linked to a radionuclide
to form a “radiopharmaceutical” that
preferentially targets cancer cells
(Figure 1). The radiopharmaceutical
binds selectively to receptors
overexpressed on tumor cells,

thus delivering radiation to the
tumor while minimizing damage

to surrounding tissues." This
molecularly targeted approach
makes RPT particularly effective for
treating metastatic and microscopic
tumors,®**"” where EBRT’s utility is
often limited. The efficacy of RPT
depends on the targeting molecule’s
properties, the radionuclide’s
physical characteristics, and tumor
characteristics such as receptor
expression, size, and tumor type.
Additional factors, such as the
administrated activity, tumor uptake,
and pharmacokinetics, also impact
the treatment outcome.'® Therefore,
carefully considering these factors
is crucial for RPT’s clinical

efficacy and safety. The approvals
of several radiopharmaceuticals,
such as [*Ra]Ra-dichloride (Xofigo)
and ["""Lu]Lu-PSMA-167 (Pluvicto)
for metastatic castration-resistant
prostate cancer (mCRPC) and

[""Lu]Lu-DOTATATE (Lutathera)

for gastroenteropancreatic
neuroendocrine tumors (GEP-NETS),
have sparked a new excitement

in the field.”* RPT faces

challenges like suboptimal targeting,
radioresistance, and limited immune
stimulation, hindering tumor
eradication.”** Combining RPT with
systemic therapies like ICIs may
overcome these limitations and
improve outcomes.

Targeting Molecules

InRPT, antibodies, peptides, or
small molecules are designed to bind
selectively to tumor-specific receptors
or antigens, ensuring precise delivery
of radiation to cancer cellswhile
sparing healthy tissues.”

Antibodies

Their high specificity and
potentially strong binding affinity
make antibodies ideal for targeting
tumor-associated antigens and
delivering radiation to cancer
cells.”? Effective antibodies target
antigens that are highly expressed
on tumors but minimally expressed
or absent in healthy tissue.

Applied Radiation Oncology



However, antibody size can

limit tumor microenvironment
(TME) penetration® and prolong
circulation,” increasing off-target
toxicities. Smaller monoclonal
antibody (mAb) fragments like
single-chain variable fragments
partially retain target binding
capacity while improving TME
penetration. The US Food

and Drug Administration/European
Medical Agency (FDA/EMA)-
approved examples of antibody-
based radiopharmaceuticals
include Zevalin ([*°Y]Y-ibritumomab
tiuxetan)* and Bexxar ((**'I]I-
tositumomab),* which target the
CD20 protein on the surface of
B-cells expressed by non-Hodgkin
lymphoma.

Peptides

Peptides are versatile for
RPT owing to rapid TME
penetration, high uptake, and
quick clearance from nontarget
tissues, offering optimized
pharmacokinetics. Their relatively
higher stability enables chemical
modifications and radiolabeling,
making them versatile agents
in nuclear medicine. A notable
example of a peptide-based FDA/
EMA-approved radiopharmaceutical
is Lutathera ([*""Lu]Lu-DOTA-TATE),
indicated for the treatment
of somatostatin receptor 2-
positive gastroenteropancreatic
neuroendocrine tumors.*>®

Small Molecules

Small molecule-based
radioligands offer advantages as
radiopharmaceuticals due to their
efficient TME penetration and
rapid clearance from systemic
circulation, reducing off-target
effects and toxicity. Although
less specific than antibodies
or peptides, small molecules
effectively target cancer-associated
antigens, such as the prostate-
specific membrane antigen
(PSMA) in prostate cancer.

Applied Radiation Oncology

A notable example is the
FDA-approved [""Lu]Lu-PSMA-167
(Pluvicto) for mCRPC,* showcasing
radioligand therapy’s potential in
precision oncology.

Each targeting molecule in RPT
offers a unique balance of strengths
and limitations, with selection
guided by tumor traits, precision,
clearance, and off-target risks. This
enables personalized and effective
cancer therapy.

Radionuclides

A wide range of radionuclides
is available for RPT, and selecting
the appropriate one is crucial,
as it directly influences treatment
safety and efficacy. This choice
is guided by factors such
as physical half-life, availability,
cost, radiochemical methods, and
radiation properties, including
energy level, type (a, B, or
Auger electrons), linear energy
transfer (LET), and penetration
range (Figure 2 and Table 1).

Physical Half-Life

The time needed for half of
an RPT’s radioactive atoms to
decay is critical. The half-life must
be amenable to the radiolabelling
process, the distribution logistics
of the agent, and the targeting
molecule’s pharmacokinetics. While
radionuclides with a short half-life,
measured in hours, are preferred
for imaging application, RPTs
featuring short T/, radionuclides
may lead to a significant decay
before the radiopharmaceutical
reaches the TME, thus reducing
treatment efficacy. Conversely, a
long half-life can increase radiation
exposure to healthy tissue, thus
increasing treatment-related side
effects. Ideally, RPT radionuclides
should have a half-life of 1 to 7 days
for optimal balance.*

Linear Energy Transfer

The linear energy deposited by
ionizing radiation per unit distance

in tissue (keV/um) significantly
influences its biological effect.

High LET of radiation (eg, a-
particles, 50-230 keV/um) induces
dense clusters of double-strand DNA
breaks (DSBs), causing irreparable
DNA damage and high cytotoxicity.
Intermediate LET radiation (eg,
Auger electrons, 4-26 keV/um)
generates localized single-strand
DNA breaks (SSBs) and DSBs, with
cytotoxicity dependent on nuclear
proximity due to limited penetration.
Low LET radiation (eg, B-particles,
0.2 keV/um) primarily induces SSBs
and indirect damage via free
radicals, which are often repairable,
though clustered SSBs may result

in DSBs.*** Radionuclides used in
RPT are classified into 3 main
categories based on their radiation
type: B-particle emitters, a-particle
emitters, and Auger/conversion
electrons emitters.

+ B-particle emitters such as
lutetium-177 (*"Lu), yttrium-90
(*°Y), and iodine-131 (**'I), with a
low LET (~0.2 keV/um) and tissue
penetration up to 12 mm, have
been widely used in RPT. Owing
to their deeper penetration range
(several millimeters), low-LET
-emitters can effectively treat
heterogeneous (target expression)
tumors,®™® resulting in more
effective tumor coverage,*** but
may have lower lethal damage
efficiency per unit dose.

+ a-particle emitters such
as radium-223 (**Ra) and
actinium-225 (**Ac) deliver potent
therapy with high LET (50-230
keV/um) and a short tissue range
(50-100 pm); thus, they are ideal
for treating micrometastases.****
Their high LET causes dense
clusters of DSBs, which are
difficult to repair,” making them
highly cytotoxic.®

+ Auger/conversion electron
emitters such as
iodine-123 (**I), iodine-125 (**I),

March 2025



Combination of Radiopharmaceutical Therapy and Immune Checkpoint Inhibitors

Figure 2. Characteristics of various radionuclides used for radiopharmaceutical therapy.

and indium-111 (*"In) have a
very short tissue range (< 1 pm),
making them effective near critical
cell structures like nuclear DNA,
and a medium-to-high LET (4-26
keV/um) inducing a mix of SSBs
and DSBs.'®¥*#
Many f3-particle and Auger emitters
also emityrays, enabling their
dual use for therapy and imaging.*
For example, y emissions from
"Lu allow real-time visualization
of radiopharmaceutical distribution,
ensuringaccuratetargetingand dose
optimization.*>*
Overall, radionuclide selection
for RPT depends on properties
like half-life, LET, radiation type,
andtissue penetration. -emitters
appearto be better suited for
larger tumors, while a-emitters
target micrometastases with high

March 2025

cytotoxicity, and Auger emitters
provide precise, localized radiation
(<1pm) near critical structures like
nuclear DNA.

Immunomodulatory Effects
of RPT and Rationale for
Combining RPT With ICI

Theefficacy of RPT extends
beyond direct cytotoxicity asit
inducessignificant pro-inflammatory
immuneresponses.**Ionizing
radiation enhancestumor
immunogenicity, modulatesthe TME,
and promotesinnate and adaptive
immunity.**Irradiated tumor
cellsrelease DAMPs* and express
immunomodulatory molecules,
recruiting antigen-presenting cellsto
activate T cells and drive systemic
antitumor immunity.* Potluri etal

showed that [*°Y]Y-NM600 modified
the TME by increasing CD8+ T cell
infiltration and PD-L1 expression
onmyeloid cells.” Inamurine
study, Hernandezetal observed
areductioninimmunosuppressive
regulatory T cellsand anotable
increaseinactivated CD8+T

cellsin EL4 murine tumors

treated with [*°Y]Y-NM600 compared
with controls.” Furthermore, upon
rechallenging [*°Y]Y-NM600-treated
complete responders with EL4

cells, none developed tumors,*
suggesting the induction ofa
tumor-specific memoryin RPT-
treated mice. Emerging preclinical
data suggestthattargeted a-particle
therapy (TAT) canalsoinduce
immunostimulatory effect.”’ Lejeune
etal further demonstrated that

TAT triggerstranscriptionaland

Applied Radiation Oncology
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Table 1. Radionuclides Used in Radiopharmaceutical Therapy and Their Physical Properties

PARTICLE EMITTED ENERGY

p-particles 0-2.3 MeV

RANGE IN TISSUE  LET (keV/um)

KEY DNA DAMAGE

EXAMPLE OF RADIONUCLIDES

CHARACTERISTICS

pymtol.2 cm 0.1-1.0

Most single-strand breaks ', %%y, *"Lu

and some double-strand
breaks but is easily
repairable. (lower lethal
damage efficiency)

a-particles 5-9 MeV

50-100 pym 50-230

Mostly clustered

ZZSAC, 211At, 223Ra

double-strand breaks,
making them complex and
difficult to repair. (higher
lethal damage efficiency)

Auger and conversion <1 keV
electrons

<1lpm 4-26

Mix of clustered double-

123| 125| 195mPt 111|n
’ f 3

strand breaks and

single-strand breaks
(lethality dependent on
nuclear DNA proximity)

Abbreviation: LET, linear energy transfer.

molecular signatures consistent with
immunogenic cell death in preclinical
syngeneic tumor models.* Despite
thereported immunomodulatory
effects of RPT, itsefficacyasa
monotherapy often lacks durability,
underscoring the compelling
rationale for combining RPT
withimmunotherapy.* Foundational
studieshave shown the synergism
between RPT and immunotherapy,
such asimproved survival with
[*°Y]-anti-CEA (carcinoembryonic
antigen) antibodies in combination
witha CEA/TRICOM (TRICOM: 3
T-cell costimulatory molecules B7-1,
ICAM-1, and LFA-3) vaccine in colon
cancer models.* This combination
represents a promising strategy for
achieving durable tumor control;
thus, it may pave the way for
enhancing patient outcomesthrough
synergistic treatment strategies.

Building on preclinical evidence,
several clinical trials have
been initiated to evaluate the
safety and efficacy of RPT-ICI

Applied Radiation Oncology

combinations across cancers. Key
outcomes are discussed here,
underscoring the potential of these
combination therapies to advance
clinical treatment paradigms.
Table 2 concisely summarizes
these clinical trials, categorized by
disease type for clarity.

Prostate Cancer

A phase Ib study (NCT02814669)
investigated the combination of
[**Ra]RaCl, with atezolizumab in
mCRPC patients with bone, lymph
node, or visceral metastases.

This combination resulted in
greater toxicity than either agent
alone and failed to show

clinical benefit.”” Among the
grade 3/4 adverse events, 34.1%
were attributed to atezolizumab,
while 27.3% were associated with
[**Ra]RaCl,.

A randomized phase II
study (NCT03093428) evaluated
[**Ra]RaCl, with pembrolizumab
in patients with mCRPC. A
recent report showed a median
progression-free survival (PFS) of
6.1 months for [**Ra]RaCl, +
pembrolizumab versus 5.7 months
for [**Ra]RaCl, alone and a

median overall survival (OS)
of 16.9 months versus 16.0
months, respectively.®® While the
combination was well tolerated
with no unexpected toxicity, it did
not demonstrate improved efficacy.
PRINCE (NCT03658447), a phase
I clinical trial, evaluated the
safety and efficacy of [’Lu]Lu-
PSMA-617 in combination with
pembrolizumab in patients with
mCRPC. The prostate-specific
antigen response rate (PSA-RR)
was 76% compared with 46%
with ["’Lu]Lu-PSMA-617 alone. The
median radiographic PFS, PSA-PFS,
and OS were 11.2 months,
8.2 months, and 17.8 months,
respectively.” No additional safety
concerns were identified with
the addition of pembrolizumab,
confirming the favorable safety
profile of this combination.

Lung Cancer

Advanced lung cancer has also
been the focus of clinical trials
exploring the combination of RPT
with immunotherapy. A phase I/II
trial (NCT03325816) investigating
nivolumab with Lutathera in patients
with extensive-stage small cell
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Table 2. Selected Clinical Trials Evaluating Radiopharmaceutical Therapy Combined With Inmune Checkpoint Blockade in

Cancer

TRIAL

DISEASE
STATUS

TARGET

COMBINATION
SEQUENCE

TRIAL
STATUS/
RESULT REFERENCE

NCT028146 Ib mCRPC Bone [**®*Ra]Ra: 55 Atezolizumab: Concurrent  Combination: 57
69 metastases  kBqg/kg (V) every 840 mg (IV) or staggered greater
28 days, 6 every 14 days toxicity
administrations
NCT030934 I mCRPC Bone [**Ra]Ra: every  Pembrolizumab: Concurrent  No improved 58
28 metastases 4 weeks at every 3 weeks at efficacy
a predetermined a predetermined
dose (IV) dose (IV)
Prostate NCT036584 | mCRPC PSMA [*"LulLu- Pembrolizumab: Concurrent ~ PSA-RR: 76% 59
cancer _817-
47 (PRINCE) PSMA-617: 8.5 200 mg every 3 No safety
GBq (IV), every weeks (IV) R
6 weeks, up
rPFS: 11.2
to 6 cycles
months
PSA-PFS: 8.2
months
0s:17.8
months
NCT033258 /Il Extensive SSTR [*"LulLu Nivolumab: 240 Concurrent  Combination 60
16 stage SCLC -DOTAO-Tyr3- mg every 2 well
Octreotate: 3.7 weeks (IV) tolerated
or 7.4 GBq (IV), PR: 1 out 7
every 8 weeks, ;
Lung cancer 4 cycles FEREE
NCT039964 | Metastatic Bone [**®*Ra]Ra: 55 Pembrolizumab: Concurrent  Study closed
73 NSCLC metastases  kBqg/kg (IV), 200 mg every 3
every 6 weeks, weeks (IV) up to
up to 6 cycles 35 doses
NCT056637 Ib/Il Advanced CAIX [*"LulLu- Nivolumab (dose Concurrent  Ongoing 61
10 ccRCC girentuximab: not available)
1.48 GBg/m? (IV), Cabozantinib:
every 12 weeks, given orally
Renal up to 3 cycles
cancer NCT0523395 I Advanced CAIX [*"LulLu- Nivolumab: 200 Concurrent  Ongoing 62
(ccRCC) 33 (STARLITE ccRCC girentuximab: 1.8 mg every 2
2) or 2.4 GBg/m?® weeks
(IV), every 12-14
weeks, up to
3 cycles
March 2025 Applied Radiation Oncology
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https://clinicaltrials.gov/ct2/show/NCT02814669
https://clinicaltrials.gov/ct2/show/NCT02814669
https://clinicaltrials.gov/ct2/show/NCT03093428
https://clinicaltrials.gov/ct2/show/NCT03093428
https://clinicaltrials.gov/ct2/show/NCT03658447
https://clinicaltrials.gov/ct2/show/NCT03658447
https://clinicaltrials.gov/ct2/show/NCT03658447
https://clinicaltrials.gov/ct2/show/NCT03658447
https://clinicaltrials.gov/ct2/show/NCT03325816
https://clinicaltrials.gov/ct2/show/NCT03325816
https://clinicaltrials.gov/ct2/show/NCT03996473
https://clinicaltrials.gov/ct2/show/NCT03996473
https://clinicaltrials.gov/study/NCT05663710
https://clinicaltrials.gov/study/NCT05663710
https://clinicaltrials.gov/study/NCT05239533
https://clinicaltrials.gov/study/NCT05239533
https://clinicaltrials.gov/study/NCT05239533

Table 2. Continued

12

TRIAL
DISEASE COMBINATION STATUS/
DISEASE TRIAL PHASE STATUS TARGET SEQUENCE RESULT REFERENCE
NCT055837 I Metastatic SSTR [*""Lu]lLu- Pembrolizumab: Concurrent  Temporarily
08 DOTATATE: 7.4 400 mg every 6 suspended
GBq (IV), every weeks (IV)
2 months, up
Merkel cell to 4 doses
cancer NCT042618 Ib/Il Metastatic ~ SSTR [*"Lu]Lu Avelumab: 10 Concurrent  Ongoing
55 -DOTATATE: 2 mg/kg every 2
(GoTHAM) administrations  weeks for 24
separated by months (IV)
8-10 weeks
Thyroid NCT032150 | Recurrent/  rhTSH [*3%1]1: 100 mCi  Durvalumab: Concurrent  Active, not
95 metastatic 1500 mg IV recruiting
cancer every 4 weeks
NCT029144 | Relapsed or  Norepinephri [**!1]l-meta- Nivolumab: 3 Concurrent  Recruiting
05 (MiNivAN) refractory ne iodobenzylguanid mg/kg
Refractory High risk transporter  ine Dinutuximab
neuroblasto (anti-GD2
ma monoclonal
antibody): 50 or
100 mg/m?
NETs with  NCT034579 I Metastatic SSTR [*’LulLu-DOTAO- Pembrolizumab Concurrent  Recruiting
liver 48 Tyr3-Octreotate
metastases
Abbreviations: CAIX, carbonic anhydrase IX; ccRCC, clear cell renal cell carcinoma; ICI, immune checkpoint inhibitor; IV, intravenous injection; mCRPC,
metastatic castration-resistant prostate cancer; NET, neuroendocrine tumor; NSCLC, non-small cell lung cancer; 0S, overall survival; PR, partial response;
PSA-PFS, prostate-specific antigen progression-free survival; PSA-RR, PSA response rate (=50% decrease in PSA level); PSMA: prostate-specific membrane
antigen; rhTSH, recombinant human thyroid stimulating hormone; rPFS, radiographic progression-free survival; RPT, radiopharmaceutical therapy; SCLC,
small cell lung cancer; SSTR, somatostatin receptor.

lung cancer (SCLC) demonstrated a
tolerable toxicity profile. Lutathera, a
B-emitting ['"Lu]Lu-labeled
somatostatin analog approved for
GEP-NETs,* targets somatostatin
receptor-expressing cells. The
combination therapy was well
tolerated. Furthermore, 1 out of 7
patients achieved a partial response
(PR), while 2 with pulmonary
atypical carcinoid maintained stable
disease (SD) for 6 months. Notably,
the patient with PR exhibited the
highest tumor uptake of **Ga-
DOTATATE on PET/CT, underscoring
the potential of this approach.”

A phase I study (NCT03996473)
sought to evaluate the safety
and efficacy of combining
[**Ra]RaCl, with pembrolizumab
in metastatic non-SCLC. The trial

Applied Radiation Oncology

included patients who were either
treatment-naive for advanced
disease or had progressed

after prior PD-1/PD-L1 checkpoint
blockade. The primary objectives
were assessing tumor shrinkage,
duration, and treatment safety.
However, the study was closed
early due to insufficient accrual.

Renal Cancer

Clear cell renal cell carcinoma
(ccRCC) is characterized by
carbonic anhydrase IX expression
resulting from von Hippel-Lindau
loss, representing a compelling
target for RPT-based therapies.
The integration of RPT with
immunotherapy in advanced
ccRCC is gaining momentum,
with 2 phase II clinical trials

currently underway (NCT05239533;
NCT05663710). These trials aim to
evaluate the safety and efficacy of
combining ["’Lu]Lu-girentuximab
with nivolumab as a novel
treatment strategy for advanced
ccRCC.**

Merkel Cell Carcinoma

Two case reports underscore the
significant therapeutic potential
of combining RPT with ICI in
metastatic Merkel cell carcinoma
(MCC). These cases involved
patients who had progressed on
first-line avelumab or second-line
therapies combining ipilimumab,
nivolumab, and EBRT.***® While
up to half of patients with
MCC either may not respond
to or may develop resistance
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https://clinicaltrials.gov/ct2/show/NCT03457948

Figure 3. Potential synergistic interactions between radiopharmaceutical therapy and immune checkpoint inhibitors (ICIs).

Abbreviations: MCH, melanin-concentrating hormone; MDSCs, myeloid-derived suppressor cells; TME, tumor microenvironment.

to ICIs,” the frequent expression
of somatostatin receptors in
MCC makes it a suitable target
for [""Lu]Lu-DOTATATE. In one
case, a patient with extensive
MCC metastases treated with
[""Lu]Lu-DOTATATE and anti-PD-
L1 therapy demonstrated a
rapid response, achieving a
near-complete response within
1 month.** Another patient
receiving [""Lu]Lu-DOTATOC, along
with ipilimumab and nivolumab,
achieved and sustained a PR
for 5 months.”® Clinical trials
(NCT05583708; NCT04261855) have
been initiated to evaluate
[""Lu]Lu-DOTATATE combined with
nivolumab or pembrolizumab in
patients with metastatic MCC.
Other ongoing clinical trials are
exploring RPT with ICI, including
radioiodine (**I) with durvalumab
(NCT03215095) for thyroid cancer,
PII-MIBG with nivolumab and

March 2025

dinutuximab (anti-GD2 monoclonal
antibody) for refractory
neuroblastoma (NCT02914405),
and'”’Lu-DOTAO-Tyr3-Octreotate
with pembrolizumab
(NCT03457948) for NETs with liver
metastases.

Combining RPT with
immunotherapy is a promising
therapeutic option for metastatic
cancers. With its targeted radiation
delivery and ability to modulate
the TME, RPT can complement
the systemic antitumor effects
of immunotherapy. Preclinical
studies highlight the potential
of RPT and ICI combination,”*
but robust clinical evidence
remains limited. Nevertheless, few
studies have shown promising
results, including case reports with

[""Lu]Lu-DOTATATE or ["’Lu]Lu-
DOTATOC plus ICI in MCC
metastases,** and the phase

I PRINCE trial with ['’Lu]Lu-
PSMA-617 in combination with ICI
in mCRPC.” Beyond these studies,
we are awaiting results from
ongoing clinical trials (Table 2).
Nevertheless, challenges persist,
including increased toxicities”
with immune-related events

and radiation-induced toxicities.
The immunosuppressive TME,
influenced by regulatory T

cells and immune checkpoint
expression, may further dampen
treatment efficacy. Variability in
patient responses, driven by
tumor heterogeneity, highlights the
need for predictive biomarkers

for optimal patient selection.
Economic and logistical barriers
also hinder implementation.**”
The production and administration
of RPT require specialized
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infrastructure and expertise, while
its high costs necessitate cost-
benefit analyses for integration
into clinical practice. Future
research should optimize

trial designs for sequencing,
dosing, and timing of RPT-

ICI combinations. Advances

in imaging, dosimetry, and
collaboration among specialists,
along with efforts to reduce

costs and improve access, are
key to transforming metastatic
cancer treatment. Moreover, most
trials do not clearly differentiate
whether observed toxicities stem
from immune-related effects

or radiation exposure. Gaining

a deeper understanding of

the predominant mechanism,
whether immune-mediated or
radiation-induced, is essential for
optimizing toxicity management
and improving the safety profile of
these combinations.

Conclusion

The combination of RPT
and immunotherapy offers a
transformative approach to
metastatic cancer, overcoming
current treatment limitations.
As shown in Figure 3, RPT
synergizes with immunotherapy,
including ICIs, by reducing tumor
burden, releasing neo-antigens,
enhancing MHC-I expression,
and modifying the TME, while
immunotherapy amplifies and
sustains these effects, countering
immune evasion and optimizing
tumor control, especially in “cold”
tumors. Despite challenges such
as toxicity and logistical barriers,
advances in radiopharmaceutical
design, immune modulation, and
personalized biomarkers driven
by interdisciplinary collaboration
could redefine cancer care for
advanced, treatment-resistant, and
metastatic malignancies.

Applied Radiation Oncology
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Combination of External Beam Radiation
Therapy and Immune Checkpoint Inhibitors in
Cancer Treatment: Mechanisms, Limitations,
and Clinical Applications

Anusha Muralidhar, PhD;** Malick Bio Idrissou, PhD;?t Quaovi H. Sodji, MD, PhD3#5*

External beam radiation therapy (EBRT) has long been integral in cancer treatment, effectively targeting localized
and metastatic tumors. Immunotherapy, especially immune checkpoint inhibitors (ICls), leverages the immune
system to eliminate cancer cells but faces challenges such as treatment resistance. EBRT may provide an
approach to overcoming resistance to ICI therapy, thus enhancing ICIs’ efficacy and broadening their clinical
scope. EBRT, by inducing immunogenic cell death, primes the immune system and can potentiate ICls. This
combination strategy has shown promise in preclinical studies, highlighting the potential of EBRT to overcome the
limitations of ICI monotherapy and vice versa. Clinical trials have demonstrated the safety and feasibility of this
combination, with evidence suggesting improved tumor control and patient outcomes. Nevertheless, numerous
challenges remain. This review explores the mechanisms, challenges, and clinical trials evaluating the
combination of EBRT and ICls, underscoring the need for optimized approaches to maximize clinical efficacy,
while minimizing toxicities.

Keywords: combination therapy, external beam radiation therapy, immunotherapy, immune checkpoint inhibitors

linear accelerators as external beam to divide and proliferate, ultimately
radiation therapy (EBRT) to eradicate leading to cell death.” Over the
Radiation therapy (RT) is a pillar cancer cells or provide symptom years, RT has evolved significantly
in cancer therapy, predominantly relief.! By inducing DNA damage in with advances in both technology
delivered in the clinical setting by cancer cells, RT disrupts their ability and methodology, enhancing its

precision while minimizing damage
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majortechnological advances
thathave made EBRT an
effective and indispensable toolin
modern oncology.>®

Exploring the role of RT in
enhancing the effectiveness of
immune checkpoint blockade (ICB)
therapy has gained attention as
a promising strategy in advancing
cancer treatment. In recent
years, immunotherapy has gained
considerable clinical attention, with
ICB emerging as a transformative
strategy in cancer therapy.” ICB
therapy with immune checkpoint
inhibitors (ICIs) targets immune
checkpoints, such as CTLA-4 and
PD-1/PD-L1, which tumors exploit
to suppress T-cell activity.*® By
suppressing the inhibition signal
from these immune checkpoints,
ICB boosts the immune system,
leading to durable tumor regression
and improved survival outcomes
in cancers, including melanoma,
non-small cell lung cancer, and renal
cell carcinoma.’

Resistance to ICB Therapy

Patients receiving ICIs as
monotherapy can develop primary
resistance, and thus never
respond to ICIs, or acquire
resistance and subsequently
develop disease progression after
an initial response. While
there are numerous mechanisms
underlying the resistance to ICB,
they are broadly dichotomized
into tumor-intrinsic or tumor-
extrinsic factors. Tumor-intrinsic
mechanisms include the loss
of neoantigens, especially in
low-tumor mutational burden
disease, aberrations in cell
signaling and metabolic pathways,
loss of major histocompatibility
complex (MHC) I expression
resulting in decreased antigen
presentation, and epigenetic
gene silencing through DNA
demethylation and histone
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deacetylation. Tumor-extrinsic
mechanisms encompass factors
such as a decrease in

immune cell infiltration in

the tumor microenvironment
(TME), compensatory upregulation
of other immune checkpoint
molecules, epithelial-mesenchymal
transition, and aberration in
angiogenesis. For further reading,
Alsaafeen et al provide a
comprehensive discussion of the
mechanisms of resistance to ICB."

Radiation to Enhance the
Efficacy of ICB

Aside from directly eliminating
cancer cells, EBRT also possesses
immunomodulatory effects. A
key mechanism of such
immunomodulation is the activation
of type I interferon (IFN1)
response through the cyclic
GMP-AMP (cGAMP) synthase and
stimulator of interferon genes
(cGAS-STING) pathway.'*"® This
results in the production of IFNf,
which promotes the activation
of dendritic cells and tumor
antigen-presenting cells, leading
to T-cell activation and an
antitumor immune response.’”’* In
preclinical models, EBRT-induced
IFN1 responses have been shown
to convert immunologically “cold”
tumors, lacking immune cell
infiltration into the TME, into
immunologically “hot” tumors.
This shift subsequently boosts the
immune response that can be
further potentiated by cytokines
secreted by irradiated tumor
cells:"*" Additionally, post-RT
immune modulation activates CD8+
T cells, increasing the number
of stem-like CD8+ T cells, which
become terminally differentiated
effector cells responsible for tumor
destruction. Tumor-draining lymph
nodes (LNs) serve as reservoirs
for these stem-like CD8+ T
cells, facilitating their expansion
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and migration to the tumor.
Interestingly, targeting both the

LN and tumor with RT reduces

the abscopal effect and decreases
the number of tumor-specific and
stem-like CD8+ T cells, highlighting
the important role of LNs in
mediating the abscopal response.”
RT also induces the release

of exosomes from tumor cells
capable of stimulating dendritic cell
maturation and promoting natural
killer (NK) cell infiltration into

the TME. This immune activation
significantly delays tumor growth,
with NK cells producing IFNy as

a key mediator of such antitumor
response. The subsequent depletion
of NK cells abolishes this

effect, underscoring their pivotal
role in the immune response.”

As such, the aforementioned
immunostimulatory effects of EBRT
can be exploited to enhance
suboptimal clinical efficacy of ICIs.

Combining EBRT With ICIs in
Cancer Treatment: Rationale
and Preclinical Data

The combination of EBRT
and ICIs represents a promising
frontier in cancer treatment, with
the capacity to enhance patient
outcomes through synergistic
mechanisms. This dual approach
leverages radiation’s ability to
enhance tumor immunogenicity by
triggering the release of tumor
antigens and damage-associated
molecular patterns, such as
calreticulin and high mobility
group box 1 (HMGB1).” These
effects can create an “in
situ vaccine,” effectively priming
immune cells to recognize
and attack the tumor, thereby
enhancing the overall immune
response.” EBRT also increases
the expression of tumor-associated
antigens and MHC molecules,
further making tumors more
susceptible to immune recognition
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and eradication.” Radiation also
induces the expression by the
tumor of neoantigens, stimulating
the expansion of CD8+ T

cells, potentially contributing

to an abscopal response.”

This combination approach has
also been found to increase

the infiltration of cytotoxic T
lymphocytes into the TME and

the release of proinflammatory
cytokines, potentiating the immune
response.”” Figure 1 summarizes
the potential synergistic interactions
between radiation delivered by
EBRT and ICIs.

Several preclinical studies have
explored the potential of combining
EBRT with ICIs. Verbrugge et
al demonstrated that concurrent
radiation and PD-1 blockade
enhanced the curative effects of
radiation in a murine breast cancer
model.* Sharabi and colleagues
showed that SBRT, given 1 day prior
to PD-1 blockade, enhanced the
antitumor immune response and led
to the formation of memory T cells
through cross-presentation of tumor
antigens.” Furthermore, Friedman
et al showed that response to SBRT
can be augmented by concurrent
treatment with anti-PD-1.%

Despite the promising results of
combining RT with ICB, determining
the optimal approach for this
combination remains an area of
active research. Key factors such
as radiation dose, fractionation
schemes, and treatment sequencing
continue to be explored to maximize
the therapeutic benefits.*®

Clinical Trials Investigating the
Combination of EBRT and ICIs

Combining EBRT with ICIs has
emerged as a promising approach
to enhance antitumor immune
responses and improve patient
outcomes across multiple cancer
types as shown in Table 1. Herein,

March 2025

we focus our discussion mostly on
phase III trials.

Non-Small Cell Lung Cancer
(NScLC)

The PACIFIC trial remains the
cornerstone study for combining
immunotherapy with EBRT in
NSCLC.* This phase III trial
showed that compared with
placebo, durvalumab, administered
sequentially 1 to 42 days
after chemoradiotherapy (CRT)
significantly improved progression-
free survival (PFS) (median: 16.9
vs 5.6 mo) and overall survival
(0S) (median: 47.5vs 29.1 mo) in
patients with unresectable stage III
NSCLC.* Thus, it cemented the role
of durvalumab in the management of
unresectable stage III NSCLC.

Considering the success of the
PACIFIC trial, the PACIFIC 2 phase
III trial evaluated the concurrent
administration of durvalumab vs
placebo with CRT followed by
consolidation with durvalumab
or placebo in patients with
unresectable stage I1I NSCLC.*
Unfortunately, no statistically
significant improvement in the PFS
(HR, .85; 95% CI: .65-1.12; P=
.247) or OS (HR, 1.03; 95% CI:
.78-1.39; P = .823) was noted.*”

The observed difference between
the outcomes of the PACIFIC and
PACIFIC 2 trials highlights the
crucial role of the sequencing of the
combination and suggests that with
standard fractionation, sequential
combination of durvalumab with
CRT in patients with unresectable
stage III NSCLC may be superior to
a concurrent administration.

With respect to ablative radiation
dose regimen, in the metastatic
setting the PEMBRO-RT phase II
trial reported a doubling of the
objective response rate (ORR) with
pembrolizumab administered after
SBRT (24 Gy in 3 fractions),

36% compared with 18% with
pembrolizumab alone. Although

trends toward improvement of the
median PFS (6.6 vs 1.6 mo) and
median OS (15.9 vs 7.6 mo) were
noted with pembrolizumab plus
SBRT, these were not statistically
significant due to the small sample
size of the study cohort.* In

early stage disease, a randomized
phase II trial (I-SABR) by Chang

et al demonstrated a significant
improvement of the 4-year event-
free survival with the combination
of stereotactic-ablative radiation
therapy (SABR) and 4 cycles of
nivolumab (77%) compared with
SABR alone (53%).%

Small Cell Lung Cancer (SCLC)

The STIMULI phase II
trial evaluated the consolidation
immunotherapy with ipilimumab
and nivolumab compared with
observation after CRT in limited-
stage (LS) SCLC. No improvement
in the PFS was noted, and high
toxicity rates dampened the efficacy
of this therapeutic combination.*®
The ADRIATIC phase III trial
randomized patients with LS SCLC to
receive after CRT durvalumab alone,
durvalumab plus tremelimumab, or
placebo. Interim results revealed
that adjuvant durvalumab led to
a significant improvement of OS
compared with placebo (median OS:
55.9 mo, 95% CI: 37.3-not reached;
vs 33.4 mo, 95% CI: 25.5-39.9;
HR: .73, 98% CI: .54-.98; P=.01).
Although the rates of grade 3 or 4
toxicities were similar in patients
receiving durvalumab or placebo,
24.4% and 24.2%, respectively,
treatment stoppage was higher in the
durvalumab arm (16.4%) compared
with the placebo group (10.6%).%

Head and Neck Squamous Cell
Carcinoma (HNSCC)

Multiple phase III trials have
evaluated the effects of various
combination sequences of ICIs
with EBRT on locally advanced
(LA) HNSCC. JAVELIN Head &

Applied Radiation Oncology 19
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Figure 1. Synergistic effects between radiation therapy (RT) and immunotherapy (IT) in improving tumor control. Red arrows highlight
the mechanisms by which RT enhances the immune response facilitated by IT, while green arrows depict how IT strengthens the

therapeutic outcomes of RT.

Neck 100 evaluated avelumab in
combination with CRT (70 Gy/35
fractions with high-dose cisplatin)
in LA-HNSCC compared with CRT
alone. Patients in the experimental
group were administered a loading
dose of avelumab, followed by

a concurrent administration with
CRT and a maintenance dose. No
difference in PFS and OS was
noted between CRT alone and CRT
in combination with avelumab.®

The IMvoke010 trial evaluated
adjuvant atezolizumab vs placebo
in patients with LA-HNSCC who
underwent multimodal definitive
treatment, including surgery or
CRT. Interim analysis revealed no
improvement in event-free survival
and OS with adjuvant atezolizumab.*
Nevertheless, we are still awaiting
the results of the ECOG ACRIN

Applied Radiation Oncology

EA3161, which is evaluating adjuvant
nivolumab after CRT in patients

with LA intermediate-risk HPV-
positive oropharyngeal carcinoma.®
In the metastatic setting, McBride

et al evaluated during a phase

II randomized trial the ORR of
nivolumab plus SBRT (27 Gy in

3 fractions) compared with SBRT
alone. The addition of nivolumab to
SBRT did not improve the ORR or led
to an abscopal effect.”® For a more
comprehensive review of clinical
trials investigating the combination
of ICIs with EBRT, the readers are
referred to existing publication.”

Esophageal Cancers

The phaseII/III trial ECOG-ACRIN
Cancer Research Group (EA2174) is
currently evaluating perioperative
nivolumab andipilimumabin

patientswith locoregional esophageal
and gastroesophageal junction
adenocarcinoma. Surgical candidates
are administered CRT with or without
nivolumab. Following surgical
resection, disease-free patients
receive nivolumab alone orin
combination withipilimumab.*
KEYNOTE-975 is a phase II
trial evaluating the safety and
efficacy of pembrolizumab in
combination with definitive CRT
in patients with unresectable
esophageal carcinoma.* The results
from these trials will shed light
on the potential role of ICIs in
the management of resectable and
unresectable esophageal cancers.

Genitourinary Cancers

In prostate cancer, a phase
III trial by Kwon et al assessed
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ipilimumab following palliative
radiation of 8 Gy in one fraction to a
bone metastasis in patients with
metastatic castration-resistant
prostate cancer. While the OS benefit
was not statistically significant,
subgroup analyses highlighted a
survival advantage in patients with
favorable prognostic factors such as
the absence of visceral metastases,
normal to slight elevation in alkaline
phosphatase and without anemia.*
This study emphasized the
importance of patient selection. For
muscle-invasive bladder cancer, the
phase III trial KEYNOTE-992 is
currently ongoing and randomizes
patients seeking bladder
preservation to concurrent and
adjuvant pembrolizumab plus CRT vs
placebo plus CRT.*

Cervical Cancer

ENGOT-cx11/GOG-3047/KEYNOTE-
A18 is a phase III trial that
evaluated concurrent and adjuvant
pembrolizumab plus CRT vs
placebo plus CRT in patients
with high-risk LA cervical cancer.
After a median follow-up of
17.9 months, the addition of
pembrolizumab to CRT yielded a
significant PFS improvement.”

Other Cancers

In a phase II trial, a single
fraction of 8 Gy in combination
with pembrolizumab showed early
response in relapsed multiple
myeloma, with 32% of patients
experiencing clinical benefit at
3 months. An abscopal response
was reported in 20% of all
patients, including 3 out of the
7 patients previously treated with
CAR T-cell therapy.” Multiple
phase III trials have evaluated
the combination of CRT with
temozolomide plus nivolumab
in glioblastoma with methylated

March 2025

or unmethylated methylguanine-
DNA methyltransferase. However,
no improvement in survival

was observed.”*

Limitations and Challenges of
Combination Therapy

Combining EBRT with ICIs
presents substantial therapeutic
potential but also creates significant
limitations and challenges.

One major hurdle is the
immunosuppressive effects of RT.
These effects include the activation
of regulatory T cells, recruitment
of tumor-associated macrophages,
and release of immunosuppressive
cytokines such as TGF-§§, which
collectively reduce the infiltration
and activity of cytotoxic T

cells within the TME.” These
mechanisms can undermine the
clinical efficacy of ICIs. Determining
optimal dosing and sequencing
strategies is another significant
challenge. High radiation doses can
potentially be immunosuppressive,
while suboptimal doses may fail

to induce sufficient tumor cell
death or antigen release necessary
to prime the immune system.*

The timing of radiation relative

to ICIs is also critical. While
administering ICIs after radiation
can leverage radiation-induced
immune activation, the concurrent
administration may abrogate the
immune system activation and
increase the risk of systemic
toxicities, including overlapping
immune-related adverse events.”’
Emerging data also suggest that
elective nodal irradiation targeting
tumor-draining LNs may interfere
with the potential synergism that
may ensue from the combination of
EBRT with ICIs.”® Thus, lymphatic
sparing radiation may be an effective
strategy to enhance the synergism
between EBRT and ICIs.

Conclusion

The combination of EBRT
and immunotherapy has shown
considerable potential in improving
treatment outcomes across various
cancer types. This approach results
in enhanced clinical outcomes,
including prolonged OS and
PFS. However, various challenges
persist. Optimizing the radiation
dose, field, combination sequence,
and timing will be critical
for maximizing the potential
of EBRT and ICI combinations.
Nevertheless, results from current
phase III trials are likely to
clarify the synergistic relationship
between EBRT and ICIs.
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RefleXion X1 Treatment Planning Feasibility
Study for Craniospinal Irradiation (CSI)

Tracy Ngo, CMD;! Daniel Pham, PhD, CMD;? Ignacio Omar Romero, PhD;? Eric Simiele, PhD;?® Bin Han, PhD;? Murat Surucu,
PhD;? Iris Gibbs, MD;? Susan Hiniker, MD;? Nataliya Kovalchuk, PhD?*

Objective: The first clinical biology-guided radiation therapy system, RefleXion X1, was commissioned for clinical use at

our institution. This study evaluates the X1 treatment planning feasibility of complex craniospinal targets for pediatric
medulloblastoma patients and compares plan quality to multi-isocenter linac-based Volumetric Modulated Arc Therapy (VMAT)
plans.

Methods: Five pediatric patients treated with multi-isocenter VMAT craniospinal irradiation (CSI) were selected for this
retrospective study. All planning target volumes (PTVs) had a craniocaudal length < 50 cm and received 36 Gy in 20 fractions.
The target volumes and organs-at-risk (OARs) used for VMAT plans were utilized to generate plans using RefleXion X1. PTV
D2%, OARS Dmean and Dmax, and treatment times were collected for analysis. A paired-sample t-test was performed to detect
significance at P < 0.05.

Results: All 5 X1 CSI plans were successfully generated and deemed clinically acceptable for treatment. PTV D2% was found
to be greater for X1 compared with VMAT plans (P = .08). For the X1 plans, the Dmean to the bowel, cochleas, heart, kidneys,
lungs, and oral cavity was not found to be statistically significant (P > .05) compared with VMAT plans. The average treatment
beam-on time for X1 plans was 16.7 minutes vs 3.6 minutes for VMAT plans (P < .01). However, the RefleXion X1 platform
enables one isocenter treatment and 90-cm-long kilovoltage CT scan, which has the potential to reduce the setup/imaging
time, and thus the total treatment time compared with multi-isocenter linac-based VMAT, where the total treatment time of up
to 43.5 minutes was observed.

Conclusion: Apart from a greater maximum dose to PTV, X1 plans showed comparable dosimetry to multi-isocenter VMAT
plans. Although the average beam-on time with X1 was longer, there is a potential for a more streamlined setup and IGRT using
a single isocenter plan.

Keywords: Cranio-spinal irradiation, VMAT CSI, RefleXion X1, pediatric CSI, treatment planning

occurs at age 7, with slightly for medulloblastomas involves surgical
greater incidence in males."”” A large resection, craniospinal irradiation (CSI)
Medulloblastoma is the most proportion of patients with medullo- with post fossa or surgical cavity bed
common childhood malignant central blastoma have craniospinal fluid spread boost to 54 Gy and chemotherapy.®
nervous system tumor." Peak incidence at diagnosis. The standard of care For average-risk patients, the 5-year
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survival rate is higher than 80%,
while high-risk patients have a
5-year survival rate lower than
50%.%*

Craniospinalirradiation presents
challengesbecause of itslarge
targetvolume, which extends beyond
the 40 cm x40 cm field size
limitation of acommonlyused
C-armlinear accelerator collimator
opening.>® The use of multiple plan
isocenters overcomes thislimitation
bydividingthe target volume into
3fields: the whole brain, the
upper spine, and the lower spine.
Craniospinalirradiation is commonly
performed usingthe 3D conformal
radiation therapy technique, which
isproneto errors owingtothe
complexity of the planning and
the treatmentdelivery setup.”"
Thistechnique resultsin dose
inhomogeneity and nonconformity,
which yields significant dose to
the anterior of the spine target
volume. Three-dimensional CSIalso
requires feathering the junctions,
resulting in multiple plan pairs, gap
calculation, and couch rotations,
making planning and treatment
complex, cumbersome, and time
consuming.

Overall, Volumetric Modulated Arc
Therapy (VMAT) CSI creates plans
with superior dose conformality,
superior dose homogeneity, greater
normal tissue sparing, lower
sensitivity to positioning errors, and
shorter treatment time compared
with 3D CSI.**"7 While VMAT can
produce clinically favorable plans
even with setup errors of up to 3
mm, accurate patient alignment with
minimal setup remains important.
A multicenter study conducted by
Gram et al" showed that daily
image guidance with 6-DoF couch
corrections was found optimal in
significantly reducing positioning
errors and uncertainties for patients
with pediatric CSI.
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While daily image guidance
and 6-degrees-of-freedom couch
corrections can assist in optimizing
patient setup, the inherent risks for
positioning errors and uncertainties
cannot be eliminated for VMAT
CSI owing to the use of multiple
isocenters and field matching.
Helical-delivery radiation treatment
techniques such as Tomotherapy
can reduce these risks associated
with multicenter CSI treatments by
using a ring-based gantry to deliver
a single-field CSI treatment as the
patient moves into the treatment
ring.'** A study by Lee et al”
reported Tomotherapy CSI to have
acceptable inter- and intra-fractional
errors, and setup verification
based on the measurements and
evaluations of treatment setup
for 83 patients. In addition,
Tomotherapy CSI techniques have
been demonstrated to produce
highly conformal and homogeneous
treatment plans compared with 3D
CSI.ZLZB

RefleXion (RefleXion Medical
Inc) is a novel PET/CT treatment
modality that similarly utilizes a
ring-based gantry for axial step-and-
shoot Intensity-Modulated Radiation
Therapy (IMRT) delivery. The first
clinical installation of RefleXion
X1 was recently conducted at our
institution.”**® The RefleXion X1
design provides potential advantages
to CSI treatments using a single
isocenter that can potentially
decrease the complexity of planning,
image guidance, and delivery,
reducing the risk of shift and
localization errors. This study aims
to test the feasibility of treatment
planning of X1 CSI and compare the
plan quality and beam-on time to
the current standard of care at our
institution—VMAT CSI planned in
Eclipse and delivered using Trilogy
or TrueBeam linear accelerator
(Varian Medical Systems).

Patient Selection and Simulation

Of 81 patients previously treated
with VMAT CSI at Stanford
University from 2012 to 2022, only
5had a planning target volume
(PTV) length of less than 50 cm in
the craniocaudal direction (current
RefleXion X1 TPS limitation). These
5 patients were included in this
retrospective treatment planning
feasibility study. Patients were
simulated using a Siemens CT
scanner (slice thickness 2 mm) in the
head-first-supine position with arms
by side, immobilized in a 5-point
head and neck mask and AccuForm
cushion (CIVCO) in the neutral neck
position. All patients were treated
under anesthesia.

VMAT CSI Planning

VMAT CSI plans were generated
onEclipsev15.6 (Varian Medical
Systems) using 6 MV energy beams,
aphoton optimization algorithm, an
analytical anisotropic algorithm dose
calculation, and a calculation grid
of 2.5mm. Two full arcs were used
totreatthebrainand asinglearc
wasused totreatthe spine, withan
overlap of atleast2 cmbetween the
brainand spine fields. Brain and spine
isocenters were placed such thatthere
wasonly alongitudinal shiftbetween
them. Auto-feathering was enabled
during optimization to create smooth
dose gradientsin the overlapping
areas between fields. The spine arcs
used avoidance sectorstolimitthe
dose enteringthrough the arms.
VMAT CSI plans were normalized at
95% PTV coverage by the prescription
dose of 36 Gy.

RefleXion X1 Linear Accelerator

RefleXion X1 is the first biology-
guided radiation therapy system
consisting of a 6 MV flattening-
filter-free (FFF) linear accelerator
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mounted on the 85 cm gantry ring
rotating at 60 rpm and delivering
the treatment using one isocenter
in axial fashion advancing the
couch every 2.1 mm. Modulation

is achieved using 64 binary,
pneumatically driven, multi-leaf
fast-transitioning collimators (MLC).
Two sets of jaws, positioned above
and below the MLCs, are used to

set the maximum field extent in the
patient superior-inferior direction:
either 1 cm or 2 cm at isocenter. The
X1 is also equipped with fan-beam
kilovoltage CT of near-diagnostic
image quality, megavoltage portal,
and PET imaging subsystem.

RefleXion X1 Planning

CT scans and structure sets used
for VMAT CSI plan generation were
imported to RefleXion X1 TPS for
planning. The PTV_CSI target ranged
between 48.1 and 49.3 cm and
was the same for VMAT and X1
planning. All cases were planned on
the RefleXion X1 v1.0.46 TPS using
step-and-shoot IMRT technique
with 6 MV FFF energy, 2 cm
jaws, accelerated proximal gradient-
based on FISTA and Collapsed
Cone Convolution superposition
dose calculation algorithm, and a
calculation grid of 2.1 mm. The
plan isocenter was placed in the
middle of the target. As plan dose
normalization was not available in
RefleXion X1 v1.0.46, each plan was
optimized to allow for 95% of the
PTV to receive the prescription dose
(36 Gy in 20 fractions).

Plan Evaluation

Plans created in Eclipse and
RefleXion X1 foreach patient were
evaluated for dose heterogeneity
using dose to 2% of the PTV (D2%),
conformity index, homogeneity
index, and mean doseto critical
structures.
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Plan Comparison

A paired sample t-test was
performed to evaluate the dosimetric
quantities between the Eclipse and
the RefleXion X1 plans for each
patient, with statistical significance
defined at P < 0.05.

Beam-on Time and Treatment
Time Analysis

Beam-on times for Eclipse and
RefleXion X1 TPS were collected and
compared. The RefleXion X1 system
dose rate used for the beam-on time
study was 850 MU/min. Total time
from imaging to end of treatment
session was recorded using Aria
offline review for Eclipse VMAT
plans for every fifth fraction for each
patient. Institutional guidelines for
VMAT CSI treatment include imaging
all isocenters separately using kV/kV
orthogonal pairs and shifting and
adjusting positioning to obtain an
accurate match for each isocenter
position. Cone beam CT is used
for the first fraction and every
fifth fraction or when alignment is
problematic. After the imaging and
adjustments, each isocenter position
is confirmed with planar MV port
added to the arc to confirm the
accuracy of the shifts.

RefleXion X1 plans were
successfully created for all
5 patients with pediatric
medulloblastoma. Figure 1
illustrates a comparison between
axial and sagittal dose
distributions between an Eclipse
VMAT plan and a RefleXion X1
plan.

Table 1 displays the summary of
the average dosimetric indices and
parameters achieved for VMAT and
X1 plans. The dose to 2% of PTV
(PTV D2%) was reported as 39.2 Gy

for VMAT plans and 41.3 Gy for X1
plans. This difference was not found
to be statistically significant (P =.08).
The organs-at-risk (OAR) doses for
the RefleXion X1 and Eclipse VMAT
plans were comparable. However,
all of the mean OAR doses were
higher with the X1 even though

the differences were not found to

be statistically significant. Statistical
significance was detected only for
the difference in Dyeap to the

bowel bag, with RefleXion X1 plans
reporting a lower average Dpyean
compared with Eclipse VMAT of 1.4
Gy (P=.04).

The average beam-on time for
Eclipse VMAT and RefleXion X1
plans were 3.6 minutes and
16.7 minutes, respectively (P < .01).
The average total treatment time
from imaging to completion of
treatment for Eclipse VMAT was
29.2 minutes (range 16.3-43.5 min).
No average total treatment time was
acquired for RefleXion X1 because
no treatment was delivered using
this technology.

To our knowledge, this is the
first treatment planning study of
CSI using the RefleXion X1 system.
We have previously reported on
treatment planning comparison
between RefleXion X1 and Eclipse
VMAT for 42 patients across 6
cancer sites.” In this study, we
tested the feasibility of CSI using
RefleXion X1. We have successfully
generated clinically acceptable
RefleXion CSI plans for 5 pediatric
medulloblastoma patients with target
length less than 50 cm. Dosimetric
indices were comparable between
the RefleXion X1 and Eclipse VMAT
modalities, except for statistically
significantly improved bowel sparing
with RefleXion X1.
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Figure 1. Comparison of sagittal (top) and axial (bottom) dose distributions between (A) Eclipse VMAT craniospinal irradiation (CSI) plan
and (B) RefleXion X1 CSI plan. Colorwash dose threshold of 1800 cGy indicates 50% of prescription dose.

Owing to the 2 cm field size and
long PTV CSI targets, the average
beam-on time was approximately 4.5
times greater using RefleXion X1
compared with Eclipse VMAT. For
VMAT CSI delivery using 2-isocenter
plans and implemented on a Varian
C-arm linear accelerator, treatment
times for the first fraction from
start of imaging to completion of
treatment ranged widely, from 16.3
to 43.5 minutes (mean, 29.2 min),
signifying challenges in separately
imaging and aligning each isocenter.
RefleXion X1 can overcome this
challenge by imaging a long extent of
the patient, localizing, and delivering
the whole treatment using one
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isocenter in axial mode and moving
the couch in the craniocaudal
direction with 2.1 mm increments.
This may reduce beam matching and
shifting errors that could arise from
multi-isocenter delivery. In addition,
X1 was recently upgraded to enable
21000 MU/min dose rate from the
initial dose rate of 850 MU/min
improving the beam-on time.

While no studies currently
compare RefleXion CSI and
VMAT CSI, literature discussing
the delivery of treatment using
Tomotherapy with 2.5 cm jaws
in helical fashion may be useful
as a comparison due to its
similarity to X1. A study in 2019

by Sun et al” comparing VMAT,
IMRT, and Tomotherapy plans
found that the Tomotherapy plans
offered superior PTV homogeneity,
conformity, and brainstem, optic
chiasm, and optic nerve sparing
compared with those of VMAT
plans. IMRT was superior to
VMAT and Tomotherapy in terms
of OAR sparing in the mid-body
region (esophagus and heart).
Results of this study by Sun et

al differed from the results of the
current RefleXion X1 study, which
found difference in Dpean to the
bowel bag as the only statistically
significant dosimetric parameter.
However, just as the average
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beam-on time for RFX plans was
estimated to be longer than the
average beam-on time for VMAT
plans in our study, Tomotherapy
delivery time was found to be
longer than that of VMAT by Sun
et al. The long treatment time
increases the potential for
significant intrafraction motion. In
future studies, the impact of
intrafraction motion management
on treatment time for RefleXion
CSI will need to be evaluated.

Another study by Herdian et
al”® found that differences in
oral cavity Dmean, kidneys Dpean,
and mean D2% to the spinal
PTV were statistically significant
between IMRT and Tomotherapy
plans. Differences in oral cavity
Diean, kidneys Dpean, mean
D2% to the cranial PTV, and
mean D2% to the spinal PTV
were also statistically significant
between 3D-CRT plans and HT
plans. Additionally, Tomotherapy
plans resulted in longer mean
beam-on times than both IMRT
and 3D-CRT.*®

One limitation of this study
is the small sample size (n =
5) due to the maximum target
length threshold of 50 cm. The
vendor is planning in its next
clinical release to upgrade the
system with the capability to
treat targets greater than 50 cm.
This will permit us to expand
patient selection, include larger
target sizes, and collect and
further analyze treatment delivery
times. In the system’s current
version, treatment would require
an additional plan to cover the
entire target. Future studies will
have to explore the issue of
field matching in these situations.
Another limitation is that this
study focuses only on comparing
the VMAT and RefleXion X1 plans.
It would be interesting to include

March 2025

Tomotherapy plans in the testing
cohort. This work shows the
feasibility of CSI planning using
RefleXion X1, potentially paving
the way to use RefleXion X1

for CSI treatment. This could
simplify Image-Guided Radiation
Therapy (IGRT) workflow and
streamline treatment, an especially
important benefit for patients with
pediatric CSI being treated under
anesthesia.

Based on our limited data set,
we were able to demonstrate
the feasibility of CSI treatment
planning for RefleXion X1. The
successfully generated RefleXion
plans resulted in dosimetric
indices comparable to Eclipse
VMAT plans as no statistically
significant differences were
detected in the PTV near-
maximum dose or average Dmean
to critical structures except in
the bowel bag. Despite its
longer average beam-on time
than VMAT plans, RefleXion X1
utilizes a moving couch to allow
for single-isocenter technique by
encompassing the entire volume in
one scan. This has the potential to
reduce translational and dosimetric
matching errors associated with
multi-isocenter setups using C-arm
linear accelerators.
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RADIATION ONCOLOGY CASE

Robotic-Assisted Seminal Vesicle Excision vs
Brachytherapy for Isolated Seminal Vesicle
Recurrence: 2 Case Reports

Barry W. Goy, MD;** David S. Finley, MD?

Abstract

The most common treatment for isolated seminal vesicle recurrence (ISVR) has been androgen deprivation
therapy (ADT). Prior to the introduction of prostate-specific membrane antigen PET (PSMA-PET), detecting ISVR
was imprecise, with most patients treated with ADT in the setting of biochemical failure. However, with the advent
of high-sensitivity and -specificity PSMA-PET, identifying patients with ISVR is now possible, and local therapy may
potentially offer cure with acceptable morbidity. We present 2 cases of ISVR treated with robotic-assisted seminal
vesicle excision (RASVE) vs low-dose-rate (LDR) salvage brachytherapy, both of which rendered the patients
disease free with undetectable prostate-specific antigen with short-term follow-up. RASVE and LDR salvage
brachytherapy are reasonable treatment options for ISVR, with curative intent.

Keywords: brachytherapy, robotic-assisted seminal vesicle excision, isolated seminal vesicle recurrence, prostate

cancer

Case Summary

Case 1 was a 62-year-old patient
with a T1c Gleason score (GS) of
4+3, initial PSA 12.1, +5/12 cores.
The patient underwent low-dose-rate
(LDR) brachytherapy in 2014 using
114 loose iodine-125 seeds, 0.414
milliCuries per seed, to a minimum
peripheral dose (MPD) of 14,400 cGy.
He developed biochemical failure
in 2017, with a prostate-specific
antigen (PSA) score of 3.9. MRI
and prostate biopsies were negative.

The PSA continued to rise to 8.8
in 2018, and Axumin-PET demonstra-
ted uptake in multiple subcentime-
ter periaortic lymph nodes, with a
maximum standardized uptake value
(SUV) of 4.5. In 2019, the patient was
started on leuprolide and adminis-
tered nodal radiation to 4000/200
cGy, but his PSA rose to 2.3 with a
testosterone level of 60 in 2024.
Case2was a 68-year-old patient
with c¢T2a, GS6,and iPSA 16.0 who
underwentbrachytherapyin2016
using93looseiodine-125seedsto
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an MPD 0f 14,400 cGy. He developed
biochemical failure with a PSA of 4.8
in 2024, and prostate biopsies were
negative.

Diagnosis and Treatment

Forcase 1, PSMA-PET hadan SUV
of15attheleft seminal vesicle (SV)
(Figure1)in 2024, when his PSA
was 2.3 with atestosteronelevel near
castrate. Uronav (Invivo Corp) MRI
fusion biopsy showed GS4+3in 5 cores
with 70% involvement of the left SV,
but prostate biopsies were negative.
The patientsubsequently underwent
robotic-assisted seminal vesicle
excision (RASVE) with extended
pelviclymph node dissection, in
which bilateral SV and the adjacent
prostate base wereresected en
bloc. Pathology demonstrated GS
3+4involving bilateral SV with
extensioninto peri-SV softtissue, with
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Figure 1. Prostate-specific nembrane

antigen PET for case 1 showing abnormal

uptake left seminal vesicle.

negative deep margins and negative
nodes (0/13). The patient’s PSA was
undetectable 4 months post-surgery
with no side effects or complications.
Inretrospect, we feltthat his prior
Axumin-PET, which showed positive
nodal disease, likely represented a
false-positive scan, as PSMA-PET is
now considered more accurate.

For case 2, the patient’s initial
MRI in 2016 showed diffusion
restriction and enhancement of
an anterior midline lesion at
mid-gland, an adjacent anterior
lesion just left of the midline
anterior lesion as well as a third
lesion at the posterior right apex,
but the SVs were normal. After
brachytherapy in 2016 (Figure 2a),
he developed biochemical failure
in 2022 with a PSA of 4.8,
but his sextant prostate biopsies
were negative. PSMA-PET in 2024
showed recurrence in the right
medial SV (SUV 16.7, Figure
3). This patient then underwent
salvage brachytherapy with rectal
spacer placement (Spacer OAR,
Boston Scientific) as this was
salvage treatment with previous
radiation. We used 3 strands on
the right SV, 2 of which had
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Figure 2. Brachytherapy implant for case 2 for definitive treatment in 2016 on the left
(A), while on the right (B) showing brachytherapy implant of seminal vesicles in 2024 in

addition to patient’s seeds from 2016.

5 seeds, while the third strand
contained 6 seeds in the middle of
the abnormal PSMA uptake. Also,
2 strands using 4 seeds each were
placed in the left SV, for a total
of 24 seeds with an activity of
0.382 milliCuries per seed using
stranded iodine-125 (Figure 2b).
Our prescription was 14,400 cGy to
the entire right SV and proximal-
mid-left SV. Interestingly, Figure
2B demonstrates a significant
decrease in the size of the
prostate over 8 years compared
with Figure 2A, while Figure

2B contains 24 additional seeds

to the SV. Androgen deprivation
therapy (ADT) was not used for
this patient, whose PSA 12 months
post-implant was <0.1 without any
complications from his salvage
brachytherapy/SV implant.

Discussion

Historically, SV failure has
portended systemic disease, and
patients were usually treated
with ADT, owing to suboptimal
assessment of isolated seminal

Figure 3. Prostate-specific membrane
antigen PET for case 2 showing abnormal
uptake right seminal vesicle.

vesicle recurrence (ISVR). With
the advent of PSMA-PET,

finding patients with a locally
recurrent, curable disease is now
possible. Robotic-assisted salvage
prostatectomy has been performed
on patients developing local
recurrence after external radiation
and/or brachytherapy, although
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this is done less commonly

due to its high complication

rate. For special cases of ISVR,
RASVE may be used, with

cure rates comparable to salvage
prostatectomy but with the added
benefit of lower morbidity.

The largest series of RASVE
reported on 17 patients, with a
positive margin rate of 41% and a
3-year failure-free survival of 53%.
In this series, 71% had bilateral
SV involvement pathologically.
Pretreatment biopsies showed
only 35% with bilateral disease,
while MRI demonstrated 12%
with bilateral disease, and
PSMA-PET showed 6% with
bilateral disease. Thus, during any
treatment of ISVR, we recommend
treating both SVs, as was the
situation in case 1 pathologically,
where preclinical assessment only
demonstrated unilateral disease.
The treatment of ISVR using
salvage brachytherapy has been
described in only a few case
reports of patients treated with
SV recurrence with or without
prostate recurrence.>® With the
advent of reliable stranded seeds,
implantation in the SV is now
possible, whereas previously, loose
seeds would not stick to the SV
owing to its spongy consistency.

Our institutional treatment
preference for ISVR is RASVE as
it offers pathologic staging with
nodal assessment, and its side
effects seem acceptable for either
approach. One may hypothesize
that salvage brachytherapy can
be performed as a first
salvage and, if unsuccessful,
followed by RASVE as a backup
treatment. However, this approach
could increase complications
as excessive radiation to the

1

uretero-vesicle junction may lead
to devascularization after RASVE
if extracapsular techniques of

brachytherapy are used initially.*
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Our recommendation is to offer
salvage brachytherapy to patients
considered medically inoperable
or to those who decline RASVE.
Owing to the small number of
patients with ISVR treated with
RASVE or salvage brachytherapy,
however, applying both these
techniques to other institutions
may be challenging as they may
not be offered at most institutions,
and most patients historically have
been treated with ADT on an
indefinite basis.

Our sample size is small,
with only a short-term follow-
up. However, in our experience,
when patients reach a PSA of
<0.1 after brachytherapy alone
without ADT, the long-term cure
rates are extremely high in
the setting of de novo disease
(unpublished data). There has
been a significant decline in the
number of institutions offering
standard LDR brachytherapy,®”
and even fewer offer more
advanced extracapsular prostate
brachytherapy, which can be used
to treat unfavorable intermediate-
and high-risk prostate cancer
with brachytherapy alone.**" We
have implanted the SV and the
prostate with the goal of reducing
future risk of ISVR.* Thus, we
describe here a case where LDR
salvage brachytherapy can be
used to treat ISVR. Nevertheless,
finding physicians technically able
to perform the procedure is
challenging as even standard LDR
brachytherapy for prostate cancer
may become obsolete due to low
reimbursements.

Conclusion

RASVE and LDR salvage
brachytherapy are reasonable
treatment options for ISVR, with
possible curative results, sparing
some patients from long-term ADT.

Recurrence
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Volumetric Changes in a Cervical Schwannoma
in Response to Adjuvant Stereotactic Body

Radiation Therapy: A Case Report
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Abstract

Stereotactic radiosurgery (SRS) and stereotactic body radiation therapy (SBRT) are the commonly employed
treatment modalities for intra- and extracranial schwannomas. Transient swelling is common following SRS for
vestibular schwannomas. We highlight the volumetric change following adjuvant SBRT of a schwannoma of the
cervical spine. The patient initially presented with pain and numbness in the left arm, which led to diagnosis of a
benign schwannoma in the cervical spine region. She then underwent subtotal surgical resection, followed by
SBRT of the residual tumor. The volume of the schwannoma was measured on subsequent neuroimaging to
ascertain the post-SBRT treatment response. To our knowledge, this is the first published report of transient

swelling of a cervical schwannoma.

Keywords: stereotactic body radiation therapy, schwannoma, spinal tumor, cervical spine, tumar response

Case Summary

Schwannomas are rare tumors
that arise from Schwann cells, which
function to myelinate the periph-
eral nervous system. Within this
benign entity, cervical schwannomas
account for just 0.1% of all diagno-
ses.' The preferred treatment for
cervical schwannomas entails total
tumor resection; however, obtain-
ing clear margins may not be
feasible in some patients owing

to the proximity of nearby criti-
cal structures.”* Adjuvant radiation
therapy is considered for positive
margins or gross residual disease.’
Stereotactic body radiation
therapy (SBRT) delivers a highly
conformal tumoricidal dose while
minimizing radiation exposure to
the surrounding tissues.® The steep
dose fall-off achieved by SBRT is
paramount in cases where the
tumor is close to critical structures
or vasculature, as is common
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in cervical schwannomas. The
post-stereotactic radiosurgery (SRS)
response of vestibular schwannomas
(historically termed acoustic
neuromas) is well documented in
the literature, as cranial nerve

VIII is the most common site of
schwannoma development.” These
tumors tend to expand after SRS,
which can be misinterpreted as
tumor progression.*" Regardless
of actual or pseudoprogression,
volume expansion following SRS
poses a threat to critical structures.
Indeed, tumor expansion may
cause temporary or permanent
hearing loss, gait imbalance, facial
twitching, palsy or sensory changes
from impingement of inflammation
of cranial nerves V and VII;
hydrocephalus from the 4th ventricle
obstruction; or brainstem injury."
By extrapolation, when irradiating
extracranial schwannomas with
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SBRT, radiation oncologists must be Figure 1. Contrast- and noncontrast-enhanced MRI of the cervical spine demonstrating
cognizant of the potential volumetric preoperative cervical schwannoma (top) and postoperative surgical cavity (bottom).
(A) Preoperative sagittal T2, (B) preoperative sagittal T1 sequence with contrast,

changes post-SBRT treatment. (C) postoperative sagittal T2, and (D) postoperative sagittal T1 sequence with contrast.

However, a paucity of literature

describes post-SBRT changes in “ ﬂ
cervical schwannomas. We describe

here for the first time, to the best of

our knowledge, volumetric changes

in a cervical schwannoma following

adjuvant SBRT.

Presentation

The patient was a 60-year-old
female non-smoker with a history
of left breast mastectomy for stage
3A breast cancer 11 years earlier
and left shoulder replacement 7 n n
years earlier. She initially presented
with pain involving the left
shoulder and arm and described
the pain as a sharp intermittent
sensation with no exacerbating
factors. The pain was initially
attributed to a combination of
left shoulder replacement and
lymphedema in the left arm
following breast cancer treatment.
However, the pain persisted, and
the patient underwent a contrast-

enhanced cervical MRL which Figure 2. Contrast-enhanced MRI of the cervical spine demonstrating a postoperative
)

residual tumor in the anterior region adjacent to the brachial plexus. (A) Axial T1

revealed a nerve sheath tumor sequence with contrast; (B) sagittal T1 sequence with contrast.
in the C6-C7 region, extending
extracanalicular and into the canal “ n

with some spinal cord compression
(Figure 1). She underwent a left
partial C6 and C7 schwannoma
resection with hemilaminectomy
and posterior C4-T2 fusion for
postlaminectomy kyphosis. Surgical
intervention resulted in moderate
pain relief. Pathology showed a
myxoid peripheral nerve sheath
tumor, with S100 protein diffusely
positive and MIB-1 estimated to

be 3%. A surveillance MRI ~7

months postsurgery revealed a radiation oncology 11 months other day over a 5-day period.
residual tumor with a volume of postresection. The patient was simulated and

9.47 cm® in the anterior region Eleven months following treated with an aquaplast mask on
near the brachial plexus (Figure 2). resection, the patient underwent an Accufix board indexed to the
The patient was followed by SBRT with a dose of 2100 cGy table for immobilization. The gross
neurosurgery and referred to in 3 fractions delivered every tumor volume (GTV) was contoured
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using the planning CT scan and
fused volumetric MR images. The
planning target volume (PTV) was
defined as a 5 mm circumferential
expansion of the GTV. A volumetric
modulated arc therapy plan was
generated with 3 coplanar 6 MV
flattening filter-free beams. The
plan was normalized such that the

prescription dose covered 95% of the

PTV. The maximum PTV dose was
2363.5 cGy(Figure 3). The patient
was treated on a Varian TrueBeam
linear accelerator. Serial MRI was
utilized to monitor tumor response
to SBRT. Volumetric changes were
calculated retrospectively from MRI
by importing the MRI into the
treatment planning system to
contour the post-SBRT residual
tumor and compute volumes.

Three months following SBRT,
MRI revealed that the tumor initially
shrank to 8.16 cm®. However, this
regression in size was short-lived,
and a scan 5 months later (8§ months
post-SBRT) demonstrated that the
mass had grown to 15.8 cm®. Three
months later (11 months post-SBRT),
the tumor had shrunk to 9.94 cm®.
Fourteen months after SBRT, the
patient complained of increasing
numbness in her left hand, but an
MRI scan at that time revealed that
the tumor had continued to shrink
steadily. She described numbness
in the left middle finger with
occasional involvement of the 1st
and 2nd digits but reported no
upper extremity weakness or other
neurologic symptoms. The tumor
continued to shrink, stabilizing to a
final volume of 8.85 cm® > 5 years
after SBRT. The patient reported
persistent tingling and numbness
along the left middle finger at the
latest follow-up.

In total, tumor volume was
obtained via cervical MRI 8 times—
the first of which followed surgical
resection just before radiation

Applied Radiation Oncology
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Figure 3. Axial CT images (A) illustrating gross tumor volume 2100 (cyan), planning
target volume (PTV) 2100 (magenta), and brachial plexus contour (orange). Stereotactic
body radiation therapy axial (B), sagittal (C), and coronal planes (D) illustraing dose color

wash (PTV 2100 shown in magenta).

therapy. Tumor volumes at various
periods are shown in Table 1 and
Figure 4. The patient was last

seen in a follow-up 5 years after
completing SBRT.

Discussion

As schwannomas are extremely
rare in the cervical spine,’ the
majority of data describe vestibular
schwannoma treatment. SRS is
often employed nonoperatively to
achieve local control of vestibular
schwannomas'; the high doses
and steep dose falloffs offer
local control rates of up to 90%
while minimizing damage to the
surrounding structures.'® Tumor
expansion peaks approximately 6-12
months after SRS and can generally
be attributed to pseudo-progression;
this postradiotherapeutic tumor
change is not indicative of treatment
failure.” Our case highlights the

utility of SBRT to target the
residual lesion adjacent to the
brachial plexus. Using adjuvant
stereotactic radiation therapy for
vestibular schwannomas, Dhayalan
et al reported a local control
rate of 77.3%."° In the spine,
adjuvant SBRT has been shown
to achieve successful local control
of S1 nerve root melanotic
schwannomas® and benign thoracic
spine schwannomas."” However, the
effect of adjuvant SBRT on benign
schwannomas in the cervical region
is not well documented.

This is the first report
on volumetric changes of a
cervical schwannoma following
adjuvant SBRT. The tumor
swelled approximately two-thirds
of its pre-SBRT size ~8 months
following treatment. After this
initial expansion, the size steadily
decreased and was slightly smaller
than its pre-SBRT size 48 months
after treatment.
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Table 1. MRI-Determined Tumor
Volume (cm?®) Before and After
Stereotactic Body Radiation
Therapy (SBRT) Treatment on
9/2019

TUMOR
VOLUME (CM®%)

Pre-SBRT 9.5

3 months post-SBRT 8.2

8 months post-SBRT 15.8

11 months post-SBRT 9.9

25 months post-SBRT 8.7

3 years post-SBRT 9.9

4 years post-SBRT 9.1

>5 years post-SBRT 8.9

In contrast to cervical
schwannomas, characteristic
volumetric changes following SRS
are well documented for vestibular
schwannomas. Meijer et al reported
that 11 of 45 (24%) treated tumors
initially increased in volume and
eventually decreased to below
pretreatment volume.'® The mean
increase in volume was reported to
be 25% after a mean follow-up time
of 15 months. The tumors then
shrank eventually to a volume lower
than the pretreatment volume at an
average of 34 months. Mohammed et
al described 7 of 18 (39%) vestibular
schwannomas that demonstrated
pseudoprogression and then shrank
below their pre-SRS volume." They
reported a mean tumor volume
increase of 35% and an average time
to regression of 24 months." In
contrast, the tumor in our case
demonstrated a 67% increase in
volume, which is markedly higher
than the averages reported by
these studies.

The patient was noted on the
last follow-up to have persistent
left middle finger numbness and
tingling. We postulate that these
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Figure 4. Graphical depiction of tumor volume over time. SBRT, stereotactic body

radiation therapy.

symptoms could likely be the result
of a late brachial plexopathy or
neuropathy from the nerve root.
Upon review, the dose to the brachial
plexus was 2337.3 cGy (max dose
per Dose Volume Histogram), which
met the constraint of D0.03cc <

26 Gy, but the partial volume of

8.50 cc exceeded D3cc < 22 Gy,

per the BR002 trial."” Prior studies
have demonstrated that brachial
plexus volume exposure may be
more critical than the maximum
dose in terms of symptomatic
motor or sensory deficits of the
upper extremity.

Conclusion

Unlike the high number of studies
regarding vestibular schwannomas,
there is a significant dearth of data
regarding the post-SBRT expansion
of schwannomas in other areas,
with little to no reports of volume
expansion or percent changes in
volume. To better understand the
risks of complications following
SBRT, the dynamics of tumor
volumes of schwannomas in all

locations should be investigated in
greater depth. The result of such
investigations would allow radiation
oncologists and patients to make
more educated decisions regarding
the use of radiation therapy.
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Radiation Therapy for the Management of
Refractory Giant Condyloma Acuminata:
A Case Report

Prinska Ghimire Wagle, MBBS;* Samuel To, BA;2 William C Chen, MD**

Abstract

Giant condyloma acuminata (GCA), also known as Buschke-Lowenstein tumor, is a rare human papillomavirus-
related lesion that can affect the anorectal region and is characterized by aggressive local growth and a high
recurrence rate. This case report details a 46-year-old immunocompetent man with refractory anorectal GCA
that recurred despite multiple surgical interventions, including abdominoperineal resection (APR). Due to the
extensive and refractory nature of the recurrent disease following APR, definitive radiation therapy was offered.
Intensity-modulated radiation therapy to 50 Gy in 25 fractions resulted in rapid disease regression, symptom
relief, and a complete clinical and metabolic response. This case highlights the efficacy of radiation therapy in

managing challenging GCA cases.

Keywords: giant condyloma acuminata, radiation therapy, Buschke-Léwenstein tumor, fistulas, HPV, intensity-

modulated radiation therapy (IMRT), FDG PET, PET/CT, condyloma

Case Summary

A 43-year-old HIV-negative,
immunocompetent man initially
presented to the anal neoplasia clinic
with a several-month history of
growing, friable pink lesions in the
anal area. These lesions extended
from the perianal skin to the anal
verge and were associated with
significant anal pain. He under-
went local excision and hyfrecation
of extensive condylomas. Pathol-
ogy of 2 excised lesions showed
low-grade squamous intraepithelial
lesions, positive for low-risk human
papillomavirus (HPV) by in situ

hybridization. Unfortunately, he
developed rapid local recurrence
within 1 month of this initial
surgery. Despite subsequent repeat
excision/fulguration procedures (6 in
total) over a 3-year period, followed
by an abdominoperineal resection
(APR) with rectus myocutaneous

flap reconstruction, the condylomas
continued to recur aggressively.

Diagnosis

Repeated histopathology of
the excised lesions, including
the extensively sampled

APR specimen, revealed well-
differentiated squamous epithelium
with orderly maturation, marked
acanthosis with hyperkeratosis,
associated with low-risk HPV
positivity, high-risk HPV negativity,
and without any high-grade
dysplasia. An institutional next-
generation sequencing (NGS) panel
identified an activating hotspot
mutation in the TERT gene promoter,
inactivating frameshifts in KMT2B
and KMT2D, and an inactivating
nonsense mutation in NOTCH3. Few
large-scale chromosomal alterations
were noted, including a gain of
distal 7q and loss of interstitial
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7q. Overall, the lack of large-scale
copy number changes and absence
of TP53 or CDKNZ2A alterations,
along with the benign histology
with low-risk HPV positivity and
high-risk HPV negativity throughout
an extensively sampled tumor,
were most consistent with giant
condyloma acuminatum without
clear evidence of malignant
transformation.

Imaging Findings

His post-APR course was
complicated by wound-healing
issues, persistent drainage, and
the development of intra-abdominal
abscesses and suspected fistulas
connecting the bladder, rectal
stump, and perineal wound.
Recurrent condylomas appeared at
the perineal incision site within 6
months, extending to the anterior
aspect of the perineum and scrotum.
Further surgery was felt not
to be feasible, and the patient
was referred for multidisciplinary
discussion with radiation oncology
and medical oncology. An F-18
fluorodeoxyglucose (FDG) PET/CT
was obtained, which showed
extensive abnormal enhancement
and marked hypermetabolism in
the pelvis (Figure 1A), including
abnormal hypermetabolic tissue
along multiple fistulous and
percutaneous drain tracts. The
bladder was abnormally thickened,
though a cystoscopy and Foley
catheter placement under anesthesia
by urology did not identify clear
involvement of the bladder. At this
time, both definitive chemoradiation
or radiation alone were felt to be
reasonable options, and the risks and
benefits of both were presented to
the patient, who expressed a strong
desire to avoid chemotherapy. Given
the lack of evidence of malignant
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transformation in his extensively
sampled APR specimen, radiation
alone was offered.

The patientreceived 50 Gyin 25
fractionsto ahigh-risk volume and 45
Gyin25fractionsto alarger pelvic
field viaavolumetric modulated
arctherapy plan encompassingall
areas of FDG avidity (Figure 1B).
The high-risk volume receiving 50
Gywasdelineated based on FDG
PET avid areas and regions of
abnormal contrastenhancement
on CT. A2-3cm customized
expansion wasused to delineate
aclinical target volume (CTV)
respecting anatomic boundaries.
The CTVwasalso expanded to
include the pelvis, with a superior
border of L5/S1, encompassing
the entire prior surgical field and
all potential fistulous tracts, and
received 45 Gy. Treatment was well
tolerated with grade 2 radiation
dermatitisand mild fatigue. Rapid
regression of his condylomas was
noted during the treatment course
(Figure2), along with a significant
decreaseindrain outputand an
improvementin painlevels. By the
end of treatment, the condylomas
had completely regressed, leaving
behind alarge perineal cavity.
AnFDGPET/CT obtained 7 weeks
post-radiation showed acomplete
metabolicresponse (Figure 1C,
Figure 1D). At 7 months post-
radiation, he remainsrecurrence
freeandis presently undergoing
hyperbaric oxygen therapy to assist
healing of his fistulas and perineal
cavity.

Discussion

Giant condylomaacuminata (GCA),
also known as Buschke-Lowenstein
tumor, isarare and aggressive
form of condylomaacuminata,
characterized by benign histology,

which beliesits persistentand
locally destructive growth, high
riskof recurrence, and potential
for malignant transformation."
Although associated with low-risk
HPV (HPV-6and HPV-11) and
characterized by benign histological
appearance, GCA can exhibit
clinical behavior akin to malignant
tumors, including aggressive tissue
infiltration and destruction, ahigh
rate of recurrence, and a mortality
rate of up to 20%-30% in historical
series.**

Genomic characteristics of GCA
have rarely been reported, and
the biological underpinnings of
its pathogenesis are poorly
understood." Among the alterations
found via NGS in this
case, KMT2B and KMT2D
are mutations that affect
histone methyltransferases, which
may contribute to epigenetic
dysregulation and have been
reported in many cancer
types, notably in squamous
cell carcinomas of the lung,
esophagus, anus, and head
and neck.® An activating TERT
promoter hotspot mutation was
also seen; activating TERT
promoter mutations have been
identified frequently in many
cancer types and in pre-cancerous
settings.® The NGS also revealed
few large-scale chromosomal losses
or gains, which are much more
commonly seen in anal squamous
cell carcinomas.’

Traditionally, GCAis managed
throughlocoregional therapies,
includingtopical therapies, wide
local excision, or APR. A literature
review of 42 cases of surgically
managed GCA found thatupto 56%
of these tumors were associated with
histologically confirmed malignancy,
underlining the high malignantrisk
of these tumors.* Moreover, GCA
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Figure 1. Pre- and post-radiation F-18 fluorodeoxyglucose (FDG) PET/CT fusion images. Pre-radiation FDG PET/CT (A) showing extensive abnormal
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hypermetabolism in the pelvis, including extensions anteriorly and posterolaterally along fistulous tracts. Axial, sagittal, and coronal views of radiation
treatment plan (B), with high-risk volume (50 Gy) outlined in red and pelvic field (45 Gy) outlined in orange. Pre-radiation attenuation-corrected PET (C)

showing disease extending posteriorly and anteriorly as indicated by red arrows. Post-radiation attenuation-corrected PET (D) obtained 7 weeks after

treatment showing complete metabolic response.

were frequently associated with deep
infiltration of surrounding structures
and formation of fistulas filled with
condylomas. Our case highlightsthe
utility of FDGPET in delineating the
full extent of involvement with GCA
ascondylomatousinvolvementofthe
deep pelvisand fistuloustracts had
notbeen suspected, butwas evident
onthe pre-radiation therapy FDGPET.
Indeed, intense FDG avidity within
condylomaacuminatahas previously
beendescribed in case reports, but
the use of FDGPET for GCA hasnot,
to our knowledge, beenreported on
before.*™

Reports of definitive radiation
therapy for GCAremain rare, but
the existing examples suggest that
radiation therapyisaviable treatment
option for managing refractory
GCA and condyloma acuminata.
Moodleyand Govender reported
on 54 HIV-positive patients with
unresectable vulvar GCA treated with
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30Gyin10fractions, resulting
ina30% complete response and
61% partial response rate." Partial
respondersreceived furtherlocal
therapies, and 52 of 54 (96%) of
patients wererecurrence free at
Syears.Dhaddaetalreported
complete regression of extensive
genital wartsincidentally within a
postoperative vulvar radiation field
treated with 40 Gy in 15 fractions."
Sobrado etal reported complete
responseto45Gyin 25fractions
ofalargerecurrent perianal GCA
with fistulous involvement, with

the patientremaining disease free
through 20 months of follow-up.*
Kim etal describea case of agiant
perianal condylomarecurrent after
APR, successfully treated with 45 Gyin
15fractions with apparent complete
clinical response at 6 weeks post-
radiation therapy.'* Sivapalan etal
reported complete clinical response
t050.4 Gyin 28 fractions of a perianal

GCA with deep pelvicinfiltration
extendinginto the mesorectaland
periprostatic space, with the patient
remaining disease free at 6 months
of follow-up." They also provided
aliterature review of 8 cases of

GCA associated with histologically
confirmed malignancy and 3 cases of
GCA withouthistologic confirmation
of malignancy, treated with definitive
chemoradiation. Ofthese 11 cases, 3
developed recurrences, an outcome
similarto that of anal squamous
cellcarcinoma. These dataand

the present case suggestthat
radiation therapy may be an effective
therapy for GCA in cases where
traditional treatments are inadequate,
providing effective local control

and potential disease regression,
particularlyin cases with clearly
benign histology of condyloma
acuminata. The effectiveness of
radiation therapyin the definitive
setting alsolends supporttoits
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Figure 2. Image series of the patient’s response to treatment. Images taken at various time points, including before beginning
treatment, during treatment, and after the completion of treatment.

efficacyinthe neoadjuvant setting,
which may be particularlyimportant
in maximizing the opportunities for
avoidance of permanent colostomy.
Multidisciplinary discussionis
essential toimprove outcomes of
patients with thisrare and often
complex condition.

Key takeaways from the present
case include the utility of FDG
PET in delineating the true extent
of pelvic involvement of GCA,
and the unexpectedly extensive
imaging findings identified during
workup of this case underlines
the potential of GCA to infiltrate
insidiously within the pelvis,
particularly along surgical and
fistulous tracts. Additionally, the
GCA in the present case
was extensively sampled and
examined by pathology over time,
including with an NGS panel,
without evidence of malignant
transformation, which provided
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equipoise regarding treatment with
definitive radiation therapy or
chemoradiotherapy and patient-
centered decision-making.

Conclusion

This caseillustrates the
usefulness of radiation therapy
inthe management of GCA.
A multidisciplinary approachis
essential for optimizing management
strategies and improving patient
outcomesin this complex condition.
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Artificial Intelligence (AI) is transforming
radiation oncology, automating it, and assisting in
decision making. This integration poses challenges
and opportunities for residents, and the future of
radiation oncology will significantly depend on
how well these technologies are absorbed into
their training. Al can enhance efficiency and
optimize patient care but can also raise con-
cerns about skill retention and the evolving role
of radiation oncologists. The future of radiation
oncology will largely depend on how well residents
incorporate Al into their training while maintain-
ing core clinical competencies.

One well-developed application of Al is
in auto-segmenting organs at risk and
tumor volumes. Historically, contouring was
painstakingly labor-intensive, requiring high
precision and artistry. Today, Al algorithms carry
out this function in a fraction of the time and
with accuracy levels commensurate with truly
competent radiation oncologists." This allows
residents to concentrate on other aspects of patient
care, like treatment planning. However, it begs
the question of how much practice of manual
contouring should be expected of the residents if
Al can do it effectively.

Manual contouring remains a fundamental
skill for understanding anatomical relationships
and ensuring accurate radiation dose delivery.

While Al-assisted tools can standardize contours
and reduce interobserver variability, over-reliance
on automation may erode residents’ proficiency in
this critical area. Al-generated contours still
require validation, and potential errors can have
significant clinical consequences. Therefore,
training programs must balance the use of AI with
the development of strong manual contouring
skills to maintain clinical competence.
Machine-learning predictive analytics also
improve patient care in several realms, including
segmentation. Al may analyze outcomes based on
predictive modeling, arriving at toxicity-risk
estimates for different radiation dose levels.
Examples include the use of machine-learning
models to predict acute radiation dermatitis in
patients with breast cancer.” Another example
consists of the RAD-AI trial investigating the use of
AT to determine dose recommendations during
stereotactic body radiation therapy for lung cancer
patients.’ This phase II trial aims to assess the
effectiveness and safety of Al-driven dose
planning, potentially leading to more tailored and
effective treatment strategies. Such advancements
underscore the importance of residents
understanding AI applications to effectively
interpret and integrate these tools into clinical
practice. Though these tools can aid with treatment
personalization, residents should rely on their
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sound clinical judgment when interpreting
outputs.

Despite these advancements, Al cannot replace
the clinical judgment and expertise that radiation
oncologists bring to patient care. Al models rely
on training data, which may not always reflect
the diversity of real-world clinical scenarios.
Additionally, AI cannot contextualize unique
patient circumstances, such as comorbidities,
social determinants of health, and patient
preferences, that play a crucial role in
treatment decision-making. Radiation oncologists
provide the critical thinking, adaptability, and
ethical reasoning that AI cannot replicate.
Residents must learn to interpret AI-generated
recommendations within the broader clinical
picture by understanding model limitations
and biases.

While Al is helpful and makes things efficient,
residents must maintain the power of clinical
skills. Integrating Al into training for future
radiation oncologists will help establish a practical
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relationship between technology and sound
judgment in patient care. The future of equitable
cancer care will depend on striking the right
balance between technological innovation and
human expertise, ensuring that Al serves as a tool
to enhance—not replace—the art and science of
radiation oncology.
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