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Building on Part 1, this article presents advanced high LET 
techniques, including LET painting, biologically guided spatial 
fractionation, and multi-ion therapy, as potential methods to 
selectively ablate cancer stem cells (CSCs) while sparing normal 
tissue. It highlights recent imaging advances that could help 
define high-risk tumor subvolumes and outlines logistical and 
clinical challenges to widespread implementation, making 
a compelling case for heavy particle therapy as a means of 
augmenting systemic cancer control.

REVIEW

5	 Eradicating Cancer Stem Cells Using High Linear 
Energy Transfer Radiation Therapy Part 1: 
Physics and Radiobiology
Daniel M. Koffler, MD; Daniel K. Ebner, MD, MPH;  
Eric J. Lehrer, MD, Fatemeh Fekrmandi, MD;  
Felix Ehret, MD; Morteza Mahmoudi, PhD; Chris Beltran, PhD;  
Daniel M. Trifiletti, MD; Laura Vallow, MD;  
Michael S. Rutenberg, MD, PhD; Jacob Eckstein, MD;  
Bhargava Chitti, MD; Bryan Johnson, MD; Joseph M. Herman, MD; 
Walter Tinganelli, PhD

The first of a two-part series, this review introduces the physics 
and radiobiology of high linear energy transfer (LET) therapy 
and its role in overcoming resistance in aggressive tumors. The 
authors discuss how high LET charged particles differ from low 
LET photons and protons, enabling targeted destruction of cancer 
stem cells (CSCs)—a key driver of recurrence and metastasis in 
hard-to-treat cancers like glioblastoma and pancreatic ductal 
adenocarcinoma. This article lays the groundwork for advanced 
therapeutic strategies discussed in Part 2. 
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EDITORIAL

Radiobiology and Physics
of Heavy Particles
John H. Suh, MD, FASTRO, FACR

In this issue of Applied Radiation Oncology, we turn our focus to the radiobiology and physics of
heavy particles, which provide another option to treat various malignancies.

Dr Daniel Koffler and his co-authors cover the subject in a comprehensive two-part review.
Eradicating Cancer Stem Cells Using High Linear Energy Transfer Radiation Therapy Part 1: Physics
and Radiobiology offers a primer on the fundamental physics and radiobiology that distinguish
high linear energy transfer (LET) particles from conventional photon and proton therapies. Part
2, LET Painting and Other Advanced Techniques, delves into LET painting, spatial fractionation,
and multi-ion strategies as promising tools to selectively target cancer stem cells. Together, these
articles present the possibility that high LET may offer more than local control—it may enable
systemic disease modification.

This month’s research article, The Effect of Pentoxifylline and Vitamin E in Preventing Grade 3
Radiation Pneumonitis: A Single Arm, Phase II Prospective Study, presents a phase II study evaluating
the combination of pentoxifylline and vitamin E in preventing grade three pneumonitis in patients
undergoing thoracic reirradiation with stereotactic ablative body radiation therapy. The results
showed that the pneumonitis incidence was significantly reduced at all time points, and the
intervention was well tolerated, making it a promising adjunct in this clinical scenario.

Malignant Melanotic Nerve Sheath Tumor of the Neck: A Case Report details the rare presentation
of a malignant melanotic nerve sheath tumor in the carotid space, underscoring the critical
importance of genomic profiling and multidisciplinary management for these aggressive,
anatomically challenging tumors. It also highlights the evolving role of proton therapy in head
and neck reirradiation.

June’s Resident Voice editorial, Entrustable Professional Activities in Radiation Oncology: A
Framework for Competency-Based Training, discusses the implementation of entrustable professional
activities (EPAs) as a model for evaluating competency in radiation oncology education, which
is rapidly evolving. The editorial underscores the current gaps in training, particularly in
brachytherapy, and offers EPAs as a structured solution for assessing readiness for real-world
clinical practice.

The June issue captures a central theme: bridging the gap between the current and future state
of heavy particles and residency training. By redefining how we train the next generation of
radiation oncologists and by refining our approach to radioresistant tumors, each article invites us
to reconsider established paradigms and embrace innovation to provide better care of patients.

As always, I thank you for your continued support of Applied Radiation Oncology!

Published: June 1, 2025. https://doi.org/10.37549/ARO-D-25-00018
©Anderson Publishing, Ltd. All rights reserved. Reproduction in whole or part without express written permission is strictly prohibited.
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Eradicating Cancer Stem Cells Using High
Linear Energy Transfer Radiation Therapy
Part 1: Physics and Radiobiology
Daniel M. Koffler, MD;1* Daniel K. Ebner, MD, MPH;2 Eric J. Lehrer, MD;2 Fatemeh Fekrmandi, MD;3 Felix Ehret, MD;4,5,6

Morteza Mahmoudi, PhD;7 Chris Beltran, PhD;1 Daniel M. Trifiletti, MD;1 Laura Vallow, MD;1 Michael S. Rutenberg, MD, PhD;1
Jacob Eckstein, MD;8 Bhargava Chitti, MD;9 Bryan Johnson, MD;1 Joseph M. Herman, MD;9 Walter Tinganelli, PhD10

Abstract
Linear energy transfer (LET), a measurement of ionization density, tracks the radiobiological potency of any given
course of therapeutic radiation and its efficacy in killing cancer cells. As opposed to the low LET of photon and
proton therapy, high LET charged particle therapy can overcome multiple mechanisms of resistance to effectively
treat radioresistant tumors. In part 1 of this two-part series, we review the physics and radiobiology of high LET to
demonstrate its unique capability to address the problem of cancer stem cells (CSCs), which remain largely
impervious to conventional therapies and are the ultimate explanation of progression and metastasis as well as
the dire prognosis of malignancies such as pancreatic cancer and glioblastoma at any stage.

Keywords: LET, linear energy transfer, particle therapy, carbon ion therapy, heavy particle therapy, radiobiology,
radiation physics, spatial fractionation, ion therapy

Introduction
Heavy particle therapy (HPT),

including carbon ion radiation
therapy (CIRT), exhibits high linear
energy transfer (LET) and offers a
distinct mode of energy deposition

compared with conventional photon
therapy as well as proton therapy.
Instead of diffusing ionization events
over wide spatial geometries, HPT
delivers dense ionization along the
beam pathway, producing clustered
and complex damage to cancer-cell

DNA that is exponentially more
lethal to these directly targeted
cells than low LET radiation. The
direct effects of HPT on cancer-
cell DNA are also responsible
for enhanced immune activation
and clinically validated abscopal
responses, suggesting a greater role
for HPT in augmenting systemic
disease control than conventional
radiation therapy.

In particular, HPT shows promise
in the treatment of glioblastoma
(GBM) and pancreatic ductal
adenocarcinoma (PDAC), both of
which are marked by recalcitrant
cancer stem cell (CSC) biology
that is substantially responsible
for their resistance, recurrence
profiles, and overall grim clinical
outcomes. Preclinical data indicate

Affiliations: 1Department of Radiation Oncology, Mayo Clinic Florida/Mayo Clinic Comprehensive Cancer Center,
Jacksonville, FL. 2Department of Radiation Oncology, Mayo Clinic Rochester/Mayo Clinic Comprehensive Cancer
Center, Rochester, MN. 3Department of Radiation Medicine, Roswell Park Comprehensive Cancer Center,
Buffalo, NY. 4Department of Radiation Oncology, Charité – Universitätsmedizin Berlin, Corporate Member of
Freie Universität Berlin and Humboldt-Universität zu Berlin, Berlin, Germany. 5Charité – Universitätsmedizin
Berlin, Berlin, Germany. 6German Cancer Consortium (DKTK) and German Cancer Research Center (DKFZ),
Heidelberg, Germany. 7Department of Radiology and Precision Health Program, Michigan State University,
Lansing, MI. 8Department of Radiation Oncology, Ohio State University Comprehensive Cancer Center,
Columbus, OH. 9Department of Radiation Medicine, Northwell Cancer Institute, New Hyde Park, NY. 10Biophysics
Department, GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany.
Corresponding author: *Daniel M. Koffler, MD, Department of Radiation Oncology, Mayo Clinic Florida/Mayo
Clinic Comprehensive Cancer Center, Jacksonville, FL. (koffler.daniel@mayo.edu)
Disclosures: The authors have no conflicts of interest to disclose. None of the authors received outside
funding for the production of this original manuscript and no part of this article has been previously published
elsewhere.

REVIEW

Published: June 1, 2025. https://doi.org/10.37549/ARO-D-25-00003P1
©Anderson Publishing, Ltd. All rights reserved. Reproduction in whole or part without express written permission is strictly prohibited.

June 2025 Applied Radiation Oncology 5

https://doi.org/10.37549/10.37549/ARO-D-25-00003P1


that high LET radiation can overcome
CSC resistance mechanisms in
general, including in GBM and
PDAC, by halting or reversing
stemness-promoting processes such
as epithelial-mesenchymal transition
(EMT) that low-LET radiation tends
to induce.

New approaches such as LET
painting and spatial fractionation
enable delivery of high LET radiation
selectively to high-biological-risk
tumor subvolumes. Such techniques
are necessary for the clinical
implementation of HPT that is both
safe and effective at improving
outcomes in resistant cancers,
as the same augmented lethality
that is welcome when delivered
to cancer cells poses a greater
danger to nearby healthy tissue
than low LET exposure. Additionally,
biologically selective LET deposition
may enhance the immunogenic/
abscopal properties of HPT.

Here, we review the current status
and approaching frontiers of high
LET radiation therapy with a focus
on its application to the often
underappreciated, pressing clinical
problem of CSC biology, as well as
clinical and logistical barriers to the
expansion of HPT beyond the niches
it currently occupies.

Basic Science of Heavy
Particle Therapy and
Suitability in Treatment-
Resistant Cancers
Physics and Biology of Heavy
Particles: Local Structure Defines
Radiobiology and Trumps Dose

LET can be defined as average
ionizing energy transferred to
medium per length of radiation
track, typically in keV/µm. It is
a dynamic property of charged
particles over the course of
a beam path, increasing with
mass and decreasing with kinetic

energy.1-4 More specifically, LET is

proportional to Zeff2β2 , where Zeff is

effective charge and β is velocity.5

The relationship of these properties
with medium stopping power defines
the distinct Bragg peak depth dose
profile for all charged particles.1,2

Clinical Relevance of LET: Protons
Vs Heavy Ions

By convention, “low LET” charged
particles have locally restricted
averaged LETΔ ≤ 10 keV/µm and “high
LET” charged particles have LETΔ
≥ 20 keV/µm, respectively, in the
Spread Out Bragg Peak (SOBP).6-8 The
category of HPT applies to all charged
particles satisfying this definition,
which in practice means all charged
particles that have greater mass than
protons. The conventional exclusion
of protons from HPT reflects the
proportional relationship between

LET and Zeff2 , that is, even the smallest
possible increase in effective charge
—from 1 (protons) to 2 (helium ions)
—results in a 4-fold increase in LET.
Carbon ions, the most common heavy
charged particles in clinical use, have
a +6 charge and an LET that is 36 times
greater than that of protons.

Limitations of Proton Therapy
in Resistant Disease

Low Zeff sustains a photon-
like low LET close to ~0.5-1
keV/µm throughout the proton
beam range, including most
of the SOBP.7-13 Clinical proton
irradiation, like photon irradiation,
is sparsely ionizing and ill-suited
to radioresistant targets. Rapid
deceleration in the final few microns
of the proton SOBP causes LET
to rise as high as 80 keV/µm due
to its inverse proportionality toβ2 . However, in standard proton
beam therapy (PBT), the need for
good coverage of large, 3-D targets
requires a broad SOBP, rendering

the high LET distal edge clinically
insignificant in terms of dose
contribution (Figure 1).7,8,14

Despite efforts to improve
PBT, the fundamental differences
between proton beams and heavier
ions render them physically and
radiobiologically distinct therapeutic
modalities.10,15-18 From a purely
dosimetric perspective, HPT offers
advantages over PBT, including
more robust optimization, smaller
spot sizes, reduced lateral and
longitudinal scatter, and steeper
distal fall-off, though this is
tempered by the presence of
fragmentation tails beginning with
particles as massive as carbon
ions.1,2,19 Along with its physical
advantages, HPT may affect the
clinical outcome of aggressive
cancers such as PDAC and GBM,
specifically with respect to the CSC
biology driving them, due to its
radiobiological properties.

Biological Effects of LET at the
Molecular Level

Tracks of low LET radiation in
biological matter are characterized
by sparse, diffuse ionization
events.1,14,20-22 Each Gray of photon
and proton radiation at therapeutic
acceleration energies induces
approximately 30-40 lethal double-
stranded breaks (DSBs) at wide
distances, facilitating easy repair
compared with 1000 sublethal,
single-stranded breaks (SSBs) and
a greater number of nonlethal
lesions to base pairs.6,9,23-25 DNA
damage from photon and proton
therapy arises primarily through
indirect ionization of reactive oxygen
species (ROS) generated through
water radiolysis, rather than through
direct interaction with beam energy
or δ-rays.26-28 This indirect ionization
requires cellular oxygen to “fix”
lesions, which explains the relative
radioresistance of hypoxic tissues
to photon and proton radiation

REVIEW High LET Eradication of CSCs
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and the similarity of their oxygen
enhancement ratios (OERs), both
approaching the maximum value
of 3.23,26-32 Sensitivity to photon and
proton radiation is also modulated
by the cell cycle. It is diminished
during the G1 and S phases
of the standard cell cycle when
DSBs are more isolated due to
chromatin condensation. Cell cycle
radiosensitivity reaches its lowest
point in the G0 phase, associated
with stem-like cell states, when
DNA repair mechanisms are at their
most robust.23,33-36

Conventional radiation therapy
(RT) is susceptible to synergistic
cellular and microenvironmental
resistance mechanisms caused by
the structural dispersion of photon

and proton beam energy, leading
to entropy directly or through
an intermediary of clonogenically
insignificant isolated interactions. At
the extreme end of contumacious
CSC biology in PDAC and GBM,
limited successes and serial failures
of radical dose escalation of
conventional RT may be caused
by the microenvironmental CSC
niche acting effectively as an energy
sink. Higher doses in proximity to
critical organs-at-risk (OARs) and/or
exceeding volumetric thresholds
threaten to narrow to the point of
futility or even invert the therapeutic
ratio, thereby allowing CSCs to
escape any genuine clonogenic peril
posed by conventional radiation.37

LET escalation, conversely, obviates

the futility of dose escalation and
holds promise as a clinical solution
to the CSC problem.

LET-Induced DNA Complexity
and Repair Disruption

High LET radiation therapy differs
from conventional RT at all physical
doses. At the 100-101 nm scale of
single DNA molecules, increasing
ionization density brings a higher
overall yield of DSB, a higher yield
of clustered DSB—that is, 2 or more
DSB produced by a single radiation
track up to ~25 bp or 1-2 helical
turns apart on a single DNA molecule
—and a higher probability of direct
rather than ROS-dependent indirect
damage.2,23,38,39 Whereas sparse DSB
promote anti-apoptotic pathways,

Figure 1. Dose-averaged linear energy transfer (LET) and integrated depth-dose (IDD) per clinically relevant ion species. Note the
increasing absolute LET, sharpness of distal fall-off, and fragmentation tails with increasing particle mass/effective charge.

High LET Eradication of CSCs REVIEW
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particularly in p53-mutated stem-
associated phenotypes typical of
high-grade cancers, accumulation
of clustered DSB reverses this
pattern, suppressing anti-apoptotic
BCL family factors prominently,
and enabling non-p53-mediated
apoptosis where the p53 pathway has
been lost.40-44 Experimental studies
show that sufficiently high LET
can efficiently induce apoptosis
irrespective of p53 status.45

Clustered DSBs in proximity to
each other create complex, multi-
track lesions causing deletions
upwards of 1000 bp in size,
compared with <100 bp typical for
low LET modalities. DNA repair
mechanisms become less efficient
and more error-prone, specifically
by exhaustion of the high-
fidelity homologous recombination
mechanism forcing reliance on
low-fidelity non-homologous end
joining; SSB and base damages along
the same track as DSB augment
lethality as shown by XRCC1
recruitment at DSB foci.1,38,46-48 High
LET lesions also slow down the
DNA repair process, shown by more
durable γH2AX phosphorylation,
inducing failed repair of potentially
lethal lesions and sublethal lesions
made lethal by second hits.49

Chromosomal Catastrophe and
Multiple Cell Death Pathways

Frequent geometric variation of
DSB promotes lethal mutations
within chromosomes and, along with
the fragmentation of large intact
segments >1000 bp, exposes lesioned
strands on different chromosomes
to each other, inducing
aberrant, nonviable chromosomal
rearrangements such as rings,
dicentrics, and micronuclei.1,46,50-52

The volume and variability of
lesion geometry, chromosomal
rearrangement, and iteratively
misrepaired DSB trigger cell death
by mechanisms within and beyond

the apoptotic spectrum, including
autophagy, senescence, necroptosis,
and necrosis.48,51,53-60 Notably,
impairment and delay of DNA
repair cause cells with accumulated
unrepaired DSBs escaping apoptosis
and G2/M checkpoint arrest to
form micronuclei upon entry
into mitosis.61-63

In contrast to the stemness-
promoting EMT often induced by
conventional low LET irradiation,
high LET irradiation tends to reverse
EMT. Low LET promotes diffuse
ROS and stimulates HIF complex
stabilization with downstream
EMT products, whereas high LET
causes HIF destabilization and
downregulation of its products.64,65

Both high and low LET can produce
ROS efficiently, yet the expected
signaling pathways triggered by
ROS, such as PI3K/Akt and EGFR,
are suppressed under high LET
irradiation.66-70 Due to the density
of indirect and direct ionization,
structured propagation of ROS
and oxidative stress occurs only
locally along the track, evading
the spatial distribution element
required to trigger the usual signaling
pathways.71-73

Multiscale Damage: From DNA
to Tissue Architecture

High ionization density of heavy
particles leads to intrinsically more
lethal DNA lesions, overwhelms
multiple DNA repair pathways,
sensitizes hypoxic cells through
various mechanisms, and activates
cell death pathways that counteract
resistance. These processes
propagate over increasingly large
structural scales. Clustered DSBs
from separate tracks can aggregate
into more complex lesions affecting
structures from the level of
nucleosomes (101 nm), chromatin
loops (102 nm), entire chromosomes
(103 nm), and multiple chromosomes
across whole nuclei (104 nm),

up to the architectural scale
of tissues, including extranuclear
organelles, neighboring cells, ECM,
and stroma (105 nm).

At sufficiently high ionization
density, a single radiation track can
cause complex damage. Additionally,
the extension of single-track
clustered lesions across the
chromatin ultrastructure multiplies
the formation of lethal chromosomal
aberrations and radiosensitizes
resistant cell cycle phases as
the shielding effect of chromatin
packing and coiling is lost.47,51,74

Cytosolic DNA Exposure, Innate
Immunity, and Abscopal Effects

As LET rises, progressively
complex DNA damage leads to the
formation of increasingly small,
cleaved DNA fragments (<40 bp)
capable of diffusing into the
cytosol through intermittent nuclear
membrane disruption. In parallel,
persistent unrepaired or aberrantly
repaired chromosomal lesions can
rupture into the cytosol from
unstable micronuclei—sometimes
undergoing explosive fragmentation,
as seen in chromothripsis.61,62,75-77

Neoantigenic recognition in
the extranuclear environment
by damage-associated molecular
pattern-sensing mechanisms triggers
cascades of pro-immune cytokines
stimulating MHC-1 upregulation and
surface expression, TH1 > TH2 and
M1 > M2 polarizations, dendritic cell
maturation and phagocytosis, CD4
and CD8 lymphocyte infiltration,
antitumoral natural killer (NK) cell
priming, etc, culminating in immune
cell death through both innate
and adaptive immunity.1,3,78-84 These
immune effects may extend beyond
the local tumor microenvironment to
produce abscopal effects—immune-
mediated regression of distant,
untreated lesions.85-100

These features help explain
the unique efficacy of high LET

REVIEW High LET Eradication of CSCs

8 Applied Radiation Oncology June 2025



irradiation in targeting CSCs, as
demonstrated in basic research.
In both in vitro and in vivo
settings, alone and in combination
with amplifying systemic agents,
CIRT has been shown to reduce
or eliminate the clonogenically
viable subset of CD44-marked
PDAC-CSCs.101-103 In the GBM
setting, HPT has shown even
more robust findings in multiply
reproduced culture and xenograft
experiments. Both CIRT and high
LET neutron therapy eradicate
GBM-CSCs expressing the major
CSC marker CD133 and shift the
transcriptional profile of GBM cells
away from pathways associated with
stemness, invasion, angiogenesis,
hypoxia, chemoradioresistance, and
proliferation, including specific
suppression of major stemness/EMT
signaling pathways, including Akt
and EGFR.67,68,104-109 CSC sensitivity
to CIRT has been shown to extend
to multiple cancers in individual
studies and systematic reviews.110-113

Toward Optimal LET for CSC
Eradication

Within the typical LET range of
the carbon ion SOBP of roughly
40-80 keV/µm, the OER is reduced
but not fully abrogated, meaning
some CSC-associated radioresistance
mechanisms may persist. To achieve
complete hypoxia-independent CSC
sterilization, more massive ions
such as oxygen, nitrogen, or neon
—capable of generating LET ≥
100 keV/µm within SOBP—may
be required. However, practical
application of ions with effective
charge numbers (Zeff) > 10 is likely
limited by unmitigable toxicity to
normal tissue.1,29,72,114-119

Conclusion
The physical and biological

underpinnings of HPT, especially
its ability to target CSCs via

high LET-induced damage, provide
a compelling foundation for its
clinical application in aggressive
and treatment-resistant tumors.
GBM and PDAC, relatively common
cancers with stubbornly poor
prognoses, are auspicious use
cases for CSC-directed therapy. In
Part 2, we apply the foregoing
principles to advanced techniques
such as LET painting, biologically
optimized spatial fractionation,
and multi-ion therapy. These
strategies are necessary to allow
for the safe delivery of HPT,
enabling the realization of its
biological potential. We further
explore the logistical barriers to
wide implementation of HPT and
prospects for overcoming them.
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Abstract
Linear energy transfer (LET), a measurement of ionization density, tracks the radiobiological potency of any given
course of therapeutic radiation and its efficacy in killing cancer cells. As opposed to the low LET of photon and
proton therapy, high LET charged particle therapy can overcome multiple mechanisms of resistance to effectively
treat radioresistant tumors. A robust basic science literature demonstrates enhanced direct cancer stem cell
(CSC) sterilization with increasing LET along with indirect mechanisms of tumor control such as immunogenesis.
Such a strategy has yet to be implemented in clinical practice in the absence of an effective means of targeting
CSCs without risking unacceptable harms to patients. In Part 2 of this 2-part series, we review newly emergent
functional imaging technologies in conjunction with existing techniques of spatial fractionation and capabilities
for multi-ionic therapy that hold promise as a means of translating the biological potential of high LET therapy into
clinical protocols for effective anti-CSC therapy.

Keywords: LET, linear energy transfer, particle therapy, carbon ion therapy, heavy particle therapy, radiobiology,
radiation physics, spatial fractionation, ion therapy

Introduction
Building upon the physical

and radiobiological advantages of
high linear energy transfer (LET)
discussed in “Eradicating Cancer
Stem Cells Using High Linear
Energy Transfer Radiation Ther-
apy Part 1: Physics and Radiobi-
ology,” this article examines the
clinical translation of heavy particle
therapy (HPT), especially via LET
painting, to overcome cancer stem
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cell (CSC)-related resistance. It
explores how multi-ion strategies,
spatial fractionation, and biologically
guided planning enable targeted
dose intensification to resistant
subregions while sparing normal
tissues. In doing so, it addresses
not only technical implementa-
tion but also economic, logisti-
cal, and immunological challenges
and opportunities.

Clinical Implementation of HPT
LET Painting for Treatment
Planning Adaptive to Tumor
Heterogeneity

The peak-to-plateau ratios of HPT,
based on changes in LET over
the course of the beam path,
enable “LET painting” or “kill
painting”--that is, the conformal and
selective escalation of LET to a
defined subvolume within a larger
target volume that is otherwise
treated with lower LET.1-6 LET
painting was developed initially to
overcome the radioresistance of
hypoxic tumor subregions using
functional tracers such as 18F-FMISO
for guidance.3 More recently, ionic
copper-based hypoxia tracers such as
64Cu-ATSM and 64Cu-NOTA have been
well-validated in cell and animal
experiments. Though still early in
their clinical development, these
agents may allow for a more direct
means of CSC targeting, not merely
via hypoxia surrogacy, but through
biological affinity for stemness
markers such as CD133.7-10 This
shift suggests the potential for LET
painting to transition from targeting
microenvironmental resistance (i.e.,
hypoxia) to directly mapping and
ablating CSC populations.

Conjugation of 64CuNOTA to
antibodies targeting the AC133
epitope of CD133 has enabled
high-contrast detection of CD133-
expressing gliomas in murine
xenografts using both PET
and near-infrared fluorescence
molecular tomography.11 Direct

detection of CSCs using
superparamagnetic iron oxide
nanoparticles conjugated to
appropriate homing moieties to
CSC biomarkers such as AC133,
AC141, CD44v6, and CD109 is under
preclinical investigation by the
present authors. This approach may
allow for CSC delineation at the spatial
resolution conditions of MRI.12

If successfully translated to the
clinic, such functional imaging could
support the identification of both
high-biological risk tumor volumes
(HRTVs) for targeted LET escalation,
while defining low-biological risk
tumor volumes (LRTV = GTV –
HRTVs) for standard or de-escalated
treatment. The most precise and
conformal LET painting strategies
may ultimately rely on treatment
plans incorporating combinations
of different ionic beams.10,13 The
addition of multiple ion species to a
plan augments LET ranges for given
doses, volume sizes and shapes, and
desired gradients.

The potential for de-escalated
therapy to LRTVs is no less important
than escalated therapy to HRTVs
in establishing HPT as a clinically
viable strategy for improving
outcomes in resistant cancers. Just as
HPT is uniquely capable of sterilizing
the most resistant malignant cells,
its radiobiological potency creates
peril for even those normal tissues
capable of resisting injury by high
doses of conventional radiation
therapy (RT). Moreover, normal
tissue injury as a result of HPT is
more likely to be irreparable than
that caused by conventional therapy.

A cautionary precedent can be
found in a clinical trial in neon
ion radiation therapy (NIRT) for
glioblastoma (GBM) conducted at
the Lawrence Berkeley Laboratory
(LBL). Although the trial was
terminated prematurely due to the
facility’s closure, early outcomes
included tumor control and survival
nominally comparable or superior
to that seen in the modern

treatment of GBM. However, these
were accompanied by high grade
late toxicities including potential
treatment-related grade 5 toxicity in
patients whose tumors had been
controlled.14 LET painting is thus an
essential treatment planning strategy
for safe clinical implementation of
HPT with significantly augmented
therapeutic ratio vs that of
conventional RT.

Apart from protons and carbon
ions already established in clinical
use, research has been done on other
species, including helium, lithium,
oxygen, and neon ions.10,13-19 Clinical
helium ion therapy has commenced
at the Heidelberg Ion Therapy
Center (HIT, Germany), with
clinical oxygen ion therapy under
development.20 Mayo Clinic Florida
likewise plans to attain capacity
for combination heavy ion therapy.
Unlike other oncologic therapies,
HPT offers modularity in dose
distribution and potency, facilitating
the individualization of therapeutic
prescription, including at the level of
intra-tumor heterogeneity.21-24 Even
before the clinical availability of
multi-ionic radiation therapy (MIRT),
the intensity-modulated composite
particle therapy (IMPACT) and
spot-scanning hadron arc (SHArc)
models at the National Institute of
Radiological Sciences (NIRS, Japan)
and HIT, respectively, have been
validated in Monte Carlo simulation
for multi-ion treatment planning
using LET painting and direct
LET-based optimization extended
to cover treatment with any
combination of protons, helium ions,
carbon ions, oxygen ions, and neon
ions (Figure 1).4-625-31 The greater the
variety of LET spectra from different
ions for treatment, the steeper the
achievable LET gradients, the less
the LET delivered to one voxel forces
the LET range deliverable to adjacent
voxels. Improved conformality of
LET distributions to irregularly
shaped targets such as those
delineated by functional imaging
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enables painting of LET gradients
onto planning imaging at will.3-510,13,,31

Preclinical and clinical studies of
MIRT are summarized in Table 1.

HPT Planning: Spatial
Fractionation to Maximize CSC Kill
and Minimize Toxicity

LET painting with MIRT has
particularly favorable properties for
targeting CSCs in pancreatic ductal
adenocarcinoma (PDAC) and GBM. In
GBM, radiation volumes often extend
to near-hemispheric dimensions due
to the tumor’s spread, while in PDAC,
the proximity of critical organs at risk
(OARs), particularly the duodenum,
necessitates strict dose limitations
or reductions.34-36

Although mono-ionic beams
at ultra-high LET can sterilize
CSCs throughout tumor organoids
or xenografts without spatial
discrimination, achieving uniform
coverage to a CSC-ablative LET
level across the gross tumor
volume (GTV) in patients is
substantially more challenging. The
CLEOPATRA phase II randomized
clinical trial, aiming to improve
overall survival in GBM using
carbon ion radiation therapy
(CIRT), underscores this limitation.
Of the total prescribed RT dose,
only 18 Gy (RBE)—roughly 25%—
was delivered with CIRT, with the
remaining dose administered using
conventional low LET photons,
most likely due to increasing rates
of toxicities such as high-grade
radiation necrosis increasing with
irradiated volume and dose, even
at low LET.37,38

Although the final results from
CLEOPATRA have not yet been
published, it is plausible that the
CIRT component was insufficient to
yield a measurable survival benefit.
Considering the standard curative-
intent dose of 60 Gy, it is probable
that, even if a signal exists, too
little CIRT was given to capture it.
In other words, directing HPT to

entire GTVs frequently necessitates
compromising dose and/or LET
below the necessary threshold for
optimal biological effect on the
tumor and CSCs.

In our view, the superior strategy
is the one that LET painting enables,
namely partial volume ablation at
high dose/high LET combinations,
with the remainder of relatively
radiosensitive and non-clonogenic
volumes treated with a lower
intensity/less toxic intervention, or
even none at all. The concept
of therapeutic modulation across
tumor subregions—central to LET
painting—already has a precedent
in clinical practice through spatial
fractionation, which is employed
in the palliative setting for
refractory, unresectable disease.39

Though not technically a novel
approach, spatially fractionated
radiation therapy has resurged
in the literature with improved
delivery mechanisms and the
utilization of immunotherapy in
cancer care. Multiple techniques
appear today; most prevalent is
grid or lattice radiation therapy,
painting a milieu of dose upon a
tumor with focal peaks in dose
surrounded by low-dose valleys,
demonstrating marked response.40

This approach potentially generates
an immunological reaction to
targeted tumor tissue, but the impact
on CSCs is unknown. The grid is
characterized by dose spheres with
relatively random distribution within
a larger, bulkier tumor, allowing the
tumor tissue to provide a safe margin
between dose peaks and OARs.

Focusing on immunological
development and enhanced dose
deposition in hypoxic CSC
regions, the PArtial Tumor
Irradiation Targeting HYpoxic
Segment (PATHY) approach aims
to selectively irradiate tumors in a
more directed manner. PATHY is
directed to one or more “Bystander
Tumor Volume” (BTVs) defined as

marginal reductions within the
GTV, with the aim of sparing
the surrounding peritumoral
immune microenvironment (PIM)
by subjecting it to tight formal
constraints as a contoured OAR.41,42

PATHY using photon stereotactic
body radiation therapy (SBRT) and
proton beam therapy (PBT) has
demonstrated success at dramatic
volumetric reductions of the
GTV through bystander effects.42-44

Refined by Tubin and colleagues
at the MedAustron Ion Therapy
Centre (Wiener Neustadt, Austria),
PATHY is currently administered
exclusively as a technique of
3-fraction daily CIRT.

A transition is now underway from
simple Boolean-based geometric
reductions of the GTV to biologically
informed target delineation, with
the BTV increasingly defined
through functional hypoxia tracer
imaging, such as with ⁶⁴Cu-ATSM
PET.45 Carbon-PATHY achieves
significant treated tumor response
and demonstrates methodologically
validated macroscopic abscopal
responses of unirradiated nodal
and distant metastases.42,46 At
the preclinical stage, a recent
experiment of murine xenografts
of breast cancer showed that
microtargeted partial CIRT fields
determined by hypoxia PET
imaging demonstrated an equivalent
abscopal response to that of
whole-volume carbon irradiation on
non-irradiated grafts.47

Collectively, these murine and
human data support the potential
immunogenicity of confining HPT
target volumes to select HRTVs.
Similar minibeam techniques
have been developed for use
with heavier ions, particularly
neon. Spatially fractionated NIRT
has succeeded in vivo in
murine models at inducing
brisk reoxygenation and tumor-
killing within hypoxic regions
while sparing severe skin
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toxicity compared with broad-
beam NIRT.48-51  These promising
early findings raise the prospects
of immediate, definitive clinical
applications for revived very
high LET therapy, approaches
that avoid the prohibitive
late toxicities observed in
the initial NIRT experiments
at LBL, which curtailed its
clinical adoption.14,17-19  Such therapy
would involve LET values
exceeding conventional relative
biological effectiveness (RBE)-based
optimization thresholds, but in

doing so may approach, and help
define, the LET levels required for
optimized anti-CSC therapy.

HPT and Immunotherapy: Turning
Cold Tumors Hot

HPT may play a vital role in
achieving more favorable outcomes
for immunotherapy in cancers such
as PDAC and GBM for which
efforts in immunotherapy to this
point have yielded frustratingly little
benefit. PDAC is an archetypal
immunologically “cold” tumor,
demonstrating poor response to

immune checkpoint inhibitors
(ICIs) despite overexpression
of PD-L1 and CD47. This
resistance stems from complex
genetic and epigenetic feedback
mechanisms that collectively
promote an immunosuppressive
tumor microenvironment (TME);
enhance clearance of cytotoxic
agents and repair of cytotoxic
damage; block activation, expansion,
and infiltration of cytotoxic and
pro-immune lymphocytes; suppress
antigen recognition; and enable
evasion and suppression of peripheral

Figure 1. Representative linear energy transfer (LET) painting case reprinted with permission from Inaniwa et al.6 The left column
represents RBE-weighted dose (D), and the right column represents dose-averaged LET (L) for 3 prostate cancer plans generated via
the intensity-modulated composite particle therapy technique, with panels A-B, C-D, and E-F representing the dose and LET variables
for the same plans, respectively. All plans are isodosimetric with variations in LET distribution. Note in plan 1 the uniformly higher LET in
the anterior rectum with an aberrant LET hot spot along the left anterolateral rectal wall, outside the target, that would go undetected
on pure dosimetric analysis. The LET distribution to the organs at risk is corrected in plans 2 and 3, and LET to the target is successfully
escalated isodosimetrically in plan 3.
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phagocytes.52,53 Likewise, GBM
appears to be immunologically
cold with expression of PD-
L1 found in a majority of
tumor specimens and correlated
with M2-polarized peripheral

tumor-associated macrophages
(TAMs), reduced lymphocyte
infiltration, chemoresistance, and
overall poor prognosis, ultimately
failing in clinical evaluation to
yield the hypothesized therapeutic

gains for ICI based on crude PD-L1
expression on pathology.54-57

Emerging data suggest that the
failure of immunotherapy in PDAC
and GBM may reflect, at least in part,
the central role of CSCs. In GBM,
PD-L1 overexpression is driven by
β-catenin—the terminal transcription
factor of the canonical Wnt pathway
and a key mediator of CSC–epithelial-
to-mesenchymal transition (EMT)
crosstalk in both PDAC and GBM.
β-Catenin functions ubiquitously as
an effector of stemness and EMT
programs. Experimental data in GBM
demonstrate strong co-expression of
CD133 and β-catenin, with CD133
knockout resulting in the suppression
of β-catenin, supporting a causal link
downstream of CD133.58-62

Moreover, GBM cell culture
analysis has found an inverse
correlation between CD133
expression and CD4/CD8 infiltration
while surgical specimen analyses
have found M2 polarization
and immunosuppressive microglia
induction in GBM to be a
product of the same CD133-activated
Akt-Wnt interchange with redundant
additional promotion by the
CSC-associated TGF-β pathway.63-65

Similarly, analysis of PDAC resection
specimens has demonstrated a
correlation between high PD-L1
expression and expression of both
CD133 and CD44 that is lost when
CD8 lymphocyte infiltration is high.66

PDAC data further demonstrate an
immunosuppressive M2 polarization
of TAMs, low TME levels of CD4 and
DC infiltration, relatively high TH17
levels, high TH2:TH1 ratio, and an
anti-immune cytokine balance.67-70

Collectively, these findings point
to a deep relationship between
the phenomenon of immunological
coldness and the PDAC- and
GBM-CSC biology mediated by
CD133 and CD44. Likewise, the
circulating tumor cells (CTCs)
responsible for metastasis are
the result of EMT-mediated
transformation and extravasation;

Table 1. Studies of Multi-Ionic Radiation Therapy

STUDY INSTITUTION ION SPECIES VARIABLE(S) UNDER STUDY

Inaniwa et al 27 NIRS (Chiba,
Japan)

Helium, carbon,
oxygen, neon

Validation of SMK relative
biological effectiveness (RBE)
model on undifferentiated
carcinoma and PDAC cells

Sokol et al10 GSI (Darmstadt,
Germany)

Helium, oxygen Multi-ionic LET painting
for overcoming hypoxia
radioresistance effects

Inaniwa et al6 NIRS (Chiba,
Japan)

Proton, helium,
carbon, oxygen

LET optimization
via intensity-modulated
multi-ionic radiation therapy
(IMPACT)

Mein et al25 HIT (Heidelberg,
Germany)

Helium, carbon,
oxygen, neon

LET optimization via
multi-ionic hadron arc therapy
(SHArc)

Inaniwa et al26 National Institutes
for Quantum
Science and
Technology (QST)
(Chiba, Japan)

Helium, carbon,
neon

Adaptation of multi-ionic
therapy planning via SMK
to account for oxygen-
dependent cell responses
(OSMK)

Sakata et al28 QST (Chiba, Japan) Combination
helium + oxygen vs
carbon + neon

Silicon microdosimetric
validation validation of MIRT
planning

Inaniwa et al29 QST (Chiba, Japan) Helium, carbon,
oxygen, neon,
silicon

Refinement of OSMK
accounting for greater range/
variation in LET over
additional cell lines

Inaniwa et al30 NIRS (Chiba,
Japan)

Helium, carbon,
oxygen, neon

Correction of dose
calculations for MIRT

Kopp et al32 HIT (Heidelberg,
Germany)

Proton, helium,
carbon

Initiation development of
treatment planning system for
MIRT

Inaniwa et al26 NIRS (Chiba,
Japan)

Helium, carbon,
oxygen, neon

Validation of MIRT
optimization via lung
substitute material

Masuda et al,
202533

QST (Chiba, Japan) Carbon, oxygen,
neon

Retrospective validation of
LET optimization to GTV for
MIRT in patients with head
and neck cancer (n = 16)

Abbreviations: GSI, GSI Helmholtzzentrum für Schwerionenforschung; GTV, gross tumor volume;
HIT, Heidelberg Ion Therapy Center; IMPACT, intensity-modulated composite particle therapy; LET,
linear energy transfer; MIRT, multi-ionic radiation therapy; NIRS, National Institute of Radiologi-
cal Sciences; OSMK, oxygen-effect-incorporated stochastic microdosimetric kinetic model; PDAC,
pancreatic ductal adenocarcinoma; RBE, relative biological effectiveness; SHArc, spot-scanning
hadron arc model; SMK, stochastic microdosimetric kinetic model.
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the mobile immune-privileged
circulatory routes, docking and
colonization of distant organs
necessary to complete the metastatic
arc are only possible for CTCs
acquiring a sufficient range and
degree of stemness properties.71-78

Preclinical evidence of the unique
efficacy of high LET therapy
in curbing CSC biology suggests
the very same mechanisms may
overcome native tumor resistance to
immunotherapy, while the clinical
demonstration of abscopality in
the PATHY experience points to
spatially fractionated HPT as the
technical means by which local
RT can be harnessed to achieve
systemic tumor control effects.42

In this context, maximizing the
immunological benefits of HPT
may require more than ICI alone.
Recently developed CAR NK cell
therapies not only yield more
efficient direct tumor cell killing
than CAR T cells, particularly in solid
tumors, but also mimic the action
of HPT in turning immunologically
cold TMEs hot via activation of
cytotoxic T cells and induction of
M1 polarization, all without the
inflammatory toxicities associated
with CAR T therapies and which
might be feared to result from
combining HPT and ICIs.79-84 Finally,
the immunogenic mechanism of
HPT, that is, cytosolic exposure of
high volumes of tumor DNA, lends
itself well to ongoing work in the
development of personalized cancer
vaccines, showing promising results
in GBM and PDAC in early-stage
clinical trials.85,86

Biological Optimization of
HPT Physics: Calibrating the
Instruments of CSC Eradication

Currently, the LET thresholds
required for complete CSC
sterilization remain unknown.
Available data consistently
demonstrate that CIRT enhances
CSC killing, suppresses EMT, and
reduces the oxygen enhancement

ratio (OER), and they suggest a
general relationship between LET,
OER, and clonogenic survival.
However, none of these studies
were designed to achieve, nor
did they achieve, complete CSC
eradication. Instead, they relied
on traditional RBE determination
based on D values (the dose
required to achieve 90% cell kill),
which is useful for comparing CSC
sensitivity between CIRT and photon
or proton radiation but insufficient
for defining the LET and dose
conditions necessary to achieve CSC
extinction. Moreover, these studies
did not develop a framework to
characterize clonogenic extinction in
terms of changes in CSC biomarker
expression as a function of LET; they
simply reported expression changes
at a limited number of dose–
LET combinations.87-106 Notably, they
were also silent on non-local,
indirect mechanisms of CSC or
tumor control, such as immunogenic
self-potentiation.

Most importantly, the LET range
across these studies is wider than the
delta between proton/photon LET and
the lowest LET values of the carbon
ion Spread Out Bragg Peak (SOBP)
by multiples still inadequate to the
task even at its upper boundary; the
aggregate modal LET is 50 keV/µm
but its selection is never justified
for the treatment of CSCs within
published material—50 keV/µm is a
typical central tendency of whole
tumor coverage by a carbon ion
SOBP—and it is associated only
with enhanced CSC killing, taking
clear surviving fractions to be a
given a priori.88,90,93-96102,104,,106 One
significant report, drawing upon
a model determining an LETU
value of maximum kill efficiency,
insists that LET should not exceed
100 keV/µm because of overkill
effects and diminishing RBE.101,107

Conversely, in preclinical settings,
outright CSC eradication has been
achieved by carbon ion irradiation at
an arbitrarily determined 120 keV/µm

delivered over clinically irrelevant
dose/fraction regimens, illustrating
the vast gap between the prominence
of overkill in the literature and its
actual clinical impact.98,99

Underkill of CSCs, unlike
overkill,  is an active clinical
issue with implications for the
prognosis of PDAC or GBM at
any stage of disease and the
expected 100% rate of failure for
every prescription of (rightfully) de
rigueur targeted therapy. Based on
the data on LET/dose/CSC survival
relationships, it is evident that HPT
is a uniquely potent tool for CSC
extirpation, that partial volume
NIRT represents its maximum
killing potency within safety limits,
and that spatial fractionation
may induce immunogenesis further
augmented to abscopality by
biologically guided partial volume
selection and tightly constraining
the PIM as an OAR.

Spatially fractionated and
temporally ultrahypofractionated
combination heavy ion therapy
using the entire arsenal from
helium to neon to ablate HRTVs
defined by biological imaging as
regions enriched with CSCs is the
next logical progression following
PATHY. As shown in SHArc and
IMPACT Monte Carlo modeling,
LET full-spectrum gradients are
achievable and enable dose and/or
LET de-escalation throughout the
LRTV to mitigate the risk of
compromising the PIM.25,29,42,49,50

In turn, LRTV sparing is the
critical limiting step in determining
dose and LET combinations
necessary for achieving clinical
CSC extinction.6,25,27-2932,,49 Moreover,
only the delivery of such LET
gradients may potentially extinguish
the biological possibility of tumor
recurrence through the combined
effects of focal, direct CSC killing,
and induction of bystander and
immune secondary mechanisms
transmitted over large relatively
spared volumes.42,46,91-94108-118
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Economics of HPT: Challenges
of Upfront Capital Allocation,
Potential for Long-Term Return,
and Alternatives

A persistent perception that
HPT facilities are prohibitively
expensive to construct and operate
remains a major barrier to the
broader adoption, expansion, and
patient access to this highly
promising treatment modality.
Though the capital requirements
are undeniably high, the overall
economics of HPT is more
nuanced, and often more favorable,
than commonly perceived. A
comparative analysis of the
cost-effectiveness of CIRT vs SBRT
for the treatment of stage I
non-small cell lung cancer at
Gunma University found that
the bulk of the difference
was accounted for by costs
of hospitalizations and ancillary
studies rather than by technical
fees for CIRT, the former of
which could be mitigated or
made more efficient.119  The same
institution found the mean total
cost of CIRT was lower than
that of chemoembolization in
the treatment of hepatocellular
carcinoma (¥4,974,278 vs
¥5,284,524).120  A multi-institutional
Japanese analysis found
comparable total costs of treatment
for locally recurrent rectal cancer
using CIRT vs multimodality
conventional treatment (¥4,803,946
vs ¥4,611,100).121  A multi-
institutional European analysis
found that the average cost
per fraction delivered was €1128
at combined CIRT/PBT centers,
€743 at PBT-only centers, and
€233 at photon-only centers.122

These differences should be
interpreted in light of HPT’s unique
suitability for hypofractionation,
owing to its biological insensitivity
to fractionation, as well as
the potential for HPT-driven
improvements in local control to
reduce health care costs.

Notably, capital costs and yearly
operational costs for combined CIRT/
PBT, PBT-only, and photon facilities
were respectively found to be €138.6
million, €94.9 million, and €23.4
million, and €36.7 million, €24.9
million, and €9.6 million.122 These
differences in initial and operational
outlays are undoubtedly too much
to bear for many health systems,
even when factoring in cost-reducing
public investment.123 The expansion
of particle therapy capabilities to
include oxygen, neon, and other
heavy ion species not yet in routine
clinical use is sure to exacerbate
cost differences, at least in the short
term. Both the public health benefit
of improved oncologic outcomes
and the potential for long-term
cost savings support a strong case
for increased public investment in
HPT, as well as for international
cooperation and cost-sharing to
facilitate broader access.

However,  strategies  that  enable
functional  delivery  of  high  LET
therapy  to  larger  populations
than  can  be  served  by  HPT
are  in  the  early  phases  of
clinical  development  and  deserve
recognition.  A  conjugate  of  the
high  LET  α-particle  emitting
radionuclide  actinium-225  (Ac-225)
to  the  somatostatin  receptor
binding  complex  DOTATATE  has
been  used  in  the  early  stage
trials  of  gastrointestinal  (GI)
origin  neuroendocrine  tumors  and
metastatic  paragangliomas,  in  the
latter  of  which,  in  an  admittedly
small  data  set,  the  225Ac-DOTATATE
conjugate  successfully  controlled
disease  that  had  failed  β-particle
emitting  lutetium-177  therapy.124-126

A clinical trial is underway
investigating the 225Ac-DOTATATE
conjugate for metastatic or
unresectable somatostatin receptor-
expressing breast cancers.127 Alpha
emitters are a promising low-barrier
means of delivering high LET
therapy to appropriately selected
patients, albeit limited anatomically

to tumors to which they can be
feasibly and reliably distributed,
as well as far simpler than β
emitters in terms of radiation safety
precautions.

Another approach utilizes
intratumoral infusion of
nanoparticles composed of high
Z materials with high electron
density to increase the probability of
ionization events for cells exposed
to low LET radiation, functionally
creating a field of high LET
radiation delimited by the natural
boundaries of gross tumor without
risk of distribution to surrounding
normal tissues. The phase II/III
Act.In.Sarc. trial randomized 180
patients with locally advanced
soft-tissue sarcoma indicated for
neoadjuvant RT to intratumoral
injection of the hafnium oxide-based
NBTXR3 nanoparticle a week prior to
RT to 50 Gy in 25 fractions followed
in 5 weeks by surgical resection
vs neoadjuvant monotherapy with
RT and surgical resection after 5
weeks. The primary endpoint of
pathologic complete response was
doubled in the NBTXR3 arm over
the RT-only arm (16% vs 8%)
with all grade 3+ acute toxicity
<10% and nearly identical rates of
grade 3-4 wound complications.128,129

The same agent has been
incorporated into a pilot phase
I trial for borderline resectable
and unresectable non-metastatic
PDAC, in which patients undergo
intratumoral infusion of NBTXR3
prior to a 15-fraction course of RT.130

Finally, clinical exploration of boron
neutron capture therapy, which uses
intravenous administration of 10B5
preferentially taken up by tumor
cells then bombarded with slow
neutrons to induce cell killing by
high LET α-particles and lithium
ions, is active and expanding.131-133

Strategies such as those just
described cannot recapitulate all
of the benefits and versatility
of HPT, but are nevertheless a
promising means of bridging the
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gap in access to offer some patients
with aggressive/resistant cancers
the opportunity for high LET
therapeutic impact. These efforts
should not be seen as exclusive
of or in competition with HPT,
but rather as complementary and
potentially synergistic.

Conclusion
As discussed in Part I, high

LET HPT has been shown in
reproducible, basic research to be
effective in the sterilization of CSCs.
Consequently, it holds considerable
promise as a means of significantly
improving the prognostic paradigms
of seemingly intractable human
cancers whose outcomes are driven
by their CSC biology. These findings
are supported by early clinical
studies demonstrating improved
outcomes through crude deployment
of HPT in the treatment of
PDAC and GBM.14,134 Moreover, the
benefits of HPT appear to be
synergistic with conventional and
next-generation systemic therapies,
though the ideal combinations and
sequencing are yet to be determined.
Economic and logistical challenges
to expanding the reach of HPT are
real but not insuperable, and the
reduction it could entail in terms
of reduced cancer recurrences may
yield reductions in overall health
care costs in the long run.

Literature to this point
has downplayed the need for
particles heavier than carbon
ions to achieve true CSC
eradication and overemphasized
the so-called “overkill” problem.
Safe implementation of oxygen or
NIRT, however, necessitates selective
targeting of high biological risk
subvolumes within gross tumor to
ensure critical OARs are not subjected
to LET overdose. Multi-ionic LET
painting models have been developed
and validated as accomplishing this
task. Likewise, clinically validated,
state-of-the-art functional imaging

technologies capable of detecting
surrogates for CSC biology are
already available, but have yet to
be recognized for their potential
utility in radiation oncology, let
alone in defining HRTVs. Intriguingly,
preclinical evidence suggests that
selectively targeting CSC biology
for high LET ablation may be the
most promising approach to realizing
the broader clinical potential of
HPT, including the induction of
immunogenic and abscopal cancer-
killing effects. In this way, HPT may
function not merely as a localized
treatment but serve as an instrument
of systemic cancer control.

Taken together, these advances
suggest that the physics of high
LET HPT may offer a radiobiological
solution to the problem of CSCs and
a tangible opportunity to alter the
natural history of aggressive and
treatment-refractory malignancies.135
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The Effect of Pentoxifylline and Vitamin E in
Preventing Grade 3 Radiation Pneumonitis:
A Single-Arm, Phase II Prospective Study
Andrew Willett, MD;1* Craig Silverman, MD;1 Shiao Woo, MD;1 Jeremy T. Gaskins, PhD;2 Neal Dunlap, MD1

Abstract
Objective/Hypothesis Stereotactic ablative radiation therapy (SABR) is becoming an increasingly popular treatment for patients
with recurrent non-small cell lung cancer. Thoracic reirradiation, however, can be toxic, with some institutions reporting grade 3
pneumonitis in upward of 30% of reirradiated patients. Pentoxifylline (PTX) and vitamin E (VE) have mitigated toxicity in
standard breast treatment and may be beneficial in the reduction of radiation-induced pneumonitis. The objective of this study
is to prospectively evaluate the efficacy of PTX and VE in reducing grade 3 pneumonitis in patients undergoing SABR with
locoregionally recurrent lung cancer or new lung primary tumors in the setting of prior thoracic radiation. We hypothesize that
these patients will experience rates of grade 3 pneumonitis lower than 30% at 3, 6, and 12 months post-treatment.

Materials and Methods Patients who received radiation for a prior thoracic malignancy with a diagnosis of a recurrent or new
NSCLC were recruited from our institution. PTX and VE were administered at the time of simulation, approximately 1 week prior
to starting treatment, and were continued for 12 weeks post-treatment. SABR was delivered using standard stereotactic
techniques to a dose of 50 Gy at 10 Gy per fraction over 2 weeks. Clinical and radiographic assessment of pneumonitis was
conducted at 3, 6, and 12 months post-treatment. Demographic information was collected before treatment.

Results The rate of grade 3 pneumonitis in our PTX- and VE-treated cohort was significantly lower than 30% at 3 months (0%,
95% CI 0%-11%, P = .001), 6 months (5%, 95% CI 0%-20%, P = .004), and 12 months (0%, 95% CI 0%-21%, P = .010) post-
treatment. Also, 92% of participants were medication compliant.

Conclusion PTX and VE are safe interventions that may reduce rates of grade 3 pneumonitis for patients undergoing
reirradiation for locoregionally recurrent and/or new lung primary tumors.

Keywords: non-small cell lung cancer, stereotactic ablative radiation therapy, vitamin E, pentoxifylline, reirradiation, pneumonitis

Introduction
Stereotactic ablative radiation therapy

(SABR) is a versatile treatment for
patients with non-small cell lung cancer

(NSCLC) in the settings of operable
early stage disease and inoperable
late-stage disease.1 Despite advance-
ments in this radiotherapeutic techni-
que, recurrence is not uncommon, with

studies suggesting in-field failure rates of
up to 30% at 2 years post-treatment,
particularly in the setting of concurrent
chemoradiation for stage 3 NSCLC.2

Traditionally, systemic therapy was the
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choice approach for instances of
loco-recurrent relapse; however,
poor response rates prompted
investigations regarding the safety
and efficacy of reirradiation.

In addition to high rates of
local failure, patients undergoing
reirradiation with fractionated
external beam radiation therapy
have also experienced toxicities such
as esophagitis, dry desquamation,
and symptomatic pneumonitis,
arguing for the need to dose-escalate
using conventionally fractionated
regimens.3 Institutional data
evaluating SABR to treat locoregional
lung cancer recurrences and new
lung primaries in patients who have
received prior thoracic radiation
therapy is promising, with in-field
local tumor control >90% at 2 years
and 2-year overall survival (OS) and
progression-free survival of 59% and
26%, respectively.4 Unfortunately,
rates of grade 3 toxicities were
30%.4 A more recent review article
by the International Association for
the Study of Lung Cancer Advanced
Radiation Technology Committee
agrees that SABR is efficacious,
with rates of 2-year local control
ranging from 75% to 100%, despite
persistence of toxicities.5

Prior studies have attempted to
mitigate the effects of radiation on
normal lung by using radioprotective
agents such as pentoxifylline
(PTX).6-8 PTX is thought to help
prevent radiotoxicity by inhibiting
platelet aggregation and adhesion,
allowing for optimal blood flow
and increased tissue oxygenation.9

Adding PTX to the retreatment of
thoracic malignancies may aid in
further reducing radiation-induced
effects on normal adjacent tissue.
A recent randomized study in
breast cancer demonstrated that
PTX in combination with vitamin
E (VE) resulted in reduced rates
of breast fibrosis after radiation
therapy.10 A randomized controlled
trial evaluating VE and PTX in

primary lung radiation showed
increased rates of radiation-induced
lung toxicity in the control group.11

However, to date, no studies have
assessed the efficacy of PTX and VE
in the prevention of toxicities in the
setting of reirradiation using SABR
for lung malignancies.

Our phase II prospective trial
addresses this gap in the literature
by (1) evaluating the use of SABR in
treating patients with locoregionally
recurrent lung cancer or new lung
primary tumors in the setting of
prior thoracic radiation therapy and
(2) establishing the efficacy of PTX
in combination with VE in reducing
the rates of grade 3 or 4 toxicities.
Each patient was treated with VE
and PTX before, during, and after
reirradiation for lung malignancy via
SABR. We hypothesize that SABR
will be a viable treatment modality
for these patients and that PTX and
VE will reduce the rate of grade 3
pneumonitis in the cohort.

Materials and Methods
Patients were enrolled in a

prospective, single-arm trial at our
institution to assess the effects
of PTX and VE on the rates
of toxicity while using SABR in
patients with recurrent or new
lung primary after receiving prior
thoracic radiation therapy. The
criterion for patient eligibility
consisted of previous radiation
therapy for a thoracic malignancy
with a diagnosis of a recurrent
or new NSCLC. Patients either
underwent a biopsy to confirm
the diagnosis or demonstrated
a strong clinical suspicion for
new or recurrent cancer based
on the recommendations of a
multidisciplinary thoracic oncology
team. Patients were excluded for
the following reasons: <30 Gy
of overlap from prior radiation
treatment, poor pulmonary function

at baseline (FEV1 < 20% and/or
diffusing capacity of the lungs for
carbon dioxide <20% predicted),
chemotherapy within 4 weeks of
SABR initiation, and a plan to initiate
chemotherapy or immunotherapy
concurrent with SABR.

Patients were administered PTX
400 mg 3 times daily. This was the
standard starting dose for the drug as
recommended by the manufacturer.
Patients were given VE 400 IU
once daily. Dosing began 1 week
prior to treatment, approximately
at the time of simulation. The
drugs were continued for a period
of 3 months after completion of
radiation therapy. Dose delays or
modifications were based on toxicity
and made at the discretion of the
principal investigator.

All patients were prescribed 50
Gy delivered to the planned target
volume (PTV) in 5 fractions at 10
Gy per fraction. Fractions were
administered at least 36 hours
apart, and therapy was completed
within 14 days of initiation. Daily
image guidance with cone beam
CT was required. Respiratory gating
or abdominal compression was
utilized as deemed appropriate by
the treating physician and physicist.

Treatment planning was
performed using either 3-
dimensional conformal therapy
or intensity- modulated radiation
therapy. Any combination of
coplanar or noncoplanar fields
designed to cover the target volumes
while limiting dose to critical
structures was allowed. If prior
dosimetry was available, a composite
of the dosimetry plans of the
prior treatment volume and the
new treatment plan was generated.
Standard SBRT treatment planning
was utilized. Successful treatment
planning was designed to meet the
following:

1. Normalization: The plan
was normalized such that
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100% of the dose delivered
corresponded to the center of
mass of the PTV.

2. Prescription isodose surface
coverage: The prescription
isodose surface was chosen
such that 95% of the PTV
was conformally covered by the
prescription isodose surface,
and 99% of the PTV received at
least 90% of the dose.

3. High-dose spillage: Any dose
>105% of the prescription
isodose surface occurred
primarily within the PTV itself
and not within normal tissue.
The cumulative volume of
all tissue outside the target
received no more than 105%
of the prescription to 15% of
the volume. PTV conformality
was judged such that the
ratio of the volume of the
prescription isodose to the
volume of the PTV was ideally
<1.2 as outlined by the Radiation
Therapy Oncology Group.

4. Standard dose constraints to
critical structures: Outlined
in accordance with the
Quantitative Analyses of Normal
Tissue Effects in the Clinic.

The Common Terminology Criteria
for Adverse Events (v. 4.0) was used
to assess radiation- and PTX-related
toxicity. Standard radiation-related
toxicities were expected. Toxicity
was defined as acute (<3 mo
from completion), subacute (3-12
mo), and late (>12 mo). Standard
consent forms for lung irradiation
were used for informed consent.
Specifically, radiation pneumonitis
and fibrosis were assessed. The
CT appearance of the consolidation
was classified as either diffuse or
mass-like according to published
criteria.12 Diffuse consolidation was
defined as consolidation occurring
outside of the 50% isodose line.
Mass-like consolidation was defined

as a new or enlarging solid opacity
occurring within or directly adjacent
to the PTV.

Standard post-treatment follow-up
occurred at 6 weeks and then
every 3 months after the completion
of radiation therapy. A complete
history and physical examination
were performed at each follow-up
visit to assess for treatment-related
toxicity. Pulmonary function tests
with lung diffusion testing were
ideally obtained at 6 months post-
radiation and yearly as determined
by the treating physician. Follow-
up imaging took place 8-12 weeks
post-radiation and then every 3
months thereafter for 2 years. CT
of the chest was performed using
intravenous contrast. Surveillance CT
imaging of the chest was obtained
as recommended by the treating
physician. F-18 fluorodeoxyglucose-
positron emission tomography was
obtained at 6 months post-SABR
and then when determined clinically
relevant by the treating physician.

Statistical Design

The primary endpoint was to
estimate overall treatment-related
toxicity and assess the efficacy of
PTX in reducing grade 3 or 4 toxicity.
The study was designed to estimate
grade 3 treatment-related toxicity.
Reports from prior retreatment
series estimate >grade 3 pulmonary
toxicities to be approximately 30%.4

Our goal was to reduce this
rate to 15%.

The cumulative number of grade
3 or 4 toxic events was monitored
after each patient was enrolled.
If the cumulative number of toxic
events produced enough evidence
to conclude that the true toxicity
rate is ≥30% (Pt0 = 0.30), then the
trial was planned to stop early for
safety reasons.

Descriptive statistics were used
to summarize the demographic and
clinical features of the cohort.

Toxicity was analyzed by taking the
highest/most severe score within
the first 3 months post-treatment,
between 3 and 6 months post-
treatment, and between 6 and 12
months post-treatment. At each
point, the proportions for each
toxicity score were computed,
and the primary analysis was
based on a one-sided test that
the rate of grade 3+ toxicity is
<30%. To assess the relationship
between the ordinal toxicity scores
and demographic and clinical
characteristics, we considered
proportional odds regression. We
included time (3 mo, 6 mo, 12 mo)
as a predictor in all models and
otherwise included predictors one at
a time. As we used multiple scores
from each individual, we included a
random intercept term to introduce
correlation between the repeated
measures.13 Odds ratios were
rescaled using the random effect
variance to provide an approximately
marginal interpretation.14 Kaplan-
Meier curves of OS and for
recurrence-free survival (RFS) were
considered. Missing data were
addressed by performing an
available case analysis. Statistical
significance was defined at the
alpha = 0.05 level, and all data
analysis was performed using R
statistical software, v.4.3.3.15

Of note, noncompliant patients
were included in all analyses for
which they had available data
to contribute. One noncompliant
patient died before post-treatment
data were collected and was not
included in our results; 2 other
noncompliant patients contributed
toxicity and survival data at
each timepoint.

Results
Demographics

Demographic information about
our cohort of 40 patients, all recruited
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from our institution, is displayed
in Table 1. Of those patients, 98%
had a baseline Eastern Cooperative
Oncology Group (ECOG) status of ≤1.
The average previous radiation dose
prior to enrollment was 56.9 Gy;
individual prior radiation doses and
fractionations are listed in Table 2.
93% of participants were able to
receive the anticipated reirradiation
dose of 50 Gy. Overall, PTX and
VE were well tolerated, with only
3 patients reporting noncompliance
during the study.

Grades of Radiation Pneumonitis
and Drug-Related Toxicities

Toxicity results are outlined in
Table 3 and graphically displayed in
Figure 1. Of note, only one patient
experienced grade 3 pneumonitis,
which occurred at 6 months
post-treatment. Furthermore, there

is statistically significant evidence
that rates of grade 3 pneumonitis
are less than 30% at 3 months
(0%, 95% CI 0%-11%, P = .001),
6 months (5%, 95% CI 0%-20%,
P = .004), and 12 months (0%, 95% CI
0%-21%, P = .010) post-reirradiation
in our VE- and PTX-treated
cohort. Following analysis of patient
data, the lowest incidence of
pneumonitis was experienced at
3 months post-treatment, with
11% of our cohort experiencing
grade 1 pneumonitis and 7%
experiencing grade 2 pneumonitis.
No participants reported post-
treatment toxicities associated with
either PTX or VE during post-
treatment follow-up visits. In
accordance with proportional odds
regression (Table 4), toxicity was
significantly higher at 6 months
than at 3 months (proportional

odds ratio = 2.64, P = .029),
but no statistically significant
associations between toxicity and
other demographic/clinical factors
were found. The model used for
Table 4 uses the ordinal grade values
(0 vs 1 vs 2 vs 3), not a binary
cut-off. The proportional odds effect
reflects the odds of an increase
in grade.

Tumor Recurrence and Overall
Survival

Of our initial cohort of 40
patients, 5 were lost to follow-up
after treatment completion and were
excluded from the survival analysis.
Of the remaining 35 patients, 14
(40%) had an observed recurrence, 2
of which were local, 6 of which were
regional recurrences, and 6 of which
were distant. 27 (77%) patients died
during the study. Figure 2 reports
the Kaplan-Meier plots for RFS and
OS. Median RFS was 10 months (95%
CI 6-30 mo) and median OS was
20 months (95% CI 12-50 mo). The
1-year RFS rate was 44% (31%-55%)
and 1-year OS was 66% (51%-85%).

Discussion
SABR is a valuable reirradiation

modality for patients with new or
recurrent lung malignancies. VE and
PTX are well-tolerated medications
that are potentially efficacious in
preventing grade 3 and higher rates
of radiation-induced pneumonitis.
92% of our patients were medication-
compliant and reported little or
no side effects associated with
VE and PTX. Of our cohort of
40 patients, only one experienced
grade 3 pneumonitis, with most
experiencing grade 0 pneumonitis.
Median OS was 20 months, and
median RFS was 10 months. To date,
our trial is the first to assess the
utility of these agents for patients
being reirradiated via SABR for
locoregionally recurrent disease or
new primary malignancies.

Table 1. Participant Demographics

COLUMN1 MEAN/COUNT STANDARD
DEVIATION

RANGE MISSING

Patients 40

ECOG 0

  0 15 38%

  1 24 60%

  2 1 3%

Previous radiation dose
(Gy)

56.9 10.8 30-73.5 6

Interval between doses
(mo)

Median 12 IQR 12–27 8-120 4

  >12 mo 17 47% 4

Dose at retreatment (Gy) 0

  50 37 93%

  25 1 3%

  40 2 5%

Central tumor (vs
peripheral)

6 16% 3

Noncompliant 3 8% 0

Pretreatment FEV1 1.52 0.65 0.78-3.66 20

Eastern Cooperative Oncology Group (ECOG) performance status scale, patients scoring 0 are fully
independent, patients scoring 1 are restricted in strenuous activity but able to perform basic ADLS,
patients scoring 2 are ambulatory however limited in daily work activities.

Forced expiratory lung volumes (FEV1) as measured on pulmonary function tests (PFTs).
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Data regarding the rates and
predictors of radiation-induced
pneumonitis in the setting of
primary radiation vs reirradiation
have been published previously. In
the primary setting, Schallenkamp
et al16 reported a rate of 13% in
grade 2 or greater pneumonitis
in the setting of conventional
radiation, which may be related
to the percentage of total lung
volume minus gross tumor volume
receiving ≥10 Gy. Accordingly, lower

radiation doses to larger volumes
of lung may induce a significant,
symptomatic, and more aggressive
inflammatory response than that
experienced with higher doses of
radiation. Patients with subclinical
interstitial lung disease (ILD) have
been found to be at greater risk
for higher grades of pneumonitis
—of 87 patients with subclinical
ILD, 11.5% experienced grade
3 pneumonitis, 3.4% experienced
grade 4 pneumonitis, and 5.7%

experienced grade 5 pneumonitis,
and the cumulative incidence of
these high grades of pneumonitis
was significantly higher in patients
with subclinical ILD involving ≥25%
of the lungs (46.1% vs 16.3%,
P = .004).17

Systemic therapies may similarly
influence the rates of grade
3 or higher primary radiation-
induced pneumonitis. Neoadjuvant
therapy with gemcitabine has been
associated with a significantly
higher incidence of grade 3
or higher pneumonitis (32.3%
vs 13.3%, P = .023).17 Of 106
patients treated with concurrent
chemoradiation, pneumonitis ≥grade
2 occurred in 47 patients (44.3%),
and pneumonitis ≥grade 3 occurred
in 6 (5.7%).18 Among this cohort,
adjuvant therapy with immune
checkpoint inhibitors (durvalumab,
atezolizumab, pembrolizumab, or
nivolumab) significantly influenced
the rate of grade 2 or higher
pneumonitis but not rates of grade
3 or higher pneumonitis.18

Understandably, toxicities are
more prominent in the setting of
reirradiation with SBRT. Data from
the MD Anderson Cancer Center
suggest a rate of grade 3 pneumonitis
ranging from 18.9%19 to 30%.4 Rates
of toxicity may be influenced by the
following factors: ECOG score of 2 or
3, an FEV1 ≤ 65%, a previous PTV
spanning the bilateral mediastinum,
and V20 ≥ 30% on composite (previous
RT + SABR) plans.19 Others report
comparable rates of toxicity, with
26% of a cohort experiencing grade
3 or greater toxicity. However, among
this same cohort, 14% ultimately died
from a post-treatment lung-related
event other than bacteria-associated
pneumonitis or disease progression.
Subsequent chemotherapy, rather
than radiation therapy factors such
as total dose, lung dose, or interval
between doses, was significantly
related to such lethal events
(P = .009).20 Finally, out of a cohort

Table 2. Individual Prior Radiation Doses and Fractionation

NUMBER OF
PATIENTS

PREVIOUS RADIATION
DOSE (GY)

PREVIOUS FRACTIONS PREVIOUS BIOLOGICAL
EQUIVALENT DOSE

1 30 10 39

1 33 10 43.8

1 37.5 15 46.8

1 45 15 58.5

1 45 25 53.1

3 48 4 105

1 50 5 100

2 50.4 28 59

3 54 3 151

2 59.4 33 70

5 60 30 72

1 61.2 30 71

1 63 30 73

1 65 33 71

4 66 33 72

1 66.4 35 74

1 66.4 33 72

1 66.6 33 72

1 68.4 38 80

1 73.5 35 74

Table 3. Toxicity Results at 3, 6, and 12 Mo Post-Treatment

GRADE 0 GRADE 1 GRADE 2 GRADE 3 GRADE 3 < 30% MISSING

N % N % N % N %

3 mo 22 79 3 11 2 7 0 0 P = .001 13

6 mo 12 55 5 23 4 18 1 5 P = .004 18

12 mo 7 54 6 46 0 0 0 0 P = .010 27
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Figure 1. Trends in grades of pneumonitis at 3, 6, and 12 mo post-treatment.

Table 4. Results From Proportional Odds Model on Toxicity Grade

ODDS RATIO CONFIDENCE INTERVAL P VALUE MISSING OBSERVATIONS

Time (mo) .005

  3 Ref

  6 2.64 1.10–6.31 .029

  12 2.63 0.97–7.14 .057

ECOG

  0 Ref

  1 or higher 0.87 0.38-1.97 .733

Previous radiation dose (Gy) 0.84 (10-unit change) 0.53-1.35 .477 10

Interval between doses >12 mo 0.56 0.22-1.53 .226 8

Central tumor (vs peripheral) 1.97 0.62-6.25 .249 4

Noncompliant 2.22 0.57-8.65 .251

Pretreatment FEV1 2.00 (1-unit change) 0.38-10.40 .410 27

Model is fit using all available toxicity grades (n = 62), and random effects are used to control for correlation between multiple scores from the same
individual. The effect for each variable is assessed by controlling for time (3 mo, 6 mo, 12 mo).

Abbreviations: ECOG, Eastern Cooperative Oncology Group; FEV, forced expiratory lung volume.
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of 70 patients followed throughout
their primary and reirradiation
treatments, 15 (21.4%) developed
pneumonitis ≥grade 3 in the
reirradiation setting.21

Given the prominence
of symptomatic pneumonitis,
particularly in the setting of
reirradiation, clinicians should aim
to limit such toxicities while
maintaining ideal dose prescription
and treatment parameters. VE and
PTX are tools that can potentially
help treating physicians achieve
this goal. PTX is a nonselective
phosphodiesterase inhibitor that
increases intracellular cyclic GMP
levels, resulting in greater flexibility
of the red blood cell and
leukocyte membrane. This permits
greater passage of oxygen and
nutrients through microvessels and,
ultimately, into tissue. VE is
a fat-soluble vitamin principally
found in the cell membrane.
It is also thought to contribute
to membrane flexibility and may
offer vascular protection and
anti-inflammatory and antifibrosis
capabilities.22 Notably, they are well
tolerated; the most common side
effects of each medication are

nausea, vomiting, and diarrhea,
none of which were experienced
by patients in our cohort.9,23 Several
studies have evaluated the efficacy
of these agents, albeit outside of
the setting of reirradiation with
SABR for thoracic malignancy.
For patients with breast cancer,
randomized controlled trials suggest
that VE and PTX lessen the degree
of radiation-induced fibrosis but
may not significantly impact OS or
progression-free survival.10,24 They
are similarly beneficial in the
setting of primary radiation for lung
cancer, with PTX and VE patients
experiencing a lower burden of lung
toxicities compared with placebo-
treated patients.11

Of note, a brief discussion is
warranted regarding the concerns
that have arisen from recent studies
over the detrimental effects of VE
supplementation. A meta-analysis of
19 trials found increased overall
mortality in patients taking high
doses of VE (over 400 IU daily
for at least 1 y).25 Another analysis
indicated increased mortality from
VE and β-carotene supplementation
in the prevention of gastrointestinal
cancers.26 Additionally, the Selenium

and Vitamin E Cancer Prevention
Trial demonstrated that 400 IU
VE supplementation raised prostate
cancer rates in men after a follow-
up of at least 7 years.27 However,
these findings are based on long-
term and/or high-dose VE use,
contrasting with our trial’s short-
term, standard supplementation.
Moreover, our cohort differs
significantly from those studied,
possibly explaining the benefits
associated with supplementation for
patients undergoing reirradiation
who are under significant
physiological stress, which in turn
may help explain the pneumo-
protective impact of short-term
antioxidant use. Lastly, variations
in supplement quality, alternative
isoforms of VE, patient-to-patient
CYP450 metabolism, and drug-
drug interactions impacting VE
metabolism—none of which have
been accounted for in these studies
—may also influence individual
VE susceptibilities and outcomes,
further complicating interpretations.

Future studies are warranted
to further address the tolerability
and effectiveness of VE and
PTX. Double-blind, randomized

Figure 2. Kaplan-Meier estimates for (A) recurrence-free survival and (B) overall survival.
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controlled trials will help better
elucidate the clinical utility of these
pharmaceutical agents. Additionally,
studying these agents in the
setting of other radiotherapeutic
treatments for other malignancies
such as gastrointestinal cancers,
head and neck cancers, and/or
gynecologic and urologic cancers
could be beneficial.

Strengths and Limitations
Given the simple design of this

prospective study, we were able
to clearly identify and accurately
evaluate our principal outcome
of rates of grade 3 pneumonitis
in our cohort of patients with
recurrent NSCLC. VE and PTX are
well tolerated, allowing for a high
compliance rate and suggesting they
can be safely and similarly studied in
the setting of reirradiation for other
disease sites. Regarding limitations,
as this was a single-arm clinical
trial, we are unable to compare
the utility and efficacy of VE and
PTX compared with placebo, which
would be afforded in the design
of a randomized, double-blind,
placebo-controlled trial. Our sample
size is small and from a single
institution; recruiting a more diverse
cohort from across the United States
would be beneficial. Also, some
participants were lost to follow-up
at different times post-treatment,
possibly introducing a bias in
our results if those participants
ultimately developed different health
outcomes secondary to late toxicities
associated with the study drugs
and/or radiation course compared
with the participants who remained
in the study.

Finally, further collecting
pretreatment physiological and
radiotherapeutic data to help better
identify predictors of toxicity, a
topic that was briefly explored in
our discussion, would be warranted.
Particularly, obtaining accurate

pretreatment isodose volumes in
addition to pretreatment dose/
fractionation would be warranted.
Many of the patients in this
study were referrals from rural
communities, where they may have
received incomplete treatment for
their primary malignancies, thus
explaining the wide range of
previously administered radiation
dose. We did not have access to
data for the specific circumstances
dictating original radiotherapeutic
dose selection or other pretreatment
factors that may have influenced
each patient’s response and/or
compliance to the study at hand.
We also do not have pretreatment
radiotherapeutic data beyond that
of prior dose and fractionation to
correlate with reirradiation toxicity.

Conclusion
PTX and VE are safe interventions

that may prophylactically reduce
rates of grade 3 pneumonitis for
patients receiving subsequent SABR
for recurrent NSCLC. Additional
studies should be performed to
evaluate the use of PTX and VE in the
retreatment setting.
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Abstract
Malignant melanotic nerve sheath tumors (MMNSTs) are rare, aggressive tumors with significant potential for
distant metastasis. This case report describes an atypical presentation of MMNST in a middle-aged patient,
arising in the carotid space rather than in the more commonly reported paraspinal regions. The report details
clinical presentation, diagnostic evaluation, and the planned course of adjuvant radiation therapy after surgical
excision. Comprehensive genomic profiling and multidisciplinary treatment planning were key components of
management. Given the rarity of MMNST and its potential for recurrence and metastasis, vigilant, long-term
follow-up is essential. This case underscores the importance of recognizing uncommon anatomical presentations
that may pose unique diagnostic and therapeutic challenges.

Keywords: nerve sheath neoplasm, malignant, melanotic, adjuvant treatment, case report

Introduction
Melanotic nerve sheath tumors

(MMNSTs) are exceptionally rare
neoplasms, comprising less than 1%
of all nerve sheath tumors, with
fewer than 200 cases described in
the literature.1 Owing to their rarity,
most of the existing knowledge about
MMNSTs comes from individual
case reports or small case series.2

Management can be particularly
challenging owing to the tumors’
potential for aggressive behavior,
including local and distant metastasis

in over one-third and approximately
44% of cases, respectively.1

Patient History and Surgical
Treatment

A middle-aged patient presented
to a hospital in September 2023 with
complaints of drooping of the right
eyelid, neck pain, sore throat, and
dull pain in and behind the right
ear. The patient had an unremarkable
medical history but reported a history
of melanoma in the patient’s maternal
grandfather. The patient had a 1.25

pack-year smoking history, having
smoked 0.25 packs/day for 5 years and
last smoking 16 years previous. They
reported drinking “socially.”

Right-sided Horner syndrome
was confirmed by a positive
apraclonidine test. The patient
underwent complete resection of the
right parapharyngeal space tumor
and a right neck dissection. This
consisted of transcervical excision of
a 4 cm right parapharyngeal space
mass seemingly arising from the
cervical sympathetic trunk. The mass
extended to within 10 mm of the base
of the skull and was described as
“darker than expected with significant
pigment” per surgical note. The mass
was resected without complications.

Imaging Findings
A  contrast-enhanced  CT

neck  was  significant  for  a
3.9  ×  1.7  ×  1.6  cm  heterogeneous,
partially  calcified  enhancing
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lesion  in  the  right  carotid
space,  splaying  the  internal  and
external  carotid.  The  radiological
differential  included  a  carotid
body  tumor,  with  other  etiologies
like  schwannoma  or  an  enlarged
lymph  node  less  likely.  An  MRI
demonstrated  a  4  cm  enhancing
lesion  in  the  right  carotid
space,  similarly  suspicious  for
carotid  body  tumor  and,  less
likely,  schwannoma  or  pathologic
lymph  node  (Figure  1).  A  chest/
abdominopelvic  CT  scan  was
negative  for  thoracic  or  abdominal

paragangliomas  and  any  metastatic
disease.  A  hypermetabolic  lesion
in  the  right  upper  cervical  neck
was  seen  on  preoperative  PET-CT.

Postoperative PET-CT indicated
postsurgical changes in the
right upper cervical region with
F-18 fluorodeoxyglucose (FDG)-
avid, heterogeneous, asymmetric
thickening of the anterior aspect of
the right sternocleidomastoid muscle
and was negative for hypermetabolic
lymphadenopathy (Figure 2). There
were no findings suspicious for
distant metastatic disease.

Pathology
Gross examination of the

right parapharyngeal space tumor
specimen revealed a 4.0 × 2.0 × 1.4
cm dark tan nodule with a
smooth, glistening surface. Serial
sectioning demonstrated a well-
circumscribed mass with grossly
negative margins. Intraoperative
frozen-section analysis revealed a
pigmented epithelioid neoplasm,
with the final diagnosis
deferred to permanent sections.
Microscopic examination of the
permanent sections revealed
a well-circumscribed, heavily
pigmented neoplasm, arranged
in nests and composed of
epithelioid cells with round nuclei
and prominent nucleoli, with
admixed melanophages (Figure
3A). Psammoma bodies and
areas composed predominantly
of melanophages were present
(Figure 3B). No necrosis,
lymphovascular invasion, or
perineural invasion was identified.
The surgical margins were negative
for tumor. A right neck dissection
showed 3 lymph nodes negative
for malignancy. A combined Melan
A/Ki67 immunohistochemical stain
of the psammoma bodies was
positive for Melan A and showed
a Ki67 proliferation index <10%
(Figure 3C). Immunohistochemistry
(IHC) also revealed that the tumor
was positive for multiple additional
melanocytic lineage markers,
including SOX10, S100 protein, MITF,
and HMB-45 (Figure 3D) but negative
for CK8/18 and synaptophysin. IHC
for BRAF (VE1) was negative in
the tumor; thus, there was no
indication of an underlying BRAF
V600E mutation. PD-L1 expression
by IHC was also negative.

Comprehensive genomic profiling
using a hybrid capture-based
DNA+RNA sequencing platform (Caris
Life Sciences) revealed a PRKAR1A
p.S321fs* pathogenic frameshift

Figure 1. Preoperative MRI of the neck showing axial and coronal postcontrast,
fat-saturated T1 sequences and demonstrating an enhancing lesion in the right
carotid space.
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Figure 2. Preoperative F-18 fluorodeoxyglucose (FDG) PET-CT demonstrating FDG-avid
lesions.
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mutation (RefSeq transcript
NM_001276289.1; c.962delC), at 44%
variant allele frequency. No genomic
alterations in BRAF, CDKN2A, or
the TERT promoter were identified.
A review of the copy number
plot demonstrated monosomies of
chromosomes 1, 2, 4, 17, 21q,
and 22q. Taken together with the
findings of routine histopathologic
examination and IHC, this genomic
profile, with mutation in PRKAR1A
only and monosomies of multiple
chromosomes, including 1, 2, and 17,
was diagnostic for MMNSTs.

Dedicated constitutional
(germline) testing using a DNA
and RNA-based platform (Invitae
Multi-Cancer+RNA Panel) was
performed on whole blood and was
negative for all alterations, including
in PRKAR1A. This finding supports
that the above PRKAR1A mutation
identified in tumor tissue is somatic
in origin.

Discussion
MMNSTs, previously termed

melanotic schwannomas, are
uncommon tumors classified by
the presence of melanin-producing
Schwann cells.3 These entities are
known for their aggressive nature
and rarity as they make up <1%
of all nerve sheath tumors.2 They
typically originate in the spine
or paraspinal soft tissue, although
this particular case report presents
one within the carotid space.4

Psammomatous MMNSTs account for
approximately half of all MMNSTs,
and approximately half of these
tumors are associated with the Carney
complex, a disorder characterized
by skin pigmentation, endocrine
abnormalities, and increased risk
of pituitary adenomas, testicular
tumors, and cardiac myxomas.5 This
disorder is often associated with
mutations in the PRKAR1A gene.

However, in this case, the patient
does not have a history of the
Carney complex, and dedicated
germline testing was negative for
PRKAR1A mutation.

In the limited number of MMNST
cases reported, patients commonly
presented with neuropathic
symptoms such as pain and
paresthesia, similar to the findings in
this case.6

Key imaging features include
enhancement at CT and FDG-avidity
at PET-CT. It has also been noted
that MMNSTs typically grow along
a spinal nerve root with a unique
“dumbbell” configuration, though this
is a nonspecific finding, as many types
of tumors assume this configuration
if they contain intradural and
extradural components.7-9 MRI is
useful in distinguishing them
from other tumors, as MMNSTs
have intrinsic T1 hyperintensity
(Figure 1), while schwannomas
and neurofibromas tend to be
hypointense on T1 and hyperintense
on T2.10

MMNSTs are also characterized
microscopically by spindle and
epithelioid cells arranged in
interlacing fascicles, with marked
accumulation of melanin in
neoplastic cells and admixed
melanophages. Psammoma bodies
are also typical.3 Protein kinase A
regulatory subunit-α (PRKAR1A) is
genomically inactivated in MMNST.
Monosomies of chromosomes 1,
2, and 17 are also characteristic.11

This entity is distinguished from
other heavily pigmented melanocytic
neoplasms, including pigmented
epithelioid melanocytoma and
melanoma, by the presence of these
specific monosomies and a lack of
additional genomic alterations (TERT
promoter, CDKN2A gene mutations,
etc) encountered in melanoma.12

Complete resection is the primary
curative treatment, with prior
reports suggesting adjuvant radiation
for larger or more aggressive

Figure 3. Examination shows fascicles of large epithelioid cells with pigmented
cytoplasm and prominent nucleoli, as well as admixed melanophages (A, H&E stain;
original magnification: ×400). Psammoma bodies typical of this entity are also identified
(B, H&E stain; ×200). Immunohistochemistry reveals the tumor is diffusely and strongly
positive for melanocytic markers Melan A (C, red chromogen; × 200) and HMB45 (D,
× 200), with Ki67 labeling fewer than 10% of tumor nuclei with brown chromogen
(C, × 200).
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lesions.1,13 However, studies have
found that 35% of patients
experience local recurrences,
suggesting that adjuvant radiation
should be considered more broadly,
particularly given the sensitive
locations in which these neoplasms
often arise that prohibit meaningful
salvage operations. MMNSTs also
have notable malignant potential; in
one study, nearly half of the patients
developed metastases.1 Although
MMNSTs are histologically and
clinically distinct from malignant
peripheral nerve sheath tumors

(MPNSTs), treatment strategies are
often extrapolated from the MPNST
literature owing to the rarity of
MMNSTs. Targeted therapies such
as oncolytic herpes simplex virus
have shown promise in preclinical
models of MPNSTs.14 Similarly,
multimodal treatments such as
preoperative chemotherapy, surgery,
and postoperative radiation therapy
(RT) have led to extended remission
in some cases of MPNSTs.15 Further
research is needed to identify
effective targeted therapies and
treatment strategies for MMNSTs.16

As noted in Table 1, data
documenting a strong association
between adjuvant treatment and
outcomes after surgical treatment of
MMNSTs are lacking.

Adjuvant Treatment
After consultation with the patient,

adjuvant RT was recommended owing
to the locally aggressive nature
of this tumor. The radiation dose
required for optimal disease control
remains uncertain; multiple experts
recommend 60-70 Gy in standard and

Table 1. Malignant Melanotic Nerve Sheath Tumor Case Reports and Treatment Outcomes

N AGE/GENDER LOCATION OF
TUMOR

TYPE OF
SURGERY (R0,
R1, R2)

ADJUVANT TREATMENT RADIATION DOSE IF
RECEIVED

OUTCOME (30 MO NED,
ETC)

1 52 y/male17 Parotid gland R1 None None No recurrence

1 21 y/female18 Left foraminal L5/S1 R0 None None Recurred (i.e., locally at

L5/S1) and metastasized

(ie, leptomeningeal spread)

throughout the neuroaxis

within 4 postoperative months

1 45 y/female19 C6 nerve root,

with both intradural

and extradural

components

R0 RT and then combination

immunotherapy with nivolumab

and ipilimumab

Not specified Recurrence and widespread

metastasis with death at 15

mo after diagnosis

1 59 y/female20 Left paraaortic area R0 The tumor was resected en

bloc by laparoscopic surgery and

subsequent adjuvant RT

Not specified No evidence of recurrent or

metastatic disease 11 mo

post- RT

1 18 y/female21 S1 nerve root R0 Adjuvant stereotactic

radiosurgery

40 Gy in 5 fractions,

prescribed to 84%

isodose line, with 25 Gy

to bony spinal canal

No evidence of recurrent or

metastatic disease after 2.5 y

2 58 y/female; 72 y/

male6

T11-T12; T11 R0; R1 Case 1: complete resection with

no adjuvant treatment

Case 2: incomplete resection

due to severe adhesions and

bleeding, continued annual MRI,

abdominal CT, and CXR without

distant metastasis

None None in both cases

2 35 y/male; 50 y/

female2

Lumbar spinal L1/2

to L3/4 and cervical

spinal at C6

R2, R1 Case 1: L2-L3 laminectomy and

adjuvant RT

Case 2: C5-7 laminectomy with

partial excision of the lesion and

adjuvant RT

Case 1: RT; 50.4 Gy in

28 fractions

Case 2: 50.4 Gy

followed by 5.4 Gy boost

Case 1: no recurrence;

currently on follow-up 6 mo

post RT

Case 2: therapy ongoing

Abbreviation: R0, resection with cure or complete remission; R1, resection with microscopic residual tumor; R2, resection with macroscopic residual
tumor; RT, radiation therapy.
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slightly hypofractionated regimens,
consistent with that for aggressive
soft tissue sarcomas or MPNSTs of
the head and neck with negative
surgical margins.22,23 In this case,
a compromise was reached among
radiation oncologists to use an
integrated boost where the postop

bed/high-risk area was treated to 63 Gy
in 2.1 Gy fractions; the intermediate-
risk area was treated with 60 Gy in 2 Gy
fractions to a radial margin of 0.5 cm
on the postop bed, cropped back from
bone, air, and 1.5 cm superior/inferior
margin on the postop bed for concern
about tracking along the vessels and
nerves. The low-risk area was treated
with 54 Gy in 1.8 Gy fractions to level
2b and the rest of level 3, to complete
contouring of the involved LN basins
surrounding the tumor bed and to
add small margins on the postop
bed. The regional lymph nodes were
included in the low-dose area because
of the possibility of aggressive local
behavior and the propensity of head
and neck cancers to metastasize to the
regional neck nodes.

The patient was simulated
supine with a long Aquaplast
mask. Given their young age
and planned ipsilateral treatment,
intensity-modulated proton therapy
delivered in Gy (RBE) was

recommended to minimize radiation
dose to nearby and contralateral
healthy organs based on improved
radiation dosimetry compared with
IMRT. Image guidance with daily cone
beam CT was utilized to minimize
interfraction variability. No planning
target volumes were added because
the patient was treated with proton
therapy. Slices from the primary RT
plan are shown in Figure 4. The
patient did not miss any treatments
and tolerated the expected side
effects of treatment, including grade
1 dermatitis of the right neck and
right cheek, along with hair loss in the
treatment field. However, the patient
experienced no fatigue, changes in
taste or saliva, or mucositis.

Post-Treatment Follow-Up
At evaluation 3 months

postradiation, the patient’s skin
showed no residual reaction other
than mild hyperpigmentation. Beard
on the cheek, but not on the neck,
grew back (Figure 5).

MRI 3 months post-treatment
demonstrated no evidence of local or
regional recurrence. Imaging showed
increased signal on STIR and some
enhancement in the right aspect of
the neck, including the right aspect
of the oropharynx and supraglottic
larynx, presumably postradiation
effects. There was also increased T2
signal and enhancement in the right
submandibular gland, which was also
compatible with postradiation effects
(Figure 6). We plan to repeat MRI
every 6 months for 2 years and then
yearly for 5 years. Routine clinical
follow-up will be scheduled after
every imaging study.

Conclusion
Managing MMNSTs remains

challenging owing to their rarity and
aggressive nature, and presenting
these cases to multidisciplinary

Figure 4. Axial and coronal images of the final proton therapy plan. Axial slices
(clockwise from top left) correspond to the superior field (A, B), mid-field (C, D), and
inferior field (E). The patient was treated with 3 anterolateral proton beams using
pencil-beam scattering. Isodose lines represent (from innermost to outermost): 63 Gy
(orange), 54 Gy (yellow), 31.5 Gy (green), and 15.75 Gy (fuchsia).
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Figure 5. Clinical photograph of the right
neck 6 mo post-treatment.
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tumor boards is imperative. Data to
guide treatment recommendations
are lacking; our case highlights the
need for further research to improve
understanding of, develop data-
driven treatment recommendations
for, and improve long-term patient
outcomes in this rare malignancy.
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Entrustable Professional Activities
in Radiation Oncology: A Framework
for Competency-Based Training
Mustafa M. Basree, DO, MS;* Shane S. Neibart, MD, MS

As residents in radiation oncology (RO),
we navigate a unique learning journey that
encompasses both technical expertise and
nuanced clinical judgment. Do all residents
feel equally prepared for independent prac-
tice at the time of graduation? Are training
gaps a function of institutional environment or
individual variability? Do we have a reliable
way to assess readiness beyond case logs and
rotation completion?

In our recent survey of graduating RO residents,1

over 90% of residents report high overall program
satisfaction and ~80% felt they had appropriate
autonomy; however, disparities exist in perceived
confidence across specialized treatment modalities.
For instance, while 96% of residents reported
perceived confidence in lung stereotactic body
radiation therapy, only 25% felt prepared for
independent practice in prostate high dose rate
brachytherapy.1 Prior studies echo this trend;
Marcrom and colleagues reported that only half
of PGY-4/5 residents felt confident in starting
a brachytherapy practice upon graduation.2 Our
data show that program size could play a
role in training disparity; smaller programs
may lack access to specialized modalities like

proton therapy or adaptive radiation therapy,
while larger programs may face barriers to
hands-on procedural experience, particularly in
brachytherapy. Besides case log requirements
outlining a minimumnumber of cases to graduate,
enforced by the Accreditation Council for Graduate
Medical Education (ACGME), we currently do not
have a reliable way to assess readiness. There
is a growing interest in standardized, outcomes-
focused education as exposure does not necessarily
guarantee competence. Entrustable professional
activities (EPAs) offer a practical, competency-
based framework for assessing clinical readiness.

What Are EPAs, and Why Do They Matter
to Us as Residents?

EPAs are discrete, observable tasks that represent
the core work of a specialty. In 2023, the
Project Leadership Committee within the Radiation
Oncology Education Collaborative Study Group
(ROECSG) published a consensus framework
defining 52 EPAs across 4 developmental stages:
Transition to Discipline, Foundations of Discipline,
Core of Discipline, and Transition to Practice.3 This
framework seeks to shift assessment from time-
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based progression to demonstrable competence in
real-world clinical tasks.

For residents, EPAs offer 4 key benefits:

1. Clarity of Expectations: EPAs demystify
what “on track” looks like. For example,
moving from “interpreting a radiation
therapy treatment plan” in the Foundations
phase to “providing feedback on a
radiation therapy treatment plan to
planning staff or peers” in the Transition to
Practice phase offers clear milestones for
skill acquisition.

2. Individualized Learning Trajectories:
Time-based models assume uniform
progression. In contrast, EPAs recognize
that residents may advance at different
rates across domains. This framework
enables tailored support where needed and
autonomy where earned.

3. More Meaningful Feedback: EPAs provide
a blueprint for personalized mentorship
and high-quality end-of-rotation feedback
to move away from “read more” and other
boilerplate language to more actionable
feedback in evaluating a treatment plan to
use the above example.

4. Portability and Transparency: Whether
transferring institutions or entering
independent practice, a resident’s
documented entrustment levels provide
meaningful insight into their competencies
beyond case logs.

Raising case minima could help mitigate
deficiencies in some aspects of RO training.
However, EPAs offer a structured approach to
developing and assessing readiness regardless of
program structure, one that focuses on teaching
core skills and not maximizing volume or meeting
an arbitrary cutoff. Future efforts should also
be directed to developing a competency-based
assessment framework specifically for procedural
skills in brachytherapy and other specialized
modalities as the current framework lacks
granularity to properly assess procedural readiness.

EPAs in Practice: An Example
Consider EPA number 32: “Contouring complex

target volumes and organs at risk using

appropriate imaging modalities” in the Core of
Discipline phase.3 Rather than simply checking
a box that a resident has completed a certain
number of contouring cases, faculty would observe
the resident’s approach to a complex case,
assessing their ability to integrate information
from various imaging modalities, apply anatomical
knowledge, and make appropriate clinical
judgments about target delineation. The faculty
may rate the resident on a 5-point entrustment
scale from “observation only” to “teaching
others.” When sufficient observations consistently
demonstrate competence, the resident would be
entrusted to perform this activity with increasing
level of independence. This process provides
both specific feedback for improvement and
documentation of progressive competence, aside
from abstract feedback or lack thereof.

EPAs and Board Certification:
Complementary or Competing?

How will EPAs align with existing assessment
frameworks, such as ACGME milestones and board
certification requirements? Ideally, EPAs would
complement rather than compete with these
systems. While milestones provide a somewhat
abstract developmental framework across 6 core
competencies, EPAs integrate these competencies
into observable clinical activities that more closely
mirror day-to-day practice. This integration could
ultimately streamline assessment and provide
more meaningful data for all stakeholders.

Implementation Considerations
Successful EPA implementation will require

thoughtful design. Faculty development,
streamlined assessment tools (e.g., use of a phone
app), and integration into existing workflows
are essential to minimize burden and maximize
meaningful feedback. Experience from general
surgery and radiology underscores these challenges
as variability in faculty engagement and time
constraints remain major barriers4,5; this is
especially relevant when teaching comprises a
small percentage of overall faculty responsibility
and the promotions package. Moreover, the rise
of artificial intelligence in operationalizing simple
tasks may threaten knowledge acquisition in early
training years. RO must anticipate similar issues.
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Departments will need champions to guide cultural
change. The onus is also on us, the residents, who
will need to embrace a growth-oriented mindset
that values demonstrated competence over passive
rotation through services.

A Vision for the Future of Radiation
Oncology Training

The Canadian RO training model has
implemented an EPA-based curriculum with 15
comprehensive EPAs with structured assessment
plans, milestones, and contextual requirements.6

The US model, while with 52 distinct EPAs,
remains in its infancy. Efforts are underway both
at ARRO and ROECSG to further develop those
EPAs. Brisson and colleagues at ROECSG are
running a pilot survey study of 4 pairs of attending
and resident physicians to assess the feasibility
of using EPAs as a framework for actionable
performance feedback.7 ARRO’s EPA working
group, led by Sayeh Fattahi, MD, and Zohaib
Sherwani, MD, is developing a guide describing
key features of each of the EPAs and will be made
available to stakeholders upon completion.
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