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Radiation oncology is one of the first specialties to offer personalized approaches to
cancer care using CT-based image guided therapy to sculpt dose to the unique
anatomic characteristics of each patient’s tumor and surrounding anatomy. Cancer
medicine is now extending this personalized approach by tailoring treatment to the
unique characteristics of each patient’s cancer. The molecular signature of a tumor
can now better predict prognosis and guide selection of appropriate therapy.
Therapies are more targeted towards specific molecular targets for a given tumor
type. The next decade will see a rapid expansion of this patient-specific approach
through the incorporation of advances in our understanding of cancer biology, DNA
damage and repair, cancer immunology, tumor microenvironment, tumor genomics
and biomarkers, systems and mathematical biology, molecular imaging and
molecular targeted therapeutics. In the future, radiotherapy will not only be image
guided but also molecular and biologically guided, with therapy optimized not only
to the anatomic features but also to the unique physiologic, biologic, phenotypic,
and genotypic characteristics of a given cancer which predict prognosis and
radiosensitivity. As the number of variables that predict for response increase,
systems and mathematical oncologic modeling will be critical in analyzing and
optimizing how these data are best used in the clinic.

Advances in newer imaging modalities such as multi-parametric MRI and PET
using FDG and other novel agents allow for better visualization of these physiologic
and phenotypic radio biomarkers to help better target therapy and assess response,
and are now at the forefront of new image guided radiotherapy (IGRT) approaches.
The next generation IGRT photon therapy devices will incorporate MRI guidance.
CT image guidance and intensity modulation which transformed photon therapy
delivery are now being integrated into proton and particle beam therapy.

These advances coupled with advances in the technologies to deliver radiation
therapy have recently created new opportunities to treat patients with localized and
metastatic disease. Tumors are no longer viewed simply as homogenous static
collections of aberrant cells, but as a dynamic process with regions of changing
viability and radiosensitivity that can vary over space and time. Intra-tumoral boost
doses to these pockets of radioresistance are actively being explored. Radiotherapy
is playing an increasingly important role in patients with metastatic disease in
combination with systemic therapies. Patients with limited or oligometastatic
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disease may represent a subset of patients where a more aggressive use of IGRT to
each metastatic site in combination with systemic therapies may prolong disease
free intervals and possibly cure a subset of these patients. IGRT dose sculpting to
large target regions is now possible and its use to deliver targeted total marrow
irradiation has shown promise in patients with hematopoietic cancers undergoing
hematopoietic stem cell transplantation. Molecular targeted or immunoguided
systemically delivered radiopharmaceuticals also continue to show promise.
Radiotherapy to tumor sites in combination with immunotherapy may have broader
immune-stimulatory effects through localized changes in the tumor microenviron-
ment and increased antigen presentation to antigen presenting cells.

In “Advances in Radiation Oncology”, each chapter presents a concise review
of these new and important areas, which will provide the practicing radiation
oncologist with a fundamental understanding of each topic and an appreciation of
its impact on the future of radiation oncology.

Duarte, USA Jeffrey Y.C. Wong
Timothy E. Schultheiss
Eric H. Radany
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Onyinye Balogun and Silvia C. Formenti

Abstract

Traditionally, radiation therapy was viewed as a localized treatment to eliminate
an “in field” tumor or metastasis or total body therapy, when used as a strategy to
elicit immunosuppression in preparation for allogeneic transplant. Over the past
decade, the purview of localized radiation therapy has been expanded to include
a role as an adjuvant to immunotherapy. It is now recognized that radiation
therapy to a tumor has the potential of converting it into an in situ vaccine, by
releasing relevant epitopes and neo-antigens and inducing cell death signals that
enable cross priming to activate tumor-specific T cells. Once successfully
activated, the immune system contributes to the elimination of the irradiated
tumor. If immunological memory is achieved, the patient’s immune system can
also reject systemic metastases, outside the radiation field (the “abscopal effect”)
and maintain durable tumor control. We summarize the current knowledge of
radiation therapy’s effects on the immune system, including results from
preclinical and clinical trials, as well as future directions in combining
radiotherapy and immunotherapy.
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2 O. Balogun and S.C. Formenti

1 Radiation Therapy Effects on the Inmune System

Our group first introduced the concept of localized radiotherapy to convert the
irradiated tumor into an in situ vaccine (Formenti and Demaria 2012; Demaria et al.
2004). In a series of experiments using immune competent BALB —C mice, two
tumor nodules were induced by injection of 67NR mammary carcinoma cell lines.
Local radiation therapy was then administered to only one of the two tumors. Mice
were randomly assigned to: (1) no treatment; (2) local radiation to one tumor;
(3) treatment with injection of Fms-like tyrosine kinase receptor 3 ligand (FIt3-L), a
growth factor that stimulates production of dendritic cells (DCs) to enhance
cross-priming or (4) irradiation of one tumor during treatment with Flt3-L. Flt3-L
alone had no growth delay effects. Only when combined with radiation did Flt3-L
cause growth delay of both the irradiated tumor as well as the non-irradiated
contralateral tumor, i.e. radiation induced an abscopal effect. In addition, cytotoxic
T-cells specific for 67NR were increased in the spleen of mice treated with both
radiation therapy and Flt3-L compared to either agent alone. Without Flt3-L, there
was no effect of radiation on the non-irradiated tumor. Moreover, radiation therapy
elicited an antigen-specific response: irradiation of the primary 67NR mammary
tumor with Flt3-L failed to affect an A20 lymphoma implanted as the second tumor

Galectin-1
Arginase | COX-2 | CSF1

TGF-B | Treg M2

IMMUNOSUPPRESSIVE
EFFECTS

CXCL10 | CXCL16 | Fas/CD95
iNOS MHC-1 | NKG2D

PROIMMUNOGENIC
EFFECTS

Fig. 1 Ideally, drug combinations should shift the balance between the pro-immunogenic and
immunosuppressive effects of radiotherapy to favor its pro-immunogenic effects and or abrogate
the immune-suppressive ones. Multiple strategies in each of these two directions are undergoing
investigation pre-clinically and clinically
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in the same mouse, demonstrating that the induced immune response was
tumor-specific. In addition, the abscopal effect was abrogated in nude mice (who
lack T cells) treated with the same experimental conditions. Subsequent studies
have demonstrated that radiation therapy has both pro-immunogenic and
immunosuppressive effects. Ongoing research aims at identifying strategies for
tipping this balance in favor of the pro-immunogenic effects (Fig. 1).

1.1 Immunostimulatory Activity of Radiation Therapy

Radiation therapy has several effects on the immune system.

First, the cell-killing effect of radiation releases a series of signals that are
relevant to immune rejection, resulting in cross-priming by DCs. The successful
outcome of cross-priming after radiation therapy is limited by the number of
intratumoral DCs (Pilones et al. 2014). Radiation is a powerful inducer of
immunogenic cell death (ICD), a type of cellular demise that is sensed by the
immune system, as it initiates immune rejection. The three hallmarks of ICD
include: (1) translocation of calreticulin from the endoplasmic reticulum to the cell
surface (Obeid et al. 2007); (2) release of the nuclear protein, high-mobility group
box-1 (HMGBJ1) into the extracellular space and (3) release of adenosine triphos-
phate (ATP) which activates the inflammasome and causes interleukin (IL)-1
release (Apetoh et al. 2007; Galluzzi et al. 2007; Ghiringhelli et al. 2009; Ma et al.
2010).

Second, radiation therapy leads to DNA release from dying tumor cells. Delivery
of tumor DNA to DCs activates the stimulator of interferon genes (STING) path-
way and enhances interferon-1 (IFN-1) production by DCs (Deng et al. 2014; Woo
et al. 2014). IFN-1 is necessary for the recruitment of DCs to tumors and their
subsequent activation (Diamond et al. 2011; Fuertes et al. 2011). Activated DCs
migrate to draining lymph nodes where they cross-present tumor-derived antigens
to T-cells, resulting in anti-tumor T cell responses.

Moreover, radiation therapy promotes the release of chemokines that attract
T-cells to tumors, enhancing trafficking. Studies revealed that radiation therapy
induces expression and release of the chemokines CXCL10 and CXCL16 (Lugade
et al. 2008; Matsumura et al. 2008). CXCL16 is a chemokine that binds to CXCR6
on Thl and activated CD8+ effector T cells, and plays an important role in T-cell
recruitment to sites of inflammation. Using 4T1, a poorly immunogenic mammary
cancer murine cell line, Matsumura et al. (2008) demonstrated that irradiation of
cells in vitro caused an over fourfold increase in CXCL16 mRNA. This effect
peaked at 48 h after irradiation. In addition, when injected in a syngeneic
immune-competent mouse, irradiation (12 Gy x 2) of 4Tl tumors induced
CXCL16 in blood vessels and on the majority of tumor cells at immunohisto-
chemistry, 48 h after tumor irradiation. In comparison, for un-irradiated tumors,
immunohistochemistry for CXCL16 yielded only weak baseline CXCL16
immuno-reactivity in selected vessels and faint staining in tumor cells. These results
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provide evidence that irradiation can induce the secretion of key pro-inflammatory
chemotactic factors that recruit antitumor effector T cells to the irradiated field.

Radiation therapy also increases the expression of major histocompatibility
complex (MHC) class I proteins, necessary for antigen recognition by cytotoxic
CD8+ T cells (CTLs) (Reits et al. 2006). MHC class I displays fragments of
non-self antigens to cytotoxic T cells through the cytosolic/endogenous pathway.
This effect of radiation is particularly important since tumors commonly escape
recognition by the immune system via down-regulation or loss of the MHC-I
molecules. In the GL261 preclinical mouse model of intracranial glioma, radiation
therapy combined with granulocyte macrophage colony stimulating factor
(GM-CSF) enhanced tumor infiltration by T cells and reversed MHC-I
down-regulation of invasive glioma cells (Newcomb et al. 2006). In this model
peripheral vaccination with GL261 tumor cells and GM-CSF (without radiation)
resulted only in minimally improved survival of the treated mice compared to
control animals. Conversely by recovering this basic mechanism of
cross-presentation, radiation led to long-term survival in 80% of vaccinated mice,
who also rejected challenge with the same tumors.

Similarly, radiation therapy increases the expression of Fas/CD95 (Chakraborty
et al. 2003) and adhesion molecules which also participate in the mechanism of
tumor cells recognition and elimination by CTLs. Radiation therapy also induces
surface expression of NK group 2, member D (NKG2D) ligands such as UL-16
binding proteins, Rae-1 and MICA/B, which mediate tumor cell killing by both
CTLs and natural killer cells (Kim et al. 2006). Tumor killing via NK cells is
especially important when tumors have lost key components of the MHC-1 complex
rendering them unrecognizable by CTLs. Apart from direct cell killing, NK cells
also enhance radiation sensitivity. Incubation with human NK cells prior to irra-
diation led to greater growth inhibition, radiation cytotoxicity and apoptosis among
tumor cells from a variety of malignancies (Yang et al. 2013). Experiments using
nasopharyngeal cancer cells revealed that incubation with NK cells led to an
increase in the level of cytosolic Granzyme B, the molecule that initiates the pro-
teolytic caspase cascade to cause cell death. Without radiation therapy, X-linked
inhibitor of apoptosis protein (XIAP) inhibits apoptosis via the intrinsic mito-
chondrial apoptosis pathway by binding caspase-3. However, in the presence of
radiation therapy, Smac is released from mitochondria and forms a complex with
XIAP to enable Granzyme B-induced apoptosis.

Another radiation-induced mechanism that improves T-cell trafficking to the
tumor involves reprogramming of the established immunosuppressive microenvi-
ronment by tumor-associated macrophages (TAMs). At baseline, most TAMs
express the M2 phenotype (Stout et al. 2005), which promotes angiogenesis, tumor
growth and metastasis while impairing T-cell function. In a mouse pancreatic
cancer model, a single 2 Gy dose of radiation therapy caused significant expression
of inducible nitric oxide synthetase (iNOS) in TAMs, eliciting what has been
termed the M1 response (Klug et al. 2013). iNOS metabolizes L-arginine to pro-
duce L-citrulline and nitric oxide which promote immune and inflammatory reac-
tions (Bansal and Ochoa 2003; Boucher et al. 1999). As a result, tumor
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macrophages normalized the tumor vasculature, recovering tumor perfusion and
overcoming the barrier to T-cell infiltration of cancer-induced, abnormal
vasculature.

Additional immunostimulatory effects of radiation therapy include upregulation
of ICAM-1 (Ruocco et al. 2012), vascular cellular adhesion molecule 1 (VCAM-1)
on tumor endothelium, which facilitates tumor infiltration by T, cells that produce
interferon y (IFN-y) and tumor necrosis factor o (TNF-o).

1.2 Immunosuppressive Effects of Radiation Therapy

Although radiation therapy can function as an effective adjuvant for immunother-
apy, it also has many identified immunosuppressive effects.

In contrast to the beneficial effects of low-dose radiation mentioned above,
whereby a single low dose of radiation therapy induces tumor infiltration by TAMs
that express iNOS, radiation also induces the expression of immunosuppressive
enzymes such as arginase-1 and cycloxygenase-2 (COX-2) in TAMs (Tsai et al.
2007). Arginase converts L-arginine to polyamine precursors that can function as
tumor growth factors (Chang et al. 2001). Moreover, depletion of L-arginine causes
decreased expression of the T-cell receptor (TCR) signaling zeta chain (CD3zeta),
impairs T cell proliferation and decreases cytokine output (Rodriguez et al. 2003).
Similarly, COX-2 expression is associated with increased proliferation, invasion
and angiogenesis (Fujita et al. 2002; Attiga et al. 2000; Wang et al. 2005). In
murine prostate cancer cells, a single dose of 25 Gy led to a transient 1.4 and
2.3-fold increase in Arg-I and COX-2 mRNA, respectively, at 8 h. Beginning day
3, the Arg-I and COX-2 levels steadily rose to 1.5-fold and 5.6-fold, respectively, at
3 weeks. Increased iNOS expression began 3 days after irradiation and peaked at
over 6-fold at 3 weeks. After fractionated radiation therapy (60 Gy in 15 fractions),
COX-2 and Arg-I mRNA expression increased by the fifth fraction and was at least
three-fold higher by the end of treatment. iNOS expression was not increased by the
10th fraction and only rose minimally by the final fraction (1.3 fold). Of note, low
dose iNOS can promote angiogenesis in tumors while high doses have tumoricidal
effects (Jenkins et al. 1995). These data suggest that the commonly used fraction-
ated radiation therapy regimens may induce immune suppressive responses in
tumors.

Importantly, single ablative doses of radiation (>10 Gy in one fraction) results in
extensive endothelial cell death that may reduce vascular flow and impair effector
T-cell trafficking to the tumor (Park et al. 2012). In addition, single high dose
radiation therapy has been shown to promote a hypoxia-driven immunosuppressive
environment in mouse melanoma models (Park et al. 2012; Hasmim et al. 2013).

Fractionated radiotherapy in classical therapeutic doses has been shown to
increase additional mediators of immune suppression. First, it increases infiltration
by myeloid-derived suppressor cells (MDSCs). This effect is mediated by colony
stimulating factor 1 (CSF1), a chemokine that recruits MDSCs. In human and
mouse prostate cancers, DNA damage caused by irradiation triggered ABL1 protein
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translocation to the nucleus and binding to the CSF1 promoter. These changes
resulted in increased CSF1 gene transcription, which led to an increase in circu-
lating MDSCs (Xu et al. 2013). Regulatory T cells are also increased after radiation
therapy (Bos et al. 2013). These cells play a role in maintaining tolerance and
suppressing antitumor immunity. Depletion of regulatory T-cells enhances the
growth inhibitory effects of radiotherapy in murine carcinoma models (Bos et al.
2013).

Radiation is a powerful activator of transforming growth factor (TGF) B, that
also contributes to immunosuppression. Reactive oxygen species, created by radi-
ation therapy, cause TGFB to dissociate from latency-associated peptide
(LAP) (Barcellos-Hoff et al. 1994). In its active form, TGFp inhibits stimulation of
DCs and reduces priming of CD8+ T cells. In mouse breast carcinoma models,
these inhibitory effects were overcome using antibodies that neutralized TGFf
(Vanpouille-Box et al. 2015). In mice bearing 4T1 breast cancers, intraperitoneal
injection of 1D11, a TGF P neutralizing antibody, prior to irradiation led to a
significant increase in the percentage of DCs, CD4+ and CD8+ T cells infiltrating
the irradiated tumors. Moreover, in mice bearing two tumors, the combination of
RT and 1D11, led to increased T cells infiltration of non-irradiated tumors sug-
gesting that TGF f blockade may enable abscopal responses.

Finally, recent evidence implicates galectin-1, a carbohydrate-binding protein, as
a barrier to the immune-mediated response to radiotherapy. In a syngeneic mouse
model of non-small cell lung cancer, radiation induced galectin-1 secretion, leading
to lymphopenia, due to a decrease in circulating CD3+ and CD8+ T cells through
T-cell apoptosis (Kuo et al. 2014). These immune-suppressive effects were pre-
vented with the use of thiodigalactosidase, a Gal-1 competitive inhibitor, or an
anti-Gal-1 specific antibody.

Strategies to abrogate the immunosuppressive responses to radiation therapy
may be necessary in order to best harness its potential for contributing to antitumor
immunity.

2 Pre Clinical and Clinical Combinations of Radiotherapy
and Immune Agents

2.1 Toll-like Receptor (TLR) Agonists

At the time tumors are discovered and the patient is diagnosed with cancer, multiple
immunosuppressive mechanisms are in place that maintain their growth, making the
tumor microenvironment immune-privileged (Joyce and Fearon 2015). For
instance, macrophages, MDSCs and DCs, capable of suppressing T-cell activation,
are often present in tumors.

Toll-like receptors (TLRs) activate innate immunity and initiate adaptive
immune responses when stimulated by pathogen-derived and/or endogenous
ligands (Adams 2009). Administration of synthetic TLR agonists has been shown to
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overcome some of the existing immunosuppressive barriers in established tumors
by enhancing DC stimulation. Unmethylated C-G motifs (CpG) are single strand
oligodeoxynucleotides that contain cytosines and guanines and they function as
TLRY agonists. They exert their effects on plasmacytoid DCs to induce IFN-a
production, antigen presentation and upregulation of costimulatory molecules
(Vollmer et al. 2004). They also stimulate cytokine production from Thl cells
(Wooldridge and Weiner 2003). In preclinical experiments, incubation of CpG with
lymphoma cells led to the expression of costimulatory molecules, CD80 and CD86
as well as inhibition of proliferation (Li et al. 2007). The combination of
intraperitoneal chemotherapy and intratumoral CpG injection in mice bearing B-cell
lymphomas activated a CD8-dependent T cell immune response against local and
systemic tumors, delayed tumor recurrence and prolonged survival of the mice.
These results prompted a Phase I/II study of 15 patients with relapsed low-grade
B-cell lymphoma (Brody et al. 2010). The study was designed to harness the
anti-tumor vaccination properties of radiotherapy and intratumoral TLR9 in order to
induce abscopal effects. A CpG-enriched TLR9 agonist was injected into the tumor
site immediately before the first radiation therapy treatment, after the second
treatment then weekly for 8 consecutive weeks. Radiation therapy consisted of
4 Gy administered consecutively daily in 2 Gy fractions. After a median follow-up
of 33.7 months, there was one complete response, three partial responses and eight
patients with stable disease for an overall response rate of 27%. Results were
durable; the complete response lasted for 61 weeks while the 3 partial responses
were maintained for 29, 64 and 111 weeks. Similarly, several patients had stable
disease for up to 131 weeks. Like other immunotherapeutic treatments, clinical
response peaked after > 24 weeks. These remarkable results were obtained in a
cohort of patients with a median of 3 prior failed therapies (range 1-6). Of note, the
patient with a partial response lasting 64 weeks was re-treated with a higher dose of
the TLRY agonist, and then achieved a second PR within 12 weeks from
re-treatment, which was faster than the initial PR that had occurred after 43 weeks.
The development of flu-like symptoms during therapy and fewer prior therapies
correlated with a greater magnitude of clinical response.

A series of immunological studies were conducted in this trial to elucidate the
relationship with the clinical responses. These tests revealed a negative relationship
between Treg induction and clinical response. Pre-treatment peripheral blood
lymphocytes (PBLs) were cultured with autologous, irradiated, CpG-activated
tumor B cells. At baseline, Treg levels among pre-treatment PBLs were low, with
an average of 7.3%. After culture with autologous tumor cells, Treg proportion
increased to an average 19.7% and was greater with CpG-activated tumor cells than
with untreated tumor cells. The range of Treg increase varied, with 5 patients
eliciting at least 4-fold increase and 9 patients eliciting < 2-fold increase. Non-Treg
inducers tended to have better clinical responses and significantly longer
progression-free survival than Treg inducers. Interestingly, the baseline proportion
of Tregs in patients’ tumors and peripheral blood did not correlate with clinical
outcomes, suggesting that it is the plasticity of Treg response after TLR agonists
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that matters. Additional experiments to modify Tregs include intratumoral injec-
tions of anti-CTLA-4 antibodies (Marabelle et al. 2013).

PBLs were also co-cultured with CpG-activated autologous tumor cells then
assessed for activation markers such as CD-137, IL-2, interferon-y and tumor
necrosis factor. In some patients, disease regression correlated with improving
immune response. However, these results were not statistically significant nor did
all clinically responsive patients demonstrate tumor-reactive CD8+ T-cells.

The clinical availability of Imiquimod, a TLR agonist that specifically activates
TLR7, which is expressed by both plasmacytoid DCs and CDI1lc+ myeloid-
derived DCs, has made it an ideal candidate for clinical investigation (Stanley
2002). For instance, the combination of radiation therapy and TLR agonists is also
being explored in breast cancer. In a preclinical syngeneic model using poorly
immunogenic TSA mouse breast carcinoma cells, mammary adenocarcinoma were
implanted subcutaneously, under the mouse skin, to mimic a chest wall recurrence
of breast cancer (Dewan et al. 2012). Low-dose cyclophosphamide was delivered
intra-peritoneally prior to the topical application of 5% imiquimod versus placebo
cream to the skin overlying tumors, three times a week. A distinct subset of mice
were also treated with cyclophosphamide which also reduces the proportion of
circulating Tregs, to test the additional effect of this immune therapy. Radiation
therapy was initiated 12 days after tumor injection and delivered in three consec-
utive daily fractions of 8 Gy. Either radiation therapy or imiquimod as single
modalities resulted in some delay of tumor growth. However, radiation therapy in
combination with imiquimod led to the regression of the majority of the tumors
between days 25 and 30 as well as improved survival of the experimental animals,
demonstrating synergy of the combination. Other experiments demonstrated that
application of imiquimod and radiotherapy to the primary tumor led to tumor
growth inhibition at a secondary un-irradiated site that had also been inoculated
with TSA cells. Imiquimod/irradiated tumors demonstrated increased expression of
two MHC class I alleles, intercellular adhesion molecule 1 (ICAM1) and infiltration
by CD11c+ DCs, CD4+ and CD8+ T cells. Depletion of CD8+ T-cells suppressed
these effects. Both CD8+ T-cells and CD8+ presenting DCs were key to the suc-
cess of the combination that promoted both the priming and effector phases of
anti-tumor T-cell responses. Importantly, when responding mice treated with low
dose cyclophosphamide (a drug that reduces the number of regulatory T cells),
radiation therapy and imiquimod were re-challenged with TSA cells after 90 days,
they failed to develop tumors, showing long-term immunologic memory.

Based on these findings, an ongoing Phase I/II study of imiquimod,
cyclophosphamide and radiation therapy for patients with breast cancer dermal or
chest wall metastases is being conducted (ClinicalTrials.gov identifier:
NCT01421017).

A previous Phase 1II trial in ten patients of single modality imiquimod for chest
wall recurrences of breast cancer demonstrated a 20% ORR (Adams et al. 2012;
Demaria et al. 2013). The current Phase I/II trial attempts to improve local and
systemic anti-tumor immune response via the synergistic combination of imiqui-
mod and radiation therapy. Radiation therapy is delivered to 1 area of skin
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metastases in 5 fractions of 6 Gy on Days 1, 3, 5, 8, and 10. As in the previous
Phase 1II trial, imiquimod cream is applied topically 5 nights per week for 8 weeks,
beginning on Day 1. During the Phase I portion, 6 patients completed treatment
without any dose limiting toxicities. Phase II is currently underway with a target
accrual of 25 additional patients. The primary endpoint is the response rate in
untreated distant metastases, which will be assessed by immune-related response
criteria. The local tumor responses, safety of the combination, immune-mediated
rejection signatures and peripheral lymphocytes for antigen-specific T and B cell
responses are also analyzed.

Imiquimod in combination with radiation therapy is also being used in a pilot
study in diffuse intrinsic pontine glioma, a pediatric brain tumor with a poor
prognosis (ClinicalTrials.gov identifier: NCT01400672). Patients will first receive
55.8 Gy over the course of 6-7 weeks directed to the intracranial tumor. Four
weeks later, they will receive the first of 4 intradermal vaccines produced using the
brain tumor initiating cell line GBM-6 as the antigen source. Vaccine will be
injected at two separate sites every two weeks for 4 doses then every 4 weeks for up
to 1 year. Imiquimod will be applied to the two vaccination sites 24 h after each
injection. At the time of the 1st and 3rd vaccinations, 180 cGy fractions (for a total
of 59.4 Gy) will be administered to the intracranial tumor with the intent to
upregulate NKG2D ligands and enhance tumor killing by CTLs and NK cells.

2.2 Cancer Vaccines

In a Phase II clinical trial involving 30 prostate cancer patients with localized
disease, the participants were randomized to receive standard definitive radiother-
apy alone or in combination with a poxviral vaccine encoding prostate-specific
antigen (PSA) (Gulley et al. 2005). Patients on the combination arm received
recombinant vaccinia (rV) PSA plus rV containing the T-cell costimulatory
molecule B7.1 (rV-B7.1) followed by monthly booster vaccines with recombinant
fowlpox PSA. The vaccines were given with local GM-CSF and low-dose systemic
interleukin-2. Standard external beam radiation therapy was given between the
fourth and the sixth vaccinations. Overall, treatment with the combination was well
tolerated. Of nineteen patients enrolled on the combination arm, seventeen patients
completed all eight vaccinations. An increase in PSA-specific T cells of at least
3-fold was noted in 13 of 17 patients. No T-cell increases were detected in patients
on the radiotherapy-only arm. There was also evidence of de novo generation of T
cells to well-described prostate-associated antigens that were not part of the vac-
cine. This observation suggests that radiation therapy enabled the mechanism of
antigenic spread, enabling vaccine-elicited T-cells to better access the tumor, and
induce T-cell mediated killing, with release of additional antigens and priming of
new T-cell reactivity. These cascading effects support the role of combining
radiotherapy with tumor- directed vaccines.
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2.3 GM-CSF

Similar to the experiments already described with FIt3-L used to stimulate DC
production during radiation (Demaria et al. 2004), GM-CSF can also potentiate
cross-presentation of antigens released from the irradiated tumor. T cells, macro-
phages, endothelial cells and fibroblasts secrete GM-CSF in response to immune
stimuli. At low concentrations, GM-CSF stimulates macrophage proliferation while
moderate concentrations elicit dendritic cell proliferation and maturation (Burgess
and Metcalf 1980).

To translate our preclinical experience with Flt3-L (2) to the clinic, we designed
a proof-of-principle trial that substituted Flt3-L with GM-CSF, which was available
for clinical use. Abscopal responses were detected in 26.8% of patients with
metastatic cancer who received radiotherapy (35 Gy in 10 fractions) and concurrent
GM-CSF injected subcutaneously daily for two weeks, beginning with the second
week of radiotherapy (Golden et al. 2015). Median overall survival was signifi-
cantly better in abscopal responders than in patients without abscopal responses
(20.98 months vs. 8.33 months). Of note, abscopal responders presented with lower
baseline median neutrophil to lymphocyte ratio than non-responders (2.29 vs. 4.24).
This finding is consistent with previous reports that a neutrophil to lymphocyte ratio
greater than 4 is a poor prognostic marker (2014). Overall, treatment was well
tolerated. The most common side effects were Grade 1 fatigue (35 patients), Grade
1 dermatitis (13 patients) and Grade 1 nausea/vomiting (19 patients). Importantly,
this trial demonstrates that despite advanced metastatic disease and extensive pre-
treatment, patients can derive benefit from localized radiation and immunotherapy.

24 TGF-p Antagonist

As previously described, reactive oxygen species created by radiation therapy cause
TGFp to dissociate from its latency-associated peptide (LAP) (Barcellos-Hoff et al.
1994). TGFf induction has multiple concurrent effects: it promotes DNA damage
response and modulates radiosensitivity (Bouquet et al. 2011), and inhibits the
antigen-presenting function of DCs (Wrzesinski et al. 2007). In preclinical models
of metastatic breast cancer, radiation therapy combined with TGF neutralizing
antibodies induced T-cell mediated rejection of the irradiated tumor as well as the
un-irradiated metastases (Vanpouille-Box et al. 2015). Of note, neither TGFp
blockade nor radiation therapy alone had an effect on lung metastases. Conversely,
radiation combined with TGFf blockade led to complete regression of 81% of the
primary irradiated tumors as well as significant growth inhibition of contralateral
non-irradiated tumors and lung metastases. Microarray analysis of primary tumors
treated with radiation therapy and TGF[ blockade revealed that the top 20
upregulated pathways were immune-related and the top 3 gene networks were
involved in recruitment of CTLs and the activation of immune effector function
genes and IFNy pathways. Finally, use of PD-1 blocking antibody in addition to
radiation therapy and TGFp blockade improved the rate of complete regression
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(75%) and enhanced survival rates, compared to radiation therapy with TGFf
blockade (44%) or with anti-PD-1 (25%), respectively.

These findings suggest that TGFf blockade enables CD8+ T cell priming, which
improves both local and distant tumor control but, optimal preclinical results could
only be achieved by overcoming adaptive immune resistance mediated by PD-L1
expression, supporting a therapeutic strategy that targets multiple immune pathways
in combination with radiation therapy. We recently completed a Phase 2 trial
investigating the combination of radiation therapy and fresolimumab, a human
monoclonal TGFp antibody, is underway in metastatic breast cancer patients. The
primary endpoint is the abscopal response rate at 15 weeks (ClinicalTrials.gov
identifier: NCTO01401062). After completion of this trial, we plan to test the
addition of anti-PD1 to the combination.

2.5 CTLA-4 Blockade

Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) or CD152 is a costimu-
latory molecule that is expressed on T-cells. It functions as an immune checkpoint,
to down-regulate an immune response. Anti-CTLA4 predominantly inhibits
T-regulatory cells (Treg cells), thereby increasing the CD8 T-cell to Treg
(CD8/Treg) ratio. Preclinical models of breast and colon carcinoma have demon-
strated synergy between anti-CTLA-4 antibody and radiation therapy (Demaria
et al. 2005; Dewan et al. 2009). In 4T1 breast carcinoma murine models,
anti-CTLA-4 antibody alone did not affect primary tumor growth or mouse sur-
vival; radiation therapy only delayed tumor growth without influencing survival
(Demaria et al. 2005). However, the combination of radiation therapy and
anti-CTLA-4 antibody led to local tumor growth inhibition as well as inhibition of
lug metastases and improved survival. Experiments by Ruocco et al. (2012)
revealed one of the mechanisms underlying these observations. Anti-CTLA-4
antibody alone enhanced T cell motility and reduced contact time with tumor cells.
However, combining anti-CTLA-4 antibody with radiation therapy promoted
MHC-I and NKG2D dependent CD8+ T cell arrest in contact with tumor cells and
inhibited cell growth (Ruocco et al. 2012). Expression of the NKG2D ligand
retinoic acid early inducible-1 (RAE-1) was increased in irradiated 4T1 cells,
enabling a more effective immunological synapse.

Clinical translation of the synergy of radiation and anti-CTLA-4 blockade has
been reported with cases of abscopal responses in patients with melanoma and
non-small cell cancer who received both radiation and ipilimumab, a monoclonal
antibody against CTLA-4 (Golden et al. 2013; Grimaldi et al. 2014; Hiniker et al.
2012; Postow et al. 2012). Ipilimumab and irradiation of a liver metastasis elicited a
dramatic response within the radiotherapy field and at distant metastases in a
64-year-old man with metastatic lung adenocarcinoma (Golden et al. 2013). Despite
multiple lines of chemotherapy and radiation to the chest, the patient was rapidly
progressing with multiple metastases in the lung, liver and bones. Radiation therapy
to a metabolically active hepatic metastasis was treated with 30 Gy in 5 fractions,
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with Ipilimumab administered the day after the first radiation fraction then every
three weeks for a total of 4 infusions. Four months after treatment, the irradiated
lesion and all other metastases had dramatically decreased, and eventually resolved.
The patient has remained disease free 3 years later, without any other treatment.

Recently, a phase I dose escalation trial in patients with metastatic melanoma
demonstrated partial responses in 18% of study participants and stable disease in
another 18% (Twyman-Saint Victor et al. 2015). Patients with lung or bone
metastases received 8 Gy x 2 or 8 Gy x 3 to an index lesion while those with
liver or subcutaneous metastases received 6 Gy x 2 or 6 Gy x 3. Three to five
days after radiation therapy, all patients received ipilimumab every three weeks for
four doses. Preclinical models revealed that resistance to this treatment combination
was due to T-cell exhaustion and upregulation of PD-L1 on melanoma cells.
Among patients on this trial, high PD-L1 expression in the melanoma cells pro-
hibited response to the treatment regimen and was associated with rapid disease
progression and persistent T-cell exhaustion. While the findings could also
demonstrate PD-L1 expression as a sign of T cell activation, it is possible that
anti-CTLA4 and anti-PD-L1/PD-1 therapies may need to be combined with radi-
ation in order to improve systemic response.

At present, there are multiple trials underway that explore the combination of
radiation therapy and ipilimumab. One example is a Phase 2 trial in metastatic
non-small cell lung cancer patients. Patients receive ipilimumab within 24 h of
starting radiation therapy (6 Gy x 5 or 9.5 Gy x 3) to an index lesion. Ipilimumab
is given every three weeks for a total of four doses. The primary endpoint is the
abscopal response rate (ClinicalTrials.gov identifier: NCT02221739).

2.6 PD-1/PD-L1

Programmed cell death protein 1 is an immunoglobulin receptor that is expressed
on the surface of T- and pro-B cells. It binds two ligands, PD-L1 and PD-L2, to
mediate T cell inhibition. PD-L1 is upregulated as a part of radiation-induced
antitumor immune response within cancer cells and infiltrating myeloid cells of
irradiated mouse tumors (Deng et al. 2014). This up-regulation requires IFN7y (Chen
et al. 2012). In multiple preclinical models, blockade of PD-1 or PD-L1 in con-
junction with radiation therapy improved antitumor responses. In a mouse model of
glioblastoma multiforme (Zeng et al. 2013), mice treated with combination
anti-PD-1 therapy plus radiation therapy (10 Gy x 1) demonstrated improved
survival compared with either modality alone: median survival of 53 days in the
radiation therapy plus anti-PD-1 arm, 25 days in the control arm, 27 days in the
anti-PD-1 antibody arm, and 28 days in the radiation arm. Also, long-term sur-
vivors were only seen in the combined treatment arm with 15-40% of animals alive
at day 180+ after treatment. On a molecular level, combined treatment led to a
decrease in Tregs and an increase in tumor infiltration by cytotoxic CD8+ T cells
compared with the single modality arms.



13

Combining Radiotherapy and Immunotherapy

Ayorxoy Sunruy o0 70
JUIAD ISIDAPY FV

qrel asuodsar [[BIAQ YO
[eATAINS 9313 uolssaIZold S./d

S100UBD
KJIsIoAIU) SuonoRI} Uaamiaq sAep (O1-L syeam ¢ uaAIS ‘uonojdwoo AderoyiAyoriq [eo3eydosa
uojSurysepr  £q pereredos suonoelj g ur A0 97 sV Ioe Joom T UIIM qeuInzZIjoIquidd 0 O1BISBIOIN 608279Z0LON
sajelS
paun 2y ur s1'1d SHI0Y0d UONEBUIqUIOD soouruIIRW
s19)ua)) o[dnnjy ¢ X AD g sV 91dnipenb pue opdin ‘[enp ‘Aderoyiouoy 1 PadUBAPY T1TE8ETOLON
anua) payroadsun qewnzijoiquad
SOOURIOS IeoH 9S0p ‘LY QAI9IAI 0) SUOISI] JO 951102 puodas 0y Joud I3 :g wIy
yooiqAuung Jueoyugis Aesrur]o 1sow ¢ Sdd uoissarSord je [y 1V wy I DDY Al 25818 6LL66STOLON
SAd € 9sIn0d Jo Juruui3aq je pappe LY Ym
payroadsun (0] syeom €0 [T-(d-Bue uononpur g wiry JTOSN
SIAB( D) 9SOP (SYO9M 7—G'T JOAO SUONIRI) G ‘sgY ["T-Ad-Due pue 13 JUALNJUOD :] WY 1 Al 98818 $18007C0LON
suonoely juoSe JTIDOSN
¢ ur £ (¢ 0) UONE[eISI-9SOP 1-Ad-Due uo uorssarSoid jo owr Je pajeniul 10 BUIOUB[OUI
Asroarun opex ‘suonoely ¢ ut O (¢ (0] I s sm O 1-ad-hue peseyd | II/T Al 03u1g ILTLOYCOLON
jurodpua IoynuapI
(s)uonmnsuy Surwm/asop uonerpey = Arewd ugisog  oseyq 9seasiJ | AOZ'S[eID[edIuI]D

I'T-Ad/1-ad-bue pue Kderoy) uonerpel Jo UOHEUIqUIOd Y} Sunen[eAd s[eL) [EdIUI]D AIDY | d]qel



14 O. Balogun and S.C. Formenti

Several clinical trials exploring the combination of anti-PD-1/PD-L1 and radi-
ation therapy are underway (Table 1).

3 Optimizing Radiation Dose and Fractionation

The optimal radiation therapy regimens to induce its pro-immunogenic effects while
minimizing its immunosuppressive consequences remain to be defined. However,
experiments in mouse carcinoma models suggest that hypo-fractionated radiother-
apy may be superior to single ablative doses, in strategies aimed at generating
immune mediated anti-tumor effects both in the irradiated field and systemically.

For instance, a comparison of three radiotherapy regimens (20 Gy x 1, 8 Gy

3 or 6 Gy x 5) in syngeneic mice injected with TSA mouse breast carcinoma cells
at two separate sites, revealed that 8 Gy x 3 best induced complete regression of
the “primary” irradiated tumor as well as significant growth inhibition (“abscopal
effect”) of the second tumor site outside the radiotherapy field (Dewan et al. 2009).
In this experiment, mice with palpable tumors were randomly assigned to three
different radiotherapy regimens: no radiotherapy, 20 Gy x 1, 8 Gy x 3, or
6 Gy x 5 fractions in consecutive days with or without a murine monoclonal
antibody against CTLA-4. Although all three of the radiotherapy regimens similarly
inhibited growth of the irradiated primary tumor, all radiotherapy regimens failed to
inhibit growth of the secondary tumors outside the radiation field when used alone.

In contrast, the combination of CTLA-4 and radiation of 8 Gy x 3or6 Gy x 5
fractions achieved an abscopal effect. Conversely, the abscopal effect was minimal
if a single dose of 20 Gy to the primary tumor was used. The frequency of CD8+ T
cells showing tumor-specific IFN-gamma production was proportional to the
inhibition of the secondary tumor. Similar experiments were conducted in the
MCA38 mouse colon carcinoma model with comparable results.

While evidence suggests that single high dose radiation therapy may be more
effective than fractionated radiation therapy for the in-field control of some tumor
types, none of these experiments tested abscopal effects. In experiments using the
B16 mouse melanoma cell line, a single dose of 15 Gy was more effective at
priming antitumor T cells than 3 Gy given for 5 consecutive days (Lugade et al.
2005). Similarly, a single 20 Gy dose was more effective at eliciting an antitumor T
cell response than 5 Gy given four times over the course of 2 weeks (Lee et al.
2009). These findings suggest that pathways eliciting memory and abscopal effects
may differ from those recruiting the immune response to contribute to local control
of cancer, within the irradiated field.
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4 Future Directions
4.1 CSF-1/CSF-1R

Macrophage-colony stimulating factor 1 (CSF-1) signals through its receptor
(CSF-1R) to promote the differentiation of macrophages and dendritic cells.
Analysis of human pancreatic cancers has revealed elevated expression of CSF-1
compared to normal tissues and expression of CSF-1R within the tumor stroma
(Pyonteck et al. 2012; Zhu et al. 2014). In preclinical pancreatic cancer studies,
CSF1 neutralizing antibodies led to a 60% decrease in tumor-associated macro-
phages (TAMs), especially within the CD206™ TAMs subset, that have been
associated with poor outcomes in human pancreatic cancer (Zhu et al. 2014; Ino
et al. 2013). CD206™ TAMs were decreased by >90% after 8 days of treatment
whereas there were 45% fewer CD206™" TAMs. CD206™ TAMs also express
higher levels of CSF-1R so they may be especially sensitive to this treatment
strategy. In addition, blockade of CSFIR curbed tumor infiltration by MDSCs
(myeloid derived suppressor cells), a cell population that can exert immunosup-
pressive effects. Of note, CSFIR blockade led to increased CTLA-4 expression.
Therefore, dual targeting of CTLA-4 and CSFIR may be needed to optimize
response. In murine pancreatic cancer models, combining CTLA-4 and CSFIR
antagonists led to a >90% reduction in tumor progression (Zhu et al. 2014).

CSF-1R blockade may also enhance the anti-tumor effects of radiation therapy.
In human glioblastoma xenograft models, treatment with radiation therapy and
PLX3397, a small molecule inhibitor of CSF-1R, increased median survival
compared to radiation therapy alone (Stafford et al. 2016). Moreover, CSF-1R
inhibition precluded CDI11b+ myeloid-derived cells from differentiating into
immunosuppressive, pro-angiogenic TAMs.

Blockade of CSFIR may also improve the efficacy of radiotherapy in prostate
cancer. In a preclinical prostate cancer model, irradiation of the primary tumor led
to a systemic increase in MDSCs and intratumoral increases in MDSCs, TAMs and
CSF-1 (Xu et al. 2013). Similarly, in prostate cancer patients, serum levels of CSF
increased after radiation therapy. When combined with a CSFIR inhibitor, radiation
therapy suppressed tumor growth more effectively than either therapy alone. These
results indicate that CSF-1R targeting can dampen the immunosuppressive modu-
lation of the tumor milieu generated by irradiation. This strategy may also be of
future application in breast cancer where CSF-1/CSF-1R signaling was shown to
recruit TAMs, while blockade of this pathway inhibited TAMs and improved
treatment outcomes in transgenic mice (DeNardo et al. 2011).

4.2 0X40

0X40 (CD134) is a co-stimulatory molecule and member of the tumor necrosis
factor receptor superfamily. It is expressed on the surface of T cells and binds
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OX40L (CD252) that is expressed on activated antigen presenting cells (Aspeslagh
et al. 2016). OX40 activation exerts effects on diverse components of the immune
system. OX40 agonistic antibodies increase effector T-cell survival (Lei et al. 2013;
Ruby et al. 2008) and OX40 activation prevents the production of new Tregs and
impairs their suppressive functions (Kroemer et al. 2007; Vu et al. 2007). However,
in the absence of IFN-y and IL-4, OX40 activation can stimulate the proliferation of
Tregs (Ruby et al. 2009). In preclinical models of lung cancer, radiation therapy
combined with OX40 agonists led to improved survival (Yokouchi et al. 2008) and
immune rejection when mice were re-challenged with same tumor inoculation
(Gough et al. 2010). In these experiments, combination therapy stimulated the
recruitment of tumor antigen-specific OX40+ T cells to draining lymph nodes.
Similar results were obtained in preclinical combinations of anti-OX40 with
radiotherapy for glioma in C57Bl/6 mice. Moreover, the 50-80% of mice treated
with the combination therapy in an intracranial experimental glioma model had
durable responses and significant survival benefit (Kjaergaard et al. 2005). At
present, there are ongoing clinical trials examining radiotherapy and OX40 agonist
antibody combinations in metastatic breast cancer (NCT01862900) and metastatic
prostate cancer (NCT01303705).

5 Conclusion

Over the past decade, many discoveries have elucidated radiation therapy’s inter-
action with the immune system. Traditionally, the 4Rs (reassortment, reoxygena-
tion, repair and repopulation) have been used to describe the principles underlying
radiation therapy’s ability to elicit tumor cell kill. Preclinical studies and clinical
trials suggest that a Sth R, immune mediated rejection, should be added, in
recognition of the contribution of the immune system to the effects of ionizing
radiation (Golden and Formenti 2014). However, radiation alone is often insuffi-
cient to overcome the existing immunosuppressive tumor microenvironment.
Moreover, it also elicits immunosuppressive effects by itself, such as infiltration of
MDSCs and Tregs that may at least in part abrogate its immunostimulatory func-
tions. Research aiming at shifting the balance in favor of a proimmunogenic global
effect of radiation is ongoing.

The renaissance of cancer immunotherapy and the availability of multiple tar-
geting strategies offer an unprecedented opportunity for therapeutic investigations
that include radiotherapy. Combination of radiotherapy and these agents can shift
the balance in favor of immune stimulation and overcome obstacles surrounding
promotion of cross-priming and stimulation of CTLs. These combinatorial strate-
gies have significant potential to improve the therapeutic efficacy of both radiation
and immunotherapy, and establish long-term immunological memory with impli-
cations on metastatic dormancy and equilibrium.
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Abstract

For patients with metastatic cancer, there is significant variation in the amount of
time from diagnosis to disease progression or death. For physicians, predicting
the duration of this interval can be difficult. The clinical course for these patients
is dependent on myriad factors including the primary histology, size, and location
of metastatic lesions. Attempts have been made to model prognosis based on
other factors such as response to neoadjuvant chemotherapy and volume of
disease. A distinct clinical state of metastases with low volume disease and few
organs affected was coined “oligometastases.” It is hypothesized this state may be
amenable to local therapy to improve outcomes. After long term follow up,
patients with this limited metastatic progression appear to have relatively good
outcomes, with some long-term survivors, after aggressive treatment with local
therapy combined with systemic therapy. In the past 20 years since the
conception of the oligometastatic hypothesis, there have been advances in
surgical and radiation therapy techniques resulting in reduced toxicities.
Additionally, developments in systemic therapy have prolonged survival for
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patients with metastatic disease. Herein we discuss the history and rationale for
local treatment of oligometastases and delve into the implementation of
stereotactic body radiotherapy (SBRT) to this evolving treatment paradigm.
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1 The Oligometastatic Hypothesis

Once a solid cancer is found to have metastasized to a distant organ, discussions
between doctors and their patients change (Aitini and Aleotti 2006). These difficult
conversations focus on palliative treatments, as opposed to curative measures. This
common approach in oncology implies tumor cells are present in both macro- and
micrometastases as soon as the malignancy has spread distantly and therefore
cannot be completely eradicated. As such, systemic therapy is the mainstay of
treatment for patients with metastatic disease.
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Breast cancer was the original model for the metastatic sequence of solid tumors.
In the early 1900s, William Stewart Halsted pioneered the paradigm of radical
treatment for localized breast cancer (Halsted 1907). He contended cancer spreads
sequentially, from a single location to regional lymph nodes, before eventually
spreading to distant organs. Expanding on the work of Keynes (1954), Bernard
Fisher presented an “alternative hypothesis.” suggesting breast cancer is a systemic
disease at the time of diagnosis and local therapy is unlikely to impact the chance of
overall survival (Fisher 1980). Fisher postulated cancer disseminated at the onset,
not in a contiguous progression as Halsted had suggested. Samuel Hellman offered
a third model for breast cancer spread, the “spectrum theory” (Hellman 1994)
implying cancer presents on a spectrum of localized disease to wide spread distant
metastases. In his theory, Hellman indicated metastatic sites, either nodal or distant,
could be a source of further disease spread. Shortly after proposing the spectrum
theory, Hellman and Weichselbaum described an intermediate state between local
and widespread disease which they coined ‘“oligometastases” (Hellman and
Weichselbaum 1995).

2 Biology of Oligometastases

In their original publication, Hellman and Weichselbaum stated “... in the light of
the emerging information on the multistep nature of cancer progression, we propose
the existence of a clinical significant state of oligometastases. For certain tumors,
the anatomy and physiology may limit or concentrate these metastases to a single or
a limited number of organs.” Since the original “seed and soil” hypothesis by
Stephan Paget in 1889 (Paget 1889), the biological progression of localized
malignancy to distant spread has been further elucidated (Fidler 2003). This process
includes local proliferation and angiogenesis with subsequent loss of cellular
adhesion and increased motility. This leads to the interaction of malignant cells with
platelets and other intravascular cells, which are transported throughout the circu-
latory system. This cell cluster will arrest in organs with adherence to the vessel
wall followed by extravasation into tissue. Tumor cells will evade the host defense
to establish a microenvironment, proliferate, and undergo angiogenesis in order to
develop a marcometastasis.

It has been suggested patients with oligometastatic disease consist of deposits
grown from sloughed cancer cells from the primary site, but have limited further
metastatic and proliferation potential (Reyes and Pienta 2015). A plethora of pre-
clinical in vitro and in vivo studies have shown a wide variation in the phenotypes
of cells isolated from different primary and distant malignant tumor sites. Biologic
basis for the clinical discrepancy between widespread and oligometastatic disease
may include different primary tumor microenvironments, fitness of the migrant
cancer cells, and the hospitability of host sites (Pienta et al. 2013).
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Patients with a limited number of indolent metastatic deposits in different ana-
tomic locations may represent the only trace of malignancy that remains. The
natural history of cancer in this limited state may behave differently than the clinical
course of a patient with diffuse metastatic disease. This crucial point of the oli-
gometastatic theory suggests metastases-directed therapy through surgery and/or
radiation combined with systemic therapy offers hope for patients previously
deemed ““incurable.” The theoretical curative potential of treating oligometastases
makes aggressive treatment for these patients enticing.

3 Defining “Oligo” Metastases

There is not a consensus definition of what constitutes “oligo” with respect to
counting the number of metastases (Treasure 2012). Most studies have defined the
oligometastatic state to be a limited distant hematogenous spread of disease, gen-
erally involving 1-5 metastatic lesions. Furthering the oligometastic hypothesis,
Niibe et al. described oligorecurrence to distinguish patients with controlled pri-
mary tumors who experienced improved outcomes compared to patients with
uncontrolled primary disease (Niibe and Hayakawa 2010). The process of counting
metastases to define oligometastatic disease is predicated upon the reliability of
imaging studies used for staging. Novel imaging modalities have become readily
available, including PET-CT and MRI, which allow for increased ability to evaluate
patients for the presence of metastatic disease. For example, pretreatment work up
with PET-CT for lung cancer leads to increased detection of occult metastases in
19% of patients (MacManus et al. 2001). Beyond medical imaging, there is a
developing body of literature demonstrating the utility of circulating tumor cells to
evaluate metastatic disease (Krebs et al. 2011). This creates a clinical predicament,
how you look for metastases may ultimately determine the presence or absence of
the oligometastatic state. Mathematical modeling to predict presence of additional
occult metastases has been proposed (Kendal 2014), but has not been widely
adopted. Additionally, biological prognostic tools are currently being studied and
are discussed in more detail later on in this chapter.

With the aforementioned caveats, cancers presenting with presenting with fewer
metastases have a distinct clinical behavior relative to patients with increased
burden of disease. In prostate cancer, patients with five or fewer metastatic deposits
have similar survival to patients with no evidence of metastatic disease at 5 years
(73% vs. 75%) and 10 years (36% vs. 45%) (Singh et al. 2004). Furthermore,
patients with more than five lesions exhibited a 5-year survival of 45% with only
18% of patients alive at 10 years. Early stage breast cancer patients who experience
oligorecurrent disease, with less than five sites of disease, have improved median
survival (108 vs. 22 months) compared to patients with greater than five sites of
disease (Dorn et al. 2011).
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A limited number of reports inform the incidence of oligometastatic presentation
or recurrence. A retrospective series determined breast cancer relapses were isolated
to the liver and/or one other organ in 59% of patients (Pentheroudakis et al. 2006).
Data from prospective trials performed for the first line treatment of metastatic
breast cancer indicate up to 91% of patients enrolled had <4 metastases at time of
enrollment (Albain et al. 2008). Memorial Sloan Kettering Cancer Center published
a series of patients with sarcoma and found 19% of patients presented with isolated
pulmonary metastases as their first site of failure (Gadd et al. 1993).

4 Surgical Resection of Limited Metastases

In the mid 20th century, anecdotal evidence demonstrated metastatic renal adeno-
carcinoma to lung could be controlled long term with surgical resection of meta-
static deposits (Barney 1945). There is a strong body of evidence supporting local
treatment for limited metastatic disease in the setting of intracranial metastases.
Randomized trials have demonstrated improvements in disease control and overall
survival for patients treated with surgical resection or stereotactic radiosurgery
(SRS) in addition to whole brain radiation therapy (WBRT) (Patchell et al. 1990;
Andrews et al. 2004). Outside of the brain, there is surgical data demonstrating
long-term disease control and survival in patients treated with metastectomy from
sarcoma (van Geel et al. 1996) and breast cancer (Hanrahan et al. 2005) amongst
other primary tumors. Patients presenting with spinal cord compression from solid
tumors who undergo surgical decompression in addition to radiation have improved
ambulatory function, continence, and survival compared to radiation monotherapy
(Patchell et al. 2005).

Fong et al. published their experience with metastectomy of hepatic oliog-
metastases for 456 patients with colorectal cancer treated between 1985 and 1991
(Fong et al. 1997). The treatment was well tolerated with low mortality and a post
resection median survival of 46 months and 38% 5-year survival. A later publi-
cation showed 22% of these patients achieved 10-year survival and were effectively
cured of their disease (Fong et al. 1999). Subsequent studies (Simmonds et al. 2006)
lead to hepatic resection for oligometastases from colorectal cancer becoming the
standard of care in the absence of a prospective clinical trial in an era prior to
oxaliplatin and ironotecan chemotherapy backbones. Long-term survival post lung
metastectomy has also been published. The International Registry of Lung
Metastases reported outcomes of surgical resection of lung metastases on 5206
patients with metastases from a variety of primary tumor histologies. The series
demonstrated 15-year survival rates of 22% (Pastorino et al. 1997). Intriguingly,
patients with fewer metastases and a longer disease-free interval fared even better.
There is preliminary evidence to suggest a subset of patients with limited metastatic
disease may be curable with localized treatment beyond chemotherapy.
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5 Using SBRT for Extracranial Oligometastases

In general, SBRT is less invasive than surgical resection and can be used to treat
anatomic locations that may not be surgically accessible. SBRT is an attractive
treatment modality for oliogmetastases since it is rapidly deployable, allowing
limited interruptions in systemic therapy. Advancements in radiation treatment
planning and delivery platforms have improved the quality and reliability of
delivering ablative doses of radiation. However, there is a scarcity of high quality
prospective randomized trials evaluating the use of SBRT in this setting. Multiple
groups have analyzed retrospective case series or performed single arm dose
escalation studies in an effort to better understand the clinical history of
oligometastases which have been treated with ablative radiation therapy.

Investigators at the University of Chicago recently updated their series of 61
patients with five or less extracranial metastases who were treated on a dose
escalation trial in which all known sites of metastasis were treated with ablative RT
(Wong et al. 2016). At a median follow up of 2.3 years (6.8 years for survivors),
Kaplan-Meier estimates of treated metastases control were 51% at 2 years and 44%
at 5 years. 13 patients (21.3%) were alive at last follow up and 11.5% of patients
never progressed after protocol therapy. Treatment was well tolerated with only 2
patients experiencing acute grade 3 toxicity and 6 patients with late grade 3 toxicity.
There were no grade 4 or higher toxicities. The University of Rochester prospec-
tively analyzed the role of SBRT in the treatment of one to five oligometastases,
present in one to three organs. Patients with breast cancer showed a 2-year overall
survival of 74% with 52% of patients free from widespread distant metastasis, and
local control rate at 2 years of 87%. Long term (6 year) overall survival was 47% in
this subset of patients 87% local control achieved. These values were all signifi-
cantly higher than rates of disease control achieved for patients with metastases
from non-breast primary tumors. On multivariate analysis, patients with bone
metastases or single metastatic lesion experienced significantly improved survival.
This study offers insight into selecting patients who may experience therapeutic
benefit from the utilization of SBRT for oligometastases. It appears the patients
most likely to garner benefit from SBRT include individuals with breast cancer
primary tumors, single bony metastases, and stable to responsive disease prior to
SBRT.

The largest published series evaluating outcomes after SBRT for oligometastases
comes from Vrije University in Brussels, Belgium (de Vin et al. 2014). Their study
included 309 patients with <5 metastases, 209 of whom were treated with SBRT
to 430 extracranial lesions. 82.6% of extracranial lesions were treated with 10
fractions of 4 or 5 Gy. The majority (74%) of patients had a single anatomic site of
disease with 46.3% of patients having only one metastatic lesion and 29.8% of
patients having two lesions. The most common sites of disease were brain (34.6%),
lymph node (28.5%), liver (24.9%), or lung (18.1%). Patients with a solitary
extracranial metastasis had a median survival time of 40 months, whereas patients
with two to five sites of disease achieved a median survival of 26 months. In an
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Table 1 Select studies of SBRT for multisite oligometastases

Publication Year Number Median RT dose Metastases | Overall
of follow-up control survival
patients | (months)

University of Chicago 2016 61 82 24-48 Gy in 44% at 5y  32% at

(Wong et al. 2016) 3 fractions Sy

University of 2012 121 85 50 Gy in 10  67% at 2y  28% at

Rochester (Milano fractions 4y

et al. 2012)

Vrije University (de 2014 309 12 40-50 Gy in | 33% at 2y  32% at

Vin et al. 2014) 10 fractions 3y

attempt to build a prognostic model for patient selection, de Vin et al. determined
male sex, nonadenocarcinoma histology, presence of intracranial metastases, and
synchronous presentation of metastases were associated with inferior outcomes.
Stratifying patients by number of risk factors showed patients with two or fewer
risk factors had a median overall survival of 23 months compared to 9 months for
patients with three risk factors and 4 months if all four risk factors were present.
Table 1 outlines the studies with the longest follow-up and highest patient numbers.

6 First, Do No Harm?

The safety of SBRT to a distinct anatomic site of oligometastatic disease has been
explored. A multi-institutional phase I/I study investigated the use of SBRT for
oligometastatic cancer to lung (Rusthoven et al. 2009). Thirty-eight patients with an
assortment of primary cancers were treated with SBRT on a dose escalation trial of
48-60 Gy in 3 fractions. The majority of patients (82%) were treated to 1 or 2
lesions with no extrathoracic metastases in 87% of patients. Local progression was
only observed in 1 patient conferring a local control rate of 96% at 2 years. Two
year overall survival was 39 and 63% of patients had distant progression. Treatment
was well tolerated with no grade 4-5 toxicity. Only three of the 38 patients
experienced grade 3 toxicity.

Berber et al. published the largest series exploring the use of SBRT for liver
metastases (Berber et al. 2013). 153 patients with 363 metastases were treated to a
dose between 31.3 and 46.5 Gy in 3 or 5 fractions. With a mean follow-up of
25.2 months, the overall local control rate was 62% and 1 year overall survival was
62%. Treatment was well tolerated with no grade 4-5 toxicity and only 3.2% of
patients experiencing grade 3 toxicity. Other series exploring treatment of liver
metastases with SBRT have shown grade 3-5 toxicity rates up to 18% (Carey
Sampson et al. 2006). In one published experienced, three of 31 patients experi-
enced grade 5 toxicity (Blomgren et al. 1995).
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The use of SBRT for spinal metastases was studied in a multi-institutional phase
I/ trial, RTOG 0631. Phase II results included 44 patients with 4 cervical, 21
thoracic and 19 lumbar sites treated with a single fraction of 16 Gy (Ryu et al.
2014). There was high quality treatment delivery with on 26% of patients with
minor deviations in target coverage and spinal cord dose constraint met in 100% of
patients. Treatment was well tolerated with only one patient experiencing grade 3
neck pain and no grade 4-5 events. The phase III component is randomizing
patients to receive single fraction high dose SBRT (16 or 18 Gy) compared to
standard palliation with a single fraction of 8 Gy with a primary end point of pain
control at 3 months post treatment. A recent multi-institutional series of 541
patients (594 tumors) treated with spine SBRT showed a total of 34 patients (5.7%)
had a new or progressive vertebral compression fracture following SBRT, with a
median time to fracture of 3 months (Jawad et al. 2016). Preexisting fracture,
solitary metastasis, and higher prescription dose (> 38.4 Gy) were associated with
increased risk of fracture.

In summary, these limited data suggest for some patients with limited metastatic
disease, local treatment of macroscopic tumor sites is generally well tolerated and may
improve disease free intervals, and potentially, overall survival for select patients.

7 SBRT Treatment Planning

There is no absolute definition for high dose ablative radiation for extracranial
disease. Stereotactic body radiotherapy (SBRT) and stereotactic ablative radiation
(SABR) are used interchangeably. AAPM TG 101 suggested SBRT is typically
comprised of 1-5 fractions of 6-30 Gy doses per fraction (Benedict et al. 2010). As
summarized above, early studies evaluating the use of radiation therapy consisted of
a more prolonged treatment course of hypofractionated radiation. The optimal
radiation dose is influenced by several factors including the number and location of
target lesions. Desired local disease control must be balanced with respecting sur-
rounding normal tissue tolerance. In early stage lung cancer, there are data showing
improved local control when the biologically effective dose (BED) is greater or equal
to 105 Gy (Grills et al. 2012; Kestin et al. 2014). Excellent rates of local disease
control with use of high BED SBRT has been shown in the oligometastatic setting
(Salama et al. 2012). NRG-BROO1 outlines a location-adapted approach for
multi-organ site ablative radiation therapy (MOSART) SBRT (Table 2).

In order to provide high precision SBRT, accurate patient positioning and
immobilization is required. Respiratory motion analysis and management is
imperative, particularly for lesions in the lung or liver, which exhibit significant
movement with respiration (Benedict et al. 2010). GTV, CTV, ITV, and PTV
volumes should be delineated depending on the anatomic location of the tumor and
clinical scenario. There are many commercially available treatment delivery sys-
tems to enable reliable, high fidelity SBRT. The prescription isodose surface is
chosen such that 95% of the target volume (PTV) is conformally covered by the
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Table 2 MOSART prescription doses used in NRG-BR001

Metastatic location Initial starting dose ' Dose limiting toxicity
dose

Lung—peripheral 45 Gy in 3 fractions 42 Gy in 3 fractions
Lung——central 50 Gy in 5 fractions ' 47.5 Gy in 5 fractions
Mediastinal/cervical lymph node 50 Gy in 5 fractions ' 47.5 Gy in 5 fractions
Liver 45 Gy in 3 fractions 42 Gy in 3 fractions
Spinal/paraspinal 30 Gy in 3 fractions | 27 Gy in 3 fractions
Osseous 30 Gy in 3 fractions 27 Gy in 3 fractions
Abdominal-pelvic (lymph node/adrenal 45 Gy in 3 fractions | 42 Gy in 3 fractions
gland)

A phase 1 study of stereotactic body radiotherapy (SBRT) for the treatment of multiple metastases

Table 3 Recommended treatment plan evaluation parameters

PTV Ratio of 50% prescription isodose Maximum dose at 2 cm from PTV as
volume volume to PTV volume (R50%) % of prescription dose (D2 cm) (%)
(co)

1.8 <7.5 <57.0

3.8 <6.5 <57.0

7.4 <6.0 <58.0

13.2 <5.8 <58.0

22.0 <5.5 <63.0

34.0 <5.3 <68.0

50.0 <5.0 <77.0

70.0 <4.8 <86.0

95.0 <44 <89.0

126.0 <4.0 <91.0

163.0 <3.7 <94.0

prescription isodose surface. When evaluating target coverage, doses less than 95%
of the prescription dose are restricted to the outside edges of the PTV. The pre-
scription isodose surface selected used should typically be >60% and <90% of
the dose maximum within the PTV. Treatment plans must be optimized to limit the
high dose spillage to surrounding tissue. To assess the dose fall off, the ratio of
prescription isodose volume to the PTV volume should be kept below 1.5 with a
goal of 1.2. Moreover, the ratio of the 50% prescription isodose volume to the PTV
(R50%) and the maximum dose a 2 cm (D2 cm) should be minimized. Suggested
guidelines are outlined in Table 3. Priority should be placed on limiting radiation
exposure to surrounding organs at risk, particularly for organs with grave potential
toxicities (e.g. spinal cord). One, three, and five fraction SBRT OAR dose limits
proposed in NRG BR002 (Table 4) are tabulated below. Circumferential irradiation
of gastrointestinal tract structures (esophagus, duodenum, bowel, and rectum)
should be avoided.
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Table 4 Organ-at-risk (OAR) dose limits used in NRG-BR002

Organ

Spinal cord

Brachial plexus

Cauda equina

Sacral plexus

Trachea and

bronchus

Esophagus

Heart/pericardium

Great vessels

Skin

Stomach

Duodenum

1 fraction

Volume

<0.35 cc

<10%
partial
cord

<1.2 cc
<0.03 cc
<0.03 cc
<3 cc

<0.03 cc
<5 cc

<0.03 cc
<5 cc

<0.03 cc
<4 cc

<0.03 cc
<5 cc

<0.03 cc
<15 cc

<0.03 cc
<10 cc

<0.03 cc
<10 cc

<0.03 cc
<5 cc
<0.03 cc
<5 cc
<10 cc

Total
dose
(Gy)
10
10

14
17.5
14

16

18
14.4

20.2
17.4

154
11.9

22
16

37
31

27.5
255

22
17.4
17
11.2
9

3 fractions

Volume

<0.03 cc

<1.2 cc

<0.03 cc
<3 cc

<0.03 cc
<5 cc

<0.03 cc
<5 cc

<0.03 cc
<5 cc

<0.03 cc
<5 cc

<0.03 cc
<15 cc

<0.03 cc
<10 cc

<0.03 cc
<10 cc

<0.03 cc
<10 cc
<0.03 cc
<10 cc

Total
dose
(Gy)
22.5

13

26
22

24
21.9

24
225

30
25.8

27
17.7

30
24

45
39

33
31

30
22.5
24
15

5 fractions

Volume

<0.03 cc
<0.35 cc

<1.2 cc

<0.03 cc
<3 cc

<0.03 cc
<5 cc

<0.03 cc
<5 cc

<0.03 cc
<5 cc

<0.03 cc
<5 cc

<0.03 cc
<15 cc

<0.03 cc
<10 cc

<0.03 cc
<10 cc

<0.5 cc
<5 cc
<0.5 cc
<5 cc

Total
dose
(Gy)
28
22

15.6

32
30

32
30

32
30

40
32

35
27.5

38
32

53
47

38.5
36.5

35
26.5
30
18.3

J.M. Lemons et al.

Avoidance
endpoint
(Reference)

Myelitis (RTOG
0631, 0915,
Timmerman)

Neuropathy
(RTOG 0813,
0915,
Timmerman)

Neuropathy
(RTOG 0631,
AAPM TG-101,
Timmerman)

Neuropathy
(RTOG 0631,
AAPM TG-101,
Timmerman)

Stenosis/fistula
(RTOG 0813,
0915, 74099,
Timmerman)

Stenosis/fistula
(RTOG 0631,
0813, 0915,
74099,
Timmerman)
Pericarditis
(RTOG 0631,
0813, 74099,
Timmerman)
Aneurysm
(RTOG 0631,
0813, 0915,
74099,
Timmerman)
Ulceration
(74099,
Timmerman)
Ulceration/fistula
(Timmerman)

Ulceration
(RTOG 0631,
Timmerman)

(continued)
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Table 4 (continued)

Organ

Bowel

Rectum

Bladder

Ureter

Penile bulb
Femoral heads
Bile duct

Renal
hilum/vascular
trunk

Rib

Lung

Total kidney

Liver

1 fraction

Volume

<0.03 cc
<20 cc

<0.03 cc
<3.5cc
<20 cc
<0.03 cc
<15 cc

<0.03 cc
<3cc
<10 cc
<0.03 cc

<15 cc

<0.03 cc
<5 cc

<37%
lung
volume

<1500 cc
<1000 cc
<200 cc

<700 cc

Total
dose

(Gy)

29.2

18

44.2
39
22
25
12

35

16

15

30

14

33
28

7.6
9.5

3 fractions

Volume | Total
dose
(Gy)
<0.03 cc 34.5
<20 cc 24
<0.03 cc 49.5
<35cc 45
<20 cc 27.5
<0.03 cc 33
<15 cc 16.8
<0.03 40
<3 cc 25
<10 cc 24
<0.03 cc 36
<15 cc 19.5
<0.03 cc 50
<5 cc 40
<15% 20
lung
volume
<37% 11
lung
volume
<1500 cc  10.5
<1000 cc 11.4
<200 cc 15
<700 cc 17.1

5 fractions

Volume

<0.03 cc
<20 cc

<0.03 cc
<3.5 cc
<20 cc
<0.03 cc
<15 cc

<0.03 cc
<3cc
<10 cc
<0.03 cc

<15 cc

<0.03 cc
<5 cc

<37%
lung
volume

<1500 cc
<1000 cc
<200 cc

<700 cc

Total
dose
(Gy)
40
28.5

55
50
325
38
20

45
30
30
41
23
57

45
13.5

12.5
13.5
18

21

31

Avoidance
endpoint
(Reference)

Colitis/fistula
(74099,
Timmerman)
Proctitis/fistula
(Timmerman)

Cystitis/fistula
(AAPM TG-101,
Timmerman)

Stenosis
(Timmerman)

Impotence
(Timmerman)

Necrosis
(Timmerman)

Stenosis
(Timmerman)

Malignant
hypertension
(Timmerman)

Pain/fracture
(Timmerman)

Pneumonitis/lung
function (RTOG
0618, 0813,
74099,
Timmerman)

Renal function
(Timmerman)
Liver function
(74099,
Timmerman)
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8 Future Directions
8.1 Combining SBRT with PD-1 Blockade

An intact immune system is important for controlling the neoplastic process. To
enhance their proliferative transformation, tumors garner the ability to evade this
immune regulation (Vinay et al. 2015). After decades of interest, but limited clinical
relevance in solid tumors, the use of cancer immunotherapy has entered the
mainstream over the past decade. With the identification of regulatory immune
receptor to ligand interactions which influence immunity, “checkpoint” blocking
monoclonal antibodies have become standard of care in multiple tumors (Pardoll
2012). The first of these approaches to enter clinical usage was the inhibition of
cytotoxic T lymphocyte antigen 4 (CTLA4) being approved for the treatment of
metastatic melanoma (Hodi et al. 2010). Since then, CTLA4 blockade has been
studied in several other primary tumors including non-small cell lung cancer
(Lynch et al. 2012).

Subsequent to the development of CTLA4 blocking antibodies, cancer
immunotherapy has gained a broader usage with the production of monoclonal
antibodies against the Programmed Death 1 (PD1): Programmed Death Ligand
(PDL1) axis. The PD1:PDL1 interaction appears to be a major immune-evasion
pathway up-regulated by some tumors to suppress anti-tumor immunity. Prelimi-
nary data suggests a potential synergistic effect on tumor response using PD-1
blockade in combination with radiotherapy (Drake 2012; Deng et al. 2014). This
effect was observed in both tumors within the radiation field as well as distant
tumors, suggesting the beneficial effects of radiation on the immune response have
systemic impact. Clinical case reports have shown this abscopal response in sites
distant from radiation while patients are receiving CTLA4 blocking immunotherapy
(Postow et al. 2012).

Tumor cell death after high dose per fraction SBRT appears to be mediated
through pathways beyond DNA damage and may enhance immune surveillance of
tumors (Liang et al. 2013). The mechanism for this enhanced effect seems to
include, at least in part, increased tumor antigen exposure, improved antigen pre-
sentation, and T cell function as well as modulation of immunosuppressive cell
populations such as T regulatory cells and myeloid derived suppressor cells (Gaipl
et al. 2014).

Beyond synergistic mechanisms of modulating the immune response, direct
tumor debulking by radiation may also be particularly well suited as an adjunct to
immunotherapy. Radiation to sites of bulk tumor would be presumed to improve the
overall response rate of combination therapy. Additionally, reports of SBRT
combinations with systemic therapies have suggested time to progression is delayed
(Milano et al. 2012; Iyengar et al. 2014). Anti-PD1 antibody treatment may par-
ticularly be boosted by this approach. Clinical reports of the drug pembrolizumab
suggest lower disease burden at the time of treatment initiation has been associated
with higher response rate and one year survival in advanced melanoma (Joseph
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et al. 2014). Several phase I studies are ongoing to evaluate treatment with SBRT to
various metastatic sites in patients with advanced solid tumors in conjunction with
immune modulators (NCT02608385) (Bernstein et al. 2016).

8.2 Biological Prognostic and Predictive Tools

There have been recent advancements in the use of biologic markers to forecast
disease behavior in oligometastatic patients. One such technology, microRNA
classifiers, may help assess tumor biology and predict clinical outcomes. Significant
differences in expression of microRNA200c occur between polymetastatic and
oligometastatic phenotypes, with polymetastatic phenotypes expressing signifi-
cantly higher levels of microRNA200c (Lussier et al. 2011). Using an
oligometastatic-polymetastatic xenograft model, the group demonstrated oligome-
tastatic cell lines could be induced to progress in a polymetastatic manner via the
enhancement of microRNA200c. In the clinical setting, microRNA expression
analysis in patients treated with pulmonary metastastectomy identified patterns that
predicted higher rates of progression and lower rates of survival (Lussier et al.
2012). Wong et al. performed a microRNA expression analysis on 17 patients
treated on their institutional protocol showing differential survival for patients
exhibiting high and low classifier scores. Overexpression of a subset of micro-
RNAs, miR-517a, miR-519c¢, and miR-521 directly correlated with poor long-term
outcomes and increased cell proliferation. These data suggest certain tumors may
exhibit an indolent nature, supporting Hellman and Weichselbaum’s original
hypothesis. A priori selection of patients with indolent tumors may justify local
therapy to interrupt further metastatic potentiation. These developments emphasize
the importance of prospectively collecting biological and clinical outcomes in the
treatment of oligometastases on a randomized controlled clinical trial.

9 Ongoing Clinical Trials

Several ongoing studies are accruing patients to assess the use of SBRT for
oligometastases (Reyes and Pienta 2015). SABR-COMET is an international ran-
domized phase II trial enrolling patients with up to 5 metastases (NCT01446744).
All patients will be treated with standard of care chemotherapy and randomized to
SBRT directed to all known oligometastases or no SBRT with the primary endpoint
designed to detect a difference in in overall survival (Palma et al. 2012). The UK
and Australia are conducting CORE trial (conventional care or radioablation in the
treatment of extracranial metastases) (Aitken et al. 2014). This is a phase II trial
enrolling patients with three or less extracranial metastases with metastatic
non-small cell lung cancer, breast cancer, or prostate cancer with a primary end-
point of progression free survival. Patients are randomized to either standard of care
with systemic therapy or standard of care systemic therapy combined with SBRT.
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Also in the UK, the Stereotactic Ablative Radiotherapy for Oligometastatic
Non-small Cell Lung Cancer (SARON) trial is evaluating the use of systemic
chemotherapy with or without radial RT to primary disease and up to 3 metastatic
sites (NCT02417662). In prostate cancer, the Surveillance or metastasis-directed
Therapy for OligoMetastatic Prostate cancer recurrence (STOMP) trial is currently
ongoing. With a primary endpoint of androgen deprivation therapy free survival,
the investigators are randomizing patients with metastatic disease to local therapy
(surgery or radiation) or active clinical surveillance (NCT01558427). NRG
Oncology has sponsored NRG-BR0OO1 “A Phase 1 Study of Stereotactic Body
Radiotherapy (SBRT) for the Treatment of Multiple Metastases” (NCT02206334).
To parlay off the results of the phase I study, NRG-BRO002 is a phase II/III trial
comparing standard of care treatment to standard of care in addition to SBRT for
women with 1-2 breast cancer metastases (NCT02364557). The trial is powered to
address progression-free survival in the phase II study, and the study will auto-
matically expand to a phase III design in the event a benefit in progression-free
survival is observed in the phase II component.

10 A Cautionary Tale

With no randomized data to show the therapeutic benefit of SBRT for the treatment
of extracranial oligometastases, the field may be in danger of putting the “cart
before the horse.” Despite the lack of high quality evidence, local treatment for
oligometastases has become the de facto standard of care (Bartlett et al. 2015;
Lewis et al. 2015). This sets the stage for a phenomenon known as a “medical
reversal,” when a widely adopted and accepted intervention is later found to have
no clinically significant benefit (Prasad and Cifu 2013; Prasad et al. 2013). In
oncology we are keenly aware of widespread implementation of an unproven
therapy. Based on promising observational studies in the late 1980s and 1990s, it
became commonplace to treat locally advanced and metastatic breast cancer with
high dose chemotherapy followed by autologous hematopoietic stem-cell trans-
plantation (Belanger et al. 1991). The proliferation of transplant clinics was sparked
by a 1995 randomized study showing improvements in DFS and OS, which was
later retracted (Bezwoda et al. 1995; Vickers and Christos 2000, 2001). Clinical
trials published in the 2000s showed contrary findings, which prompted a steep
decline in the use of transplant in breast cancer (Antman et al. 1997; Tallman et al.
2003; Berry et al. 2011). There has been an exponential rise in publications ref-
erencing oligometastases (Fig. 1) since the original publication by Hellman and
Weichselbaum in 1995. To prevent another medical reversal, we encourage the
prospective collection of data, preferably on a clinical trial. These data will allow us
to conduct high quality analyses to answer clinical questions in order to best serve
our patients now, and for years to come.
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Daniel A. Low

Abstract

Magnetic Resonance Imaging (MRI) has been a part of radiation therapy for
many years, but its role is expanding. MR provides soft tissue contrast that is
superior to what can be obtained with computed tomography (CT), the modality
used most often to support radiation therapy treatment simulation. There are a
number of critical challenges to employing MR for simulation imaging, namely
the reduced spatial fidelity, and the lack of a direct relationship between MR
image values and electron density, a quantity needed for dose calculations, as
well as a difference between MR image values and the attenuation of kV X-rays,
used to aid in patient positioning. These challenges are being met by clinics and
companies, to the extent that the exclusive use of MR for simulation is now
possible in a number of treatment sites. While MR has been used for simulation,
it has only recently been introduced into the treatment room. Integrating MR
with patient positioning and monitoring before and during treatment, respec-
tively, would potentially improve radiation therapy treatment accuracy, enabling
tighter uncertainty margins and ultimately improving outcomes. The challenges
of integrating a MRI system with radiation treatment delivery have been recently
met by radiation therapy equipment manufacturers, providing the radiation
oncology community with an opportunity to deliver radiation doses with
unparalleled accuracy.
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1 Radiation Therapy Workflow and Where MR Can
and Does Help

At its most basic, radiation therapy workflows include simulation, treatment plan-
ning, and treatment. Simulation is mainly conducted using computed tomography
(CT) imaging. CT imaging provides distinct advantages that make it most suitable
for radiation therapy workflows. CT has outstanding spatial integrity. Modern CT
scanners are fast and provide nearly artifact-free images. The CT values themselves,
termed Hounsfield Units, are rescaled linear attenuation coefficients of the X-ray
energies employed during the CT scans, typically 120 or 140 kV. Radiation therapy
employs megavoltage X-rays for imaging, which interact primarily via the
Compton effect. The Compton effect is sensitive to a material’s electron density,
and it is fortuitous that for human tissues, the relationship between HU and relative
electron density is nearly monotonic. Therefore, the CT image can be directly used
to estimate human tissue electron densities for purposes of dose distribution
calculations.

The treatment itself often involves the use of X-rays for imaging tissue positions
and comparing against the intended positions. Because the X-ray images are
acquired with similar X-ray energies as the CT simulation scan, they can be directly
compared to digitally reconstructed radiographic images. Similarly, on-board
cone-beam CT images provide similar, although not exactly the same, image fea-
tures as the CT simulations, the differences being mainly due to the impact of
scattered radiation on the cone-beam CT images. The only image-based process that
does not utilize the similarity between the images acquired at simulation and at the
machine are those using fiducial markers. When fiducial markers are used, the only
requirements are spatial integrity and marker conspicuity.

Given that CT simulators are relatively inexpensive and provide such valuable
information for radiation therapy treatment planning, the question arises, what is
missing that could be provided by other imaging technology? We need only to look
at stereotactic treatments of the brain to find the main limitation of CT simulation.
Treatment planning of the brain requires that the brain tumor boundaries be visible
on the images to allow for segmentation (contouring) and subsequent dose plan-
ning. Because CT is sensitive only to the linear attenuation coefficient, soft tumors
that exist within soft tissues typically have poor conspicuity. This is true for cancers
in the brain. Figure 1 shows a CT simulation and two MR images of a patient with
metastatic cancer in the brain. The tumors are not visible in the CT and are quite
clear in the MRI.

When MRI was first developed, it was clear that it could be employed for
radiation therapy treatment planning of the brain. Treatments were universally
conducted employing invasive immobilization, where a metal ring was attached to
the patient skull using pins (Fig. 2a). The tumor localization was conducted by
attaching a fiducial frame to the ring. The frame (Fig. 2b) typically had rods that
were visible on MR and CT. The rod geometry was known to the treatment
planning system and the rod images were localized in the CT and MRI scans.
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Fig. 1 a CT scan of the brain. b MR scan of the brain. There are two small metastatic lesions
clearly visible in the MR scan that are invisible in the CT scan

(@)

Fig. 2 a Invasive immobilization system frame (Leksell). b Jig used for MR alignment of
immobilization frame coordinate system. Location of tubes, filled with contrast agent, are known
to the treatment planning system. Contrast agent is localized in the images to align them to the
frame coordinate system. This is used to accurately target the tumor at the radiation producing
machine (GammaKnife). Images from the Elekta Leksell sales website

The treatment planning software used the imaged rod positions to determine the
stereotactic coordinate system with in the patient’s skull. In the early MRI days, the
spatial fidelity of the imagers was relatively poor, so the digitized frame positions
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also served as quality assurance that the MRI image spatial fidelity was adequate for
treatment planning.

As 3D conformal therapy was developed in the 1990s, use of MRI to segment
tumors became more practical. Tools such as fusion were developed to overlay the
CT and MRI images to enable the use of CT for electron density and DRR gen-
eration while taking advantage of MRI’s soft tissue contrast. If invasive immobi-
lization was not employed, a rigid coordinate system could not be straightforwardly
generated. The fusion process in the brain typically aligned the bony anatomy,
visible as high HU values and low image values (due to the very rapid T1 times in
the bone) in the CT and MR images, respectively. Often, structures other than the
bones, such as the ventricles, were used to align, guide, or verify registration.
The potential for image distortion in the MR images was managed by comparing
the locations of structures visible in both image datasets.

Fusion in other parts of the body was more challenging. The MR and CT images
were taken at different sessions, and often with different patient setups. Often, the
MR image was a diagnostic image that was acquired for diagnostic purposes, so the
patient position differed from that used for treatment. In these cases, fusion was
made more difficult by the internal tissue distortions caused by patient posture
differences. These differences were exacerbated because diagnostic MR couches
tended to be more rounded than therapy couches, which were and are flat. Many
clinics elected to develop their own flat couch inserts, and vendors began to provide
professionally produced flat couch inserts for their MR scanners, to make the MR
patient positioning more consistent with the CT simulation positioning.

2 MR Simulation

More recently, the concept of MR simulation has been developed. MR simulation,
as defined here, is the use of MR images as the primary image dataset for treatment
planning. This does not preclude other images, such as PET, but it would exclude
processes that also acquire CT simulation images, processes that can be more
accurately described as MR + CT simulation.

Why would one employ MR simulation (also called MR-only simulation)? The
benefits include the improved soft tissue contrast and the ability to acquire multiple
image datasets that highlight the tissue boundaries, and differentiate different tissue
types, even within a specific tumor (Fig. 3). The benefit of MR simulation is that
only one simulation process is needed. In the MR + CT simulation workflow, two
simulations are scheduled and conducted, requiring that the patient appear for two
sessions. The images themselves must be fused, involving further clinical effort and
providing additional opportunities for error.

Because of these potential benefits, a number of clinics are expanding their use
of MR simulation. Figures 4 and 5 show examples of different sites employing MR
simulation from Devic (2012).
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Fig. 3 Patient with Glioblastoma scanned using 4 different MR protocols. a T1 weighted. b T2
weighted. This shows fluids as very bright. The tumor is readily visualized in this image.
¢ Contrast-enhanced T1. The tumor contrast has improved. d T2 weighted with fluid-attenuated
inversion recovery (FLAIR). Images are from Schmidt and Payne (2015)

There are a number of challenges inherent in employing MR simulation.
The MRI scanner bore is generally smaller than a CT simulator. CT simulators
started out as slightly modified diagnostic CT scanners, but the CT manufacturers
realized early that increasing the bore size was critical for radiation oncology.
Unlike most diagnostic CT applications, the patient position was specified by the
ideal position during treatment, which often employed extended arm postures. The
first wide bore CT scanner had an 85 cm diameter bore and some current units have
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Fig. 4 Examples of the use of MR images for supplementing CT simulation images for radiation
therapy treatment planning. a Glioblastoma. b Brainstem. ¢ Nasopharynx. d Parotid glands. The
first column is the CT simulation, the second the MR scan, and the third shows the superposition of
the segmented structure on the CT simulation. Images from Devic (2012)
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Fig. 5 Examples of the use of MR images for supplementing CT simulation images for radiation
therapy treatment planning. a Rectal. b Prostate. ¢ GYN. d Breast. The first column is the CT
simulation, the second the MR scan, and the third shows the superposition of the segmented
structure on the CT simulation. Images from Devic (2012)

90 cm diameter bores. This contrasts with MRI scanners, which have bores only as
large as 75 cm diameter. This constrains somewhat either the treatment position or
the correspondence between the treatment and scanned positions.

MR scanners employ RF sensing coils. The signal intensity falls off rapidly with
increasing distance between the RF sensing coils and the imaged tumor or organ.
Therefore, most RF coils are in direct or immediate contact with the patient. Rigid
coil systems such as head coils interfere with head immobilization systems, while
flexible coils placed on the skin can distort the skin and deform the tumor and
normal organ geometry. Figure 6 shows an example of an MR simulator patient
with the necessary immobilization hardware and imaging coils.
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Fig. 6 Photograph of MR simulation patient showing immobilization system and suspended
radiofrequency coils. Image from Kapanen et al. (2013)

The spatial integrity of CT is outstanding. The images are reconstructed from
transmitted radiation beamlets whose geometry is defined by the relative positions
of the X-ray source and the detector. With MR imaging, on the other hand, the
tissue locations are determined by the acquisition sequence. Positions may be
determined by the relationship between a magnetic field gradient and applied RF
frequency, or from a relationship between received RF frequency or phase and
magnetic field gradient. In general, it is the absolute magnetic field that determines
localization, and main magnetic field homogeneity and gradient field accuracy
determine spatial accuracy. Main magnetic field homogeneity is typically specified
within a spherical volume centered at the MR system center. Within this region,
spatial accuracy will have a tighter specification than beyond the region. CT, on the
other hand, is accurate within a cylindrical volume that encompasses the projected
X-rays. This difference in accuracy specification, as well as the loss of the direct
geometric relationship between the equipment hardware and the image voxel
positions means that MR image quality assurance needs to include spatial accuracy
evaluation.

Various methods for conducting quality assurance on MR simulators have been
proposed. Kapanean et al. (2013) described the process of commissioning an
MR-only simulation and treatment planning for prostate cancer. They employed a
70 cm diameter GE 1.5T MR scanner that had an indexed flat couch top and
positioning lasers. Paulson et al. (2015) described the quality assurance procedures
required for MR simulation. They employed a 3.0T Siemens MR Scanner with a
70 cm diameter bore. They described the patient-specific quality assurance tech-
niques to assure fidelity and utility of the MR images (Table 1) as well as routine
quality assurance procedures (Table 2). There have not yet been widely accepted
protocols for patient-specific or routine quality assurance, but the American
Association of Physicists in Medicine has a task group entitled “Use of MRI Data in
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Table | Patient-specific quality assurance processes recommended by Paulson et al. (2015)

Sim setup Sim exam Dosimetry

* Target volumes centered within |+ Coverage sufficient * Distortion-corrected MR
bore (to extent possible) during (10 cm past markers for | images loaded and labeled
CT sim sarcoma) according to MR Sim

» Headphones molded into alpha | * Images screened for Reference Guide (Table II)
cradles/vac-locs for abdomen artifacts * CT-MR image registration
MRI simulation exams * 3D distortion correction accuracy verified

» Immobilization devices fit within = applied to all images
MRI bore template » Off-resonance correction

applied (if necessary)

* Subtractions performed

* Reformats of coronal and
sagittal slices to axial
slices performed

* Functional/physiological
data integrity verified

* Functional/physiological
parameter maps
generated

Table 2 Routine quality assurance processes recommended by Paulson et al. (2015)

Weekly QA (MRI Monthly QA (therapy physicists) Annual QA (MRI

technologists) physicists)

* Transmitter gain « Patient safety (monitors, intercom, panic ball, * RF coil integrity
constancy emergency offs, and signage) check

* Center frequency « Patient comfort (bore lights, and bore fan) * BO constancy
constancy « Percent signal ghosting * B1 + constancy

* Signal-to-noise * Percent image uniformity * Gradient
ratio constancy « High/low contrast constancy linearity

* Slice thickness * Laser alignment constancy
accuracy « Couch position accuracy

* Slice position « Image artifacts
accuracy

Treatment Planning and Stereotactic Procedures—Spatial Accuracy and Quality
Control Procedures” that is developing quality assurance recommendations.

MRI voxel intensities are related to the RF signal strength acquired during the
imaging sequence. Therefore, the voxel values for a specific piece of tissue will
depend strongly on the sequence, coil design and coil position. Image guided
radiation therapy couples the images used for treatment planning with those
acquired during setup. Universally, setup images of internal tissues are acquired
using kilovoltage X-rays. Transmission X-ray images such as radiographs display
the integral attenuation coefficients of the tissues and hardware lying between the
source and detector. Cone-beam CT is employed to acquire 3D images, and each
voxel represents the linear attenuation coefficient of the tissue, albeit with decreased
quantitative accuracy relative to diagnostic CT scans. When radiographic images
are acquired to position the patient, they are compared against images created by
projecting rays through the CT simulation scan and predicting the radiographs.
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These are termed digitally reconstructed radiographs. When radiographs are used
for positioning, comparing the radiographs to digitally reconstructed radiographs is
straightforward. The tissues that provide image contrast are bone, soft tissues,
lungs, and air cavities, by virtue of their differing physical density and atomic
number. With MR simulation, projection through the MR image will not provide a
useful DRR. The proposed method for dealing with this is to use MR images to
create a synthetic CT.

The principle challenge of using MR images to create kV X-ray DRRs is the lack
of a functional relationship between the linear attenuation coefficient and MR image
intensity. This is due mostly to the fact that air and bone both provide low MR
signals for most sequences, air due to the lack of protons, and bone due to the rapid
loss of magnetization of protons in solid materials.

The use of CT scans for both dose calculation and for the generation of patient
positioning reference images is fortuitous and discussions about the generation of
synthetic CT scans almost always convolves the two applications of CT. There is no
reason why this needs to be so for MR simulation, an electron density map could be
generated separately from an image used to generate reference setup images. This is
true because the requirements for generating the two image datasets vary greatly
and creating a single dataset that would fulfill both requirements adds unnecessary
challenges to the MR simulation workflow. The electron density map used for
treatment planning does not need voxel-by voxel spatial integrity. Rather, it needs
to be accurate on average so that the photon attenuation and scatter properties are
accurately computed. Megavoltage X-rays are relatively insensitive to electron
density calculation errors, especially on the voxel level. The reference setup image
dataset, on the other hand has to embody the spatial contrast behavior present in a
CT scan. For example, the position of a bony edge needs to be correctly positioned
(and distinguished from the edge of an air cavity). However, the voxel values
themselves do not need to strictly speaking be accurate. When the image dataset is
compared against a cone-beam CT or projections are used to create DRRs that are
compared against radiographs, it is the bony (and less so air cavity) localization that
needs to be accurate for the human or computerized registration to identify the
patient’s position. Unfortunately, most publications have not made this distinction,
so separating published approaches to separately overcoming these challenges is
difficult.

There are two proposed methods for creating synthetic CT scans from MR
images, including segmenting images and assigning CT numbers, and acquiring a
series of MR images and computing the CT numbers.

Segmenting Approaches

Much of the early MR simulation work concerned the generation of electron
density maps and the subsequent dose calculation accuracy. Prabhakar et al. (2007)
evaluated the use of MR alone for 3D treatment planning in brain tumors. They
evaluated treatment plans from 25 brain tumor patients scanned with a CT and 1.5T
MRI scanner. The treatment plans comparing the use of CT with and without



MRI Guided Radiotherapy 51

heterogeneity correction and the MR with a bulk density assignment showed no
statistically significant difference in coverage. Ramsey and Oliver (1998) as early as
1998 developed a method for calculating dose distributions and generating DRRs
using only one T1 MRI image dataset. They assumed a linear relationship between
the MR voxel value and physical density to generate the synthetic CT. This pro-
vided the ability to differentiate between the skull and the brain, but not air cavities.
They evaluated their technique using archived MR patient images and a RANDO
phantom, generating DRRs and irradiating TLD chips in the phantom (comparing
to homogeneous dose calculations) to evaluate dosimetric accuracy of their method.
The MR plan underestimated dose by less than 2% of a CT-based plan for a single
photon beam passing through the cranium. When the dose passed through air
cavities, the dose discrepancy increased to 2—4%.

Like the head, the pelvis contains relatively homogeneous density tissues,
exclusive of the pelvis and femurs. Evaluations of prostate treatment plans with a
single water-equivalent density have shown differences as small as 1% (Petersch
et al. 2004) and greater than 2% (Chen et al. 2004a, b; Lee et al. 2003). Assigning
separate densities to bone and soft tissue have provided doses within 2% of the dose
calculated using CT (Lee et al. 2003; Karlsson et al. 2009). Lambert et al. (2011)
evaluated the dose distribution accuracy of prostate treatment plans, comparing
bulk density assignment (soft tissue and bones separately assigned) with full
heterogeneity assignments for 39 patients that had both CT and MRI images. They
created three treatment plans using the CT simulation, one with the full hetero-
geneity, one with densities assigned to bone and water to other tissues, and one with
just water density, and two plans based on MR images with the same bulk density
assignments as the CT scans. They found that the tumor doses were equivalent
between the MR and CT bulk density plans, with minor variations assumed to come
from differences in external patient contours. Point doses differed by —1.4 + 1.7%
and —2.6 = 1.7% for the CT and MR uniform density plans compared against the
CT simulation based plans, respectively, and 0.1 + 1.2% and —1.3 £ 1.6% for the
CT and MR bone/soft tissue bulk density assigned plans compared against the CT
simulation based plans, respectively.

Given that there are more than two tissue classes in the brain and pelvis,
investigators have shown that contouring more classes of tissues improves the
dosimetric accuracy to within 1% for intracranial targets (Jonsson et al. 2010;
Kristensen et al. 2008) and between 1 and 2% for prostate (Chen et al. 2004a, b;
Lee et al. 2003; Jonsson et al. 2010; Eilertsen et al. 2008). While the accuracy of
bulk density assignments have been established, they have not become a popular
treatment planning approach because of the effort required and the limited benefit of
not acquiring a CT simulation in addition to the MR simulation.

Semi-automated and Automated Approaches
A relatively manual approach was proposed by Kim et al. (2015) to generate

simulated CT scans. They used three typical MR sequences: a 3D T1 weighted fast
field echo sequence, a 3D T2-weighted turbo spin echo sequence, and a 3D
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balanced turbo field echo sequence. To provide high-intensity values in bone, an
inverse intensity volumetric image was derived by subtracting weighted intensity
values from the 95th percentile intensity value. Bony anatomy was contoured using
the T2-weighted images. Air was assigned a single density value, but other tissues
were assigned an intensity based on a weighted sum of the acquired and derived
MR image voxel values. The registered CT scans were used to train the weights.
The technique produced synthetic CT scans that had HU errors of only 2.0 &+ 8.0
HU and 11.9 4 46.7 HU for soft tissue and femoral bones, respectively. The impact
on treatment plans of using the synthetic CT were negligible except for differences
associated with variations in organ positions between the MR and CT simulation
sessions. Kim et al. conducted a qualitative assessment of synthetic DRRs and
found them to be similar to the CT-sim generated DRRs.

Huan et al. (2014) evaluated a method for creating DRRs by segmenting airways
from MR simulation images. They concentrated on the skull to create both simu-
lated CT scans and simulated DRRs. They judged that inaccuracies in airway
segmentation would impact DRR generation accuracy less than inaccuracies in
bone segmentation. Airways were manually contoured on transverse scans at 6
anatomic levels to create an air mask. Compact bone, spongy bone, and soft tissue
masks were then automatically generated using the MR voxel values and the air
mask. The MR intensities within the masks were used to create the simulated CT
scans and corresponding DRRs. They evaluated this process for 20 stereotactic
radiosurgery patients. They evaluated their process for 20 patients undergoing
stereotactic radiosurgery in the brain. The maximum geometric difference between
MR-based and CT-based DRRS of the skull was less than 2 mm.

The biggest challenge for automating synthetic CT generation is the fact that for
most MR sequences, neither high density bony tissues nor low density tissues emit
RF signals, so both of these tissue types show up as black in MR images. The
reason that MR images have poor signal in bone is that the coupling between
protons and the rest of bony anatomy leads to very rapid realignment of the proton
magnetic moments after excitation. Ultrashort echo time (UTE) imaging is one
method to acquire signal from solid tissues (Robson et al. 2003).

Yang et al. (2016) employed UTE sequences, employing nonselective
radiofrequency excitation pulses and asymmetrical readouts to sample the k-space
using a 3D radial trajectory. Two echoes were employed, one at TE = 0.07 ms and
one at TE = 4.28 ms from each excitation with a readout bandwidth of 511 Hz
pixel . Figure 7 shows an example from that work. Yang et al. also determined the
accuracy of using the synthetic DRR versus the clinical DRR for patient setup and
showed that the correspondence was within 1 mm. Their goal was to produce
DRRs for positioning, not synthetic CT scans for treatment planning, so they did
not evaluate the accuracy of the HU values.

Zheng et al. (2015) had a similar effort to generate synthetic CT scans from MR
images. They evaluated 10 patients scanned used a 1.0T open magnet system,
employing Dixon and inverted UTE images. Air was automatically segmented using
unwrapped UTE phase maps rather than the intensity maps of previous investigators.
The synthetic CT scans were computed using weighted sums of the T2, FLAIR,
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Fig. 7 a—c UTE-MRI-based bone images. d UTE-MRI DRR generated from a left lateral beam.
e—g Corresponding CT images. h Corresponding DRR. Image from Yang et al. (2016)

UTE]1, and bone-enhanced images. The bone-enhanced images were generated by
inverting the UTE magnitude image from the first echo by subtracting the magnitude
image from its maximum intensity value. Water/fat maps were generated from the
2-point Dixon method with unrestricted choice of echo times. They validated the
segmentation by calculating segmentation errors and Dice similarity indices against
the CT simulation. They evaluated the quality of the synthetic HU values by com-
paring against the CT simulation. The Dice similarity indices were 0.87 £ 0.04. The
mean absolute errors of the HU values were 147.5 & 8.3 HU with the largest errors
occurring at bone-air interfaces. Treatment plans showed excellent agreement
between the synthetic CT and CT simulation, with 99.4% passing with gamma
criteria of 2% and 2 mm. Figure 8 shows examples of the intermediate images as
well as the resulting segmentation image from their example.

At a recent conference entitled “4th MR in RT Symposium”, held on June 18-19,
2016 at the University of Michigan, there were a number of presentations on the
state of the art in MR imaging techniques to replace CT’s role in generating electron
density maps and in generating DRRs. Liu et al. (2016) used a single MR scan to
provide tissue classification for the female pelvis and classify tissues for electron
density measurements without an atlas or ultra-short TE imaging. They employed a
T1_VIBE_Dixon sequence which yielded 3 images of differing contrast, so called
in-phase T1-weighted, fat, and water weighted. In the pelvis, the main challenge
was distinguishing between bone and air. A bone shape model was used to generate
a crude bone mask. Air voxels outside the mask were identified as air, then a 5-class
fuzzy c-means classification (bone, muscle, fat, marrow, and intra-pelvic soft tissue)
was performed on the MR data with a regularization term that assigned voxels
outside the bone mask to have zero membership in the bone class. Nominal
attenuations were employed along with the classification probabilities to generate
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Fig. 8 From Zheng et al. (2015). Images showing process of generating pseudo CT from MR
images. a UTE image at echo time TE = 0.144 ms. b Inverted UTE magnitude image. ¢ Bone
enhanced image. d Original UTE phase. e Unwrapped UTE phase. f Final bone enhanced image
with air masks. g Susceptibility induced phase map at TE1. h Chemical shift—related phase at
TEL. i Phase zero map obtained by subtracting images (g) and (f) from (e). j Signal intensity
profile along line in (a). k Signal intensity profile along line in (i). 1 Histogram of phase zero and
the fitting of the histogram with a 6-kernel Gaussian Mixture Model (upper right corner) using the
expectation maximization algorithm. Arrows show separation of air kernels from bone and other
tissue kernels
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the simulated CT scans. Treatment plans were conducted on the simulated CT scans
and the dose distributions compared to the actual CT scans. The mean absolute
errors in HU assignments were relatively small (less than 20 HU for muscle, fat,
and intra-pelvic soft tissues), 137 for bony tissues less than 850 HU and 189 for
higher HU. The DVHs were clinically identical for the CT and synthetic CT plans.

Price et al. (2016), employed UTE images for assessing the generation of DRRs
for brain cancer positioning. They compared both MV and kV planar imaging and
CBCT imaging to their synthetic CT scans. The synthetic and actual DRRs agreed
to within 1 mm.

3 MR +RT

The AAPM published the Task Group 104 report entitled “The role of in-room kV
X-ray imaging for patient setup and target localization”. The report was intended to
provide information for the existing systems and advice for commissioning and
routine quality assurance. The report addressed two gantry-mounted X-ray based
imaging systems, the Elekta Synergy and the Varian On-Board Imager. Both sys-
tems were capable of producing radiographs and cone-beam CT image datasets.
Aside from earlier work with ultrasound imaging, these devices were the first
mass-produced imaging systems that yielded three-dimensional in-room images
used for patient positioning. Prior to that time, clinicians had only two-dimensional
projection images to work with.

The first description of the on-board CBCT concept was provided by Jaffray
et al. (1999). They described a system of a kV X-ray source and a detector attached
to the linear accelerator gantry. The source and detector would acquire planar
images while the gantry rotated and the images used to reconstruct a 3D CBCT
image. The earliest work was done using a phosphorescent plate viewed through a
mirror by a camera. The system provided relatively poor CT images of phantoms,
due in part to sensitivity variations in the camera and mechanical distortion of the
system during rotation. The feasibility of CBCT increased markedly with the advent
of large solid-state detectors. By 2008, the quality of CBCT images was improving
to the point that they were being considered for clinical applications (Yin et al.
2008). Interestingly, the AAPM TG 104 report showed only a screen-grab of a
CBCT from one vendor in an image describing workflow. That image, although
relatively small, showed clear artifacts making it inferior to conventional CT.

The quality of CBCT rapidly improved and its clinical acceptance increased in
parallel. Linear accelerators with CBCT technology are now the standard of care,
and CBCT can be used to position all patients that cannot employ radiographic
positioning for bony or marker-based alignment. Still, while CBCT has improved, it
still suffers from the same limitations as helical CT, namely that the images are
created by the linear attenuation coefficient differences between tissues.
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MRI has no such limitation. Tissue conspicuity varies widely for different MR
sequences. Modern MR scanners acquire stellar images in very short times, with
high spatial resolution, low noise, and with few artifacts. This has been due to
improvements in field homogeneity, gradient slewing rates, radiofrequency system
design, coil design, pulse sequence design, and image reconstruction techniques.
Therefore, one has to wonder; given the vastly superior imaging offered by MRI,
why have MRI scanners not been coupled to linear accelerators in radiation therapy
suites?

MR images measure the magnetization of tissue protons as they precess within
the patient. The signals are so small, that MR scanners have to be completely
surrounded by conducting metal (typically copper). Small cracks or holes in the
copper allow RF signals to enter and reduce the quality of the signals used to create
the images. Linear accelerators employ high power radiofrequency fields to
accelerate electrons, which are then either delivered directly to the patient, or
converted to high-energy bremsstrahlung X-rays by having the electrons strike a
stopping target. The isolation of the MR scanner from the RF linear accelerator
noise is a major hurdle in the design of combined MR and linear accelerators.

The linear accelerators themselves utilize specific magnetic fields for their
operation, or need low magnetic fields to operate. The magnetic field of an MR
scanner can be relatively huge and impede linear accelerator operations.

The radiofrequency energy needed to accelerate the electrons is created in a
magnetron. A magnetron utilizes emitted electrons moving in a magnetic field to
create radiofrequency energy. If the magnetron is placed in a magnetic field, it will
fail to properly function. Similarly, the port circulator, a device that deviates
radiofrequency waves such that waves reflected in the linear accelerator are steered
to a water dump, will not work correctly when placed in an external field. The linear
accelerator itself accelerates electrons, which would not travel a straight path if the
linear accelerator were in an external magnetic field. Finally, the RF energy would
precess when traveling in an external magnetic field. The RF is transported in
waveguides that require the RF field polarization to be constant throughout trans-
port, so the RF transmission efficiency would degrade if the RF polarization were
allowed to precess.

As was previously mentioned, the challenges of overcoming the incompatibility
between a linear accelerator and MR unit have discouraged the development of
these systems.

3.1 ViewRay MRIdian

In 2003, Dr. James Dempsey, Ph.D., then an assistant professor at the University of
Florida realized that the state of the art radiation therapy treatment modality, namely
intensity modulated radiation therapy (IMRT), could be produced using a Cobalt
source. Cobalt had been employed in the United States as a teletherapy source until
the 1980s, when linear accelerators developed more features. During that time, it
was assumed that the proper beam energy needed to treat a patient increased as the



MRI Guided Radiotherapy 57

tumor depth increased, owning to the increased penetration of the higher energy
X-rays. When IMRT was developed, clinics realized that IMRT dose optimization
reduced the penetration advantage of higher energy beams, and the lower average
secondary electron energy led to sharper penumbra, which allowed the IMRT dose
optimization systems to create more conformal treatment plans. Still, it was gen-
erally thought that Cobalt energies (approximately equivalent to 3 MV) were
insufficient to create clinically useful treatment plans. Given that Cobalt was a
radioactive material, it needed sufficient activity to produce a useful teletherapy
beam, so the source was typically a 2.0 cm diameter cylinder. This translated to a
geometric penumbra of a few millimeters, while the geometric penumbra of higher
energy X-rays was so small (typically 1 mm), it could almost be ignored.

Dr. Dempsey showed that IMRT treatment plans could be created using Cobalt
sources, and that the treatment plans were not substantially less conformal than
those created for typical linear accelerators. Still, there was no compelling reason to
change, the dose rate for a single Cobalt source was inadequate for practical IMRT,
and linear accelerators were more flexible.

Dr. Dempsey capitalized on the fact that IMRT could be delivered using Cobalt
and that this eliminated the challenges of combining a linear accelerator with an
MR scanner. He founded the company ViewRay in 2004 and sold his first system to
Washington University in 2010. The system utilized three Cobalt sources to provide
a total of 550 cGy per minute at isocenter with new sources. While this was not
stellar performance, it was clinically acceptable, since a large fraction of any
treatment timeslot did not utilize beam. Figure 9 shows a schematic and photograph
of the system.

The ViewRay system utilized a split-bore, superconducting magnet with a
magnetic field strength of 0.345T. The MR acquisition and reconstruction system
was built by Siemens. The decision to use such a low field was predicated on two
factors; first low field MR scanners typically exhibit less geometric distortion than
higher field magnets, and second that the magnetic field perturbs the secondary
electrons created during X-ray dose deposition.

Distortion is possible with any MR system, and for radiation therapy must be
contained and controlled to within clinical tolerances. While such tolerances have
not been established for MR + RT systems, typical spatial accuracy specifications
would be 1 mm and 2 mm for stereotactic and no-stereotactic treatments, respec-
tively. Sources of distortion include main magnetic field inhomogeneity, gradient
inhomogeneity, susceptibility variations in tissues, and chemical shift. The mag-
netic field homogeneity can be controlled through design specific factors, and yields
millimeter spatial accuracy for a 20—40 cm diameter sphere for typical magnets.
Susceptibility and chemical shift artifacts are functions of the magnetic field
strength; the greater the magnetic field strength, the greater the artifacts, leading to
organ boundaries appearing offset from where they actually are. ViewRay had
determined that with 0.345T fields such artifacts would be clincally negligible.

The perturbation of secondary electrons is also a function of magnetic field
strength. The Lorentz force causes the secondary electrons tracks to be perturbed. In
homogeneous tissues, this causes the lateral beam penumbrae to be asymmetrical,
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Fig. 9 a Photograph of the ViewRay MRIdian system installed at UCLA. b Schematic of the
system in the transverse orientation, showing the three shields and two of the radiation beams.
¢ Break apart view of ViewRay dewars and gantry ring
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(b)

Fig. 10 a ViewRay setup image. b Gating image of abdominal tumor. This image is a single
frame from a 4 frame per second

skewing to one direction as the average electron track is distorted by the magnetic
field. This effect can be modeled in the treatment planning system and does not
appear to cause significant dose degradation, due in part to its limited impact away
from the beam penumbrae, and its consistent behavior. There are greater issues in
heterogeneous tissues, specifically at interfaces between normal and low density
tissues, such as lungs, or in air cavities and beam exits. In these cases, the radius of
curvature of the secondary electron track can be sufficiently large in the low density
media to allow the electrons to return to the exit of the high density media and
re-irradiate the exit surface. This can cause large dose hot spots at the exit, and
correspondingly large cold spots if the beam renters soft tissue. While these hot
and cold spots can be predicted, they are sufficiently large that they may be clin-
ically relevant.

The ViewRay imaging system provides real-time cine planar imaging, with one
sagittal plane at 4 frames per second or 3 orthogonal frames at one frame per
second. They provide high spatial resolution 3D imaging for patient setup purposes
utilizing a TRUFE imaging sequence. This sequence yields hybrid T1 and T2
contrast. They have a 50 cm diameter spherical field of view with an imaging
accuracy specification that meets all IEC, AAPM, ACR, and NEMA specifications,
and can move the patient couch vertically 20 cm and laterally up to 14 cm to
reposition the patient prior to treatment.

The system allows the user to identify and track the target or a surrogate during
treatment. The system gates the cobalt beam by examining the tracked structure and
determining if the structure is within the gating window. The user is allowed to
specify the fraction of the structure within the window to gate the beam on.
Figure 10 shows examples of the setup imaging and gating imaging.
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Linear Accelerator + MR Units

The ViewRay MRIdian system was the first clinically used combined MR and
radiation therapy system, in part due to ViewRay’s decision to use Cobalt as the
radiation beam source. Other groups, including ViewRay, have developed proto-
types that integrate linear accelerators and MR images. All of these have had to
manage the natural incompatibility of linear accelerators and magnetic resonance
imagers.

MR imagers require extremely low background RF noise. This means that the
RF noise from the linear accelerator hardware needs to be contained within the
individual components. Just as the RF noise outside the MRI room is blocked by a
Faraday Cage, typically a copper enclosure, the RF noise in the linear accelerator
can be isolated by enclosing the RF components that have RF leakage using
Copper. While that will theoretically enclose the RF, the Copper does not readily
absorb RF, but instead reflects RF. This means that the intensity of internal RF will
climb until it reaches equilibrium until the absorption and leakage equals the added
RF. The RF intensity may be so large that even slight leakage will be sufficient to
disturb the MR scanning signal. ViewRay managed this challenge by enclosing the
RF enclosures with carbon fiber, a material used to isolate stealth aircraft from
radar. Figure 11 shows a photograph of one of the Copper enclosures and the
internal carbon fiber.

The other challenge of integrating a linear accelerator with an MRI is the iso-
lation of the magnetic field sensitive components of the linear accelerator from the
magnetic field. This is typically managed by moving the sensitive components
away from the magnet (reducing the field in which the components lie) and
shielding those components. The Elekta system utilized a 145 cm source to
isocenter distance in part to reduce the magnetic field at the linear accelerator. They
utilized local shielding to isolate the linear accelerator from the magnetic field.

ViewRay needed to use a reduced source-to-isocenter distance to manage
clearance with the MR components. They wanted to maintain the same MR

Fig. 11 Carbon Fiber
encased copper enclosure
used to isolate RF leaking
linear accelerator components
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Fig. 12 a Photograph of the passive magnetic field shields, showing two of the concentric steel
shells used to reduce the magnetic fields in which the sensitive components experience to below 40
Gauss. b Map of the magnetic field in a plane passing through the center of the shells, showing the
reduced magnetic field

footprint when transitioning between Cobalt and Linear accelerator and allow users
to upgrade between the two systems. They needed to reduce the magnetic fields
from 3450 Gauss to 40 Gauss only a few centimeters from the homogeneous
field region. They elected to use passive steel shielding, but steel shields magnetic
fields by creating surface magnetization. Once the material thickness gets to
approximately 1 cm, the additional shielding offered by thickening the material
decrease greatly. Therefore, they elected to design the shielding as concentric
cylindrical shells, providing a reduced magnetic field region inside the shells.
Figure 12 shows the steel shells and the corresponding magnetic fields.

The linear accelerator itself needed to be within a field of less than 1 Gauss, so
additional mu-metal shielding was employed.

3.2 Commercial Units

3.2.1 ViewRay

ViewRay utilizes the same MR unit as their Cobalt-based MRIdian system. They
use a split-field 0.345T superconducting magnet and a Siemens radiofrequency and
image processing system. They will employ a 6 MV linear accelerator matched to a
doubly divergent double stacked MLC. Each leaf will subtend 8.0 mm at isocenter,
so the step size between neighboring leaves will be 4.0 mm (Fig. 13). The beam is



Fig. 13 a Schematic of new design of ViewRay linear accelerator components. There are 6 bays
where magnetic field sensitive electronics can be placed. Those locations that have such electronics
have the cylindrical magnetic shielding. b Doubly focused double stacked MLC design

perpendicular to the magnetic field orientation. The design employs a Helmholtz
coil design that allows the radiation beam to pass through a minimum of material,
namely the whole body coil and gradient coils.

3.2.2 Phillips/Elekta

Elekta is a radiation therapy company with a long track record of manufacturing
radiation therapy linear accelerators. Phillips is an imaging company that produces
MRI units. They partnered into developing a MR + RT system that has been
installed in a number of centers worldwide. The original paper describing their
system was published in 2008 by Lagendijk et al. (2008). They showed a very basic
outline of the system (Fig. 14).

They utilize a more traditional MR imaging system coupled with a 6 MV linear
accelerator. The beam passes through the MR dewars but not the main magnetic
coil, which is split similarly to the ViewRay system, or the gradient coils, which are
also split. The beam passes through an equivalent of 11 cm of Aluminum, hard-
ening the beam somewhat to an equivalent of approximately 7 MV. They utilize a
1.5T cylindrical superconducting magnet. The magnetic field at the linear accel-
erator was reduced by modifying the active magnetic shielding of the MRI. They
employed the aluminum cryostat wall as part of the Faraday cage that isolates the
RF sensitive electronics from the linear accelerator. This places the linear accel-
erator and its components outside the Faraday Cage and means that both ends of the
bore of the magnet will be placed in a wall that contains part of the Faraday Cage.

3.2.3 MagneTx

The Cross-Cancer Institute designed an experimental system consisting of a 0.2T
MRI an integrated 6 MV linear accelerator. Fallone et al. (2009) showed that this
system could simultaneously image and produce beam. This unit employed passive
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Fig. 14 a Early schematic (Lagendijk et al. 2008) and b later prototype (Lagendijk et al. 2014) of
the Elekta Philips system. ¢ Schematic of the clinical system (from website)

shielding of the linear accelerator. Cross-Cancer Institute is developing a prototype
human system that utilizes a 0.5 MRI and a 6 MV linear accelerator. Figure 15
shows their prototype unit. Unlike the other systems, the MR is a parallel plane
system and the X-ray beam is parallel to the main magnetic field. The system
utilizes high temperature superconductors, avoiding the need for liquid helium, and
the magnet can be rapidly cycled on and off. The linear accelerator and MR gantry
rotate to provide different beam entry angles. The coaxial geometry provides the
benefit that the Lorenz force does not distort the radiation dose as it does with
perpendicularly aligned systems.
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Fig. 15 Cross Cancer Center MR Linac. a 3D rendering of proposed system. b Prototype unit.
Images from http://www.mp.med.ualberta.ca/linac-mr/photo_gallery.html#phase-2
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Fig. 16 Monte Carlo calculations of secondary electron tracks as a function of magnetic field
strength. a 0T, b 0.35T, ¢ 1.5T

4 Clinical Challenges of MR + RT: Lorenz Force
and Radiation Dosimetry

In the absence of magnetic fields, secondary electrons travel in a symmetric pattern
about the photon beam direction. They scatter and disperse as they leave the
interaction point, causing blurring of the dose distributions. The magnitude of this
blurring is proportional to the photon beam energy, so 18 MV photon beams have
more blurring than 6 MV photon beams because of the greater range of their
secondary electrons. For systems that have perpendicular orientations between the
main magnetic field and the oncoming X-rays, the Lorenz force will attempt to steer
the electrons in a circle. However, their continued interactions will perturb an
otherwise circular orbit (Fig. 16). This causes open field radiation doses to have
perturbed penumbrae. While the penumbrae may appear to be skewed, they can be
accurately calculated, for example, by including the Lorenz force in a Monte Carlo
dose calculation.
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Fig. 17 Lung dose distributions without and with a uniform 1.5T magnetic field. a—¢ No
magnetic field. d—f With 1.5T magnetic field. g-i Dose difference, 1.5T field—0T field dose
distributions. From Yang et al. (2015)

The impact of this perturbation on the dose distribution within air cavities is
profound. Yang et al. (2015), examined dose distribution perturbations in the
pelvis, head and neck, and lung for magnetic field strengths of 0.35T, 0.7T, 1.0T,
1.5T, and 3.0T. They showed that the dose to the pelvis and head-and-neck
exhibited dose distributions that were almost identical with and without the mag-
netic field. This was not true for the lung cancer case. Figure 17 compares the dose
distributions with and without a 1.5T magnetic field. The dose distributions are
clearly different, caused primarily by the change in secondary electron transport in
the heterogeneity boundaries near the tumor. While fluence modulation may miti-
gate some of the dose heterogeneity, the mitigation fluences will be coupled to the
room coordinates, while the tumor may move due to breathing or patient setup
errors. Therefore, the mitigation fluence modulation may be misplaced relative to
the magnetic-field generated dose heterogeneity.
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Similar results were found by Prior et al. (2016). They examined the dose
distributions for pancreas and prostate patient treatment plans with no magnetic
field and in the presence of a 1.5T magnetic field (axis perpendicular to the X-ray
beams) and found that the target dose was within 3%, while the normal structure
doses were within 5%.
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Abstract

Focused ultrasound (FUS) is a noninvasive thermal therapy that utilizes energy
generated from ultrasound waves to ablate a small target area. The ability of FUS
to heat tumors to ablative temperatures in a very precise manner, thereby sparing
surrounding tissues, has been equated to surgery with the advantages of reduced
tissue trauma and recovery time. FUS may also be used to induce moderate
temperature hyperthermia to enhance effects of radiation, chemotherapy, and
potentially immunotherapy. The combination of magnetic resonance guidance
with FUS (MRgFUS) provides the ability to plan, monitor, and steer treatments
in near real-time, further contributing to the safety and effectiveness profile of
FUS. Regulatory clearance for noninvasive palliative treatment of bone
metastases has been realized. Additional palliative and curative treatments for
a wide range of oncologic conditions including prostate, breast, gynecologic,
gastrointestinal and brain cancers, and soft tissue tumors are in active
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development. This chapter provides an overview of MRgFUS including
biological effects and physical parameters description. A comprehensive review
of all currently approved and evolving oncological applications of MRgFUS
then follows. Finally, an overview is provided of wide ranging leading edge
research helping to define future applications for the field including the role of
MRgFUS in multimodality cancer therapy.

Keywords

Focused ultrasound - MR guidance - Thermal ablation - Bone metastases -
Prostate cancer - Breast cancer - Soft tissue sarcoma - Brain cancer - Liver
cancer - Pancreatic cancer - Colorectal cancer

Abbreviations

AE Adverse events

AVM Arteriovenous malformation

BBB Blood brain barrier

BPI Brief pain inventory

BPI-QoL Brief pain inventory-Quality of life

CE European conformity

CR Complete response

CT Computed tomography

DCE-MRI Dynamic contrast-enhanced magnetic resonance imaging
DNA Deoxyribonucleic acid

ECD Endorectal cooling device

FDA Food and drug administration

FUS Focused ultrasound

HCC Hepatocellular carcinoma

HIFU High-intensity focused ultrasound

IBMCWP International bone metastasis consensus working party
EF International index of erectile function

IPSS International prostate symptom score

MDA MD Anderson criteria

MR Magnetic resonance

MRgFUS Magnetic resonance guided focused ultrasound
MR-HIFU Magnetic resonance high-intensity focused ultrasound
MRT MR thermometry

NPV Non-perfused volume

NR No response

NRS Numerical rating scale
OMED Changes in analgesic intake
OR Overall response

PD Progressive disease

PP Pain progression



Oncologic Applications of Magnetic Resonance Guided ... 71

PR Partial response

PSA Prostate specific antigen

QLQ-BM22 European Organization for Research and Treatment of Cancer—
Quality of life questionnaire for patients with bone metastases

QoL Quality of life

RF Radio frequency

RR Recurrence

UA Ultrasound applicator

USgFUS Ultrasound guided focused ultrasound
VAS Visual analog scale

1 Introduction

Thermal medicine is an emerging field that is based upon therapeutic manipulation
of temperature. Thermal therapy may be performed with very cold temperatures—
cryotherapy (<—40 °C), or with one of three distinct protocols of elevated tem-
perature: fever-range hyperthermia around 39-41 °C lasting several hours; mod-
erate hyperthermia around 41-45 °C for 30-60 min; and high-temperature thermal
ablation, usually 50-85 °C with heat typically applied to each area of the target for
several seconds (Stauffer 2005). The biologic effects expected from these different
temperature ranges vary widely. At fever-range temperatures, blood perfusion,
permeability of tumor microvasculature, and cellular metabolic rate are increased,
potentially enhancing drug uptake and local activity as well as stimulation of
immune response (Xu et al. 2007; Dewhirst et al. 2012). At moderately higher
temperatures of 41-45 °C, the primary goal is to enhance other forms of therapy
such as radiation or chemotherapy through a number of overlapping effects on cells,
vasculature and tumor physiology. Since higher perfusion improves tissue oxy-
genation and pH, this increases sensitivity to radiation (Vujaskovic et al. 2000),
while the elevated temperature inhibits repair of sub-lethal radiation damage. The
radiobiology of heat combinations with radiation are described in detail in
numerous publications (Dewhirst et al. 2012, 2005; Sneed et al. 2010; Hall and
Giaccia 2006). Combined with chemotherapy, moderate hyperthermia increases
cellular metabolism and nutrient consumption, thus enhancing cellular uptake of
locally concentrated drug (Dahl 1995; Hahn 1979). In addition to enhancing the
local toxicity of systemically administered chemotherapeutics, local hyperthermia
has been shown to increase the extravasation of drug out of leaky tumor
microvasculature and thereby increase local concentration of bioavailable drug
around tumor cells (Dewhirst et al. 2012). This effect may be magnified using
nanoparticle drug carriers such as temperature sensitive liposomes that release drug
rapidly within the transit time through a heated tumor, potentially increasing total
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drug delivery by 20-30 fold (Kong et al. 2000). For temperatures above 48 °C, the
effects on tissue are more direct, with protein denaturation, coagulation and tissue
necrosis following immediately after the heat insult. Besides thermal ablation,
mechanical effects such as cavitation and radiation forces may also induce damage
(Hectors et al. 2016).

Thermal Oncology concerns the treatment of cancer with heat or cold. Optimum
selection of one of the thermal treatment protocols defined above depends on
location and extent of the tumor target. For large or irregularly shaped tumors
extending out into surrounding host tissues, it may be most appropriate to apply
moderate hyperthermia to a large region that encompasses all imageable tumor
including a margin, and rely on synergism of heat with radiation and/or
chemotherapy to accomplish differential tumor kill over a course of fractionated
treatments. For a well-circumscribed lesion in a region of non-critical tissue with
some biological reserve (i.e. liver, muscle, fat), an aggressive heating approach may
be more appropriate that can ablate the entire tumor target with only a thin rim of
surrounding margin. In such cases, focal ablation can accomplish effective thermal
surgery in a single treatment session. For this strategy, a high degree of control of
power deposition is required to produce ablative temperatures within the target
while avoiding overheating of surrounding critical normal tissues.

Numerous reviews clearly describe the capabilities and limitations of available
electromagnetic and ultrasonic heating technologies (Stauffer 2005; Diederich and
Hynynen 1999; Hynynen 1990; Hynynen and McDannold 2004; Lee 1995; Van
Rhoon 2013). Generally, the long wavelength associated with radiofrequency and
microwave heating devices prohibits a tight focus in tissue in lieu of a regional
concentration of heat. On the contrary, typical clinical ultrasound systems have
large multi-transducer arrays on the surface and are able to produce a 1-2 mm
diameter by 3—7 mm long focal region at depth in the body. Each focused ultra-
sound exposure is known as sonication. The high intensity focus quickly ablates
tissue (<10-20 s) so that the focal point can be shifted and the process iterated to
produce overlapping ablation zones that eventually combine into one large ablated
tissue volume (Fig. 1). Because heating only occurs where the ultrasound waves
converge, the surrounding tissue remains unaffected. This procedure is known as
high-intensity focused ultrasound (HIFU) ablation or simply focused ultrasound
(FUS) ablation.

The ability to target tissues deep within the human body depends on the fre-
quency and intensity of the ultrasound wave and the tissue properties through which
the wave must travel. Lower frequency acoustic waves are better suited to penetrate
deep into tissue, but may require more energy to cause thermal tissue ablation;
while higher frequency waves cause heating more easily, but tend to get absorbed
more readily and therefore cannot penetrate into deep tissues. Such parameters can
be manipulated during FUS treatment to maximize energy delivery to the targeted
tissue. Another consideration for planning FUS treatment is the scattering of
ultrasound waves when travelling through different mediums. Most human tissues,
with the exception of bone and fat, have the same acoustic properties as water: for
this reason liquid gel is used to couple extracorporeal ultrasound transducers to



Oncologic Applications of Magnetic Resonance Guided ... 73

Transducer

Fig. 1 Schematic of a FUS procedure, a method of focusing sound waves to create heat at a focal
spot at depth in the body. The tissue temperature at the focal spot is elevated to nearly 85 °C in a
matter of seconds, resulting in tissue destruction, while the tissue outside the heat focus remains
unharmed

human skin. Similarly, bone absorbs a high amount of ultrasound energy, which
can lead to unwanted heating along the bone surface while missing the target tissue
(Avedian et al. 2011). These factors must be accounted for when planning and
implementing FUS treatment.

Because thermal ablation of human soft tissue produces an immediate radical
change in tissue properties from the host tissue, the ablation volume can be visu-
alized during treatment via non-invasive imaging. Dependent on location in the
body, the most commonly used approaches are ultrasound and magnetic resonance
imaging (Copelan et al. 2015). Real time monitoring of lesion formation provides
immediate feedback to control movement of the ultrasound focus for successive
ablation events and also offers non-invasive verification of the cumulative extent of
necrosis. Initially, ultrasound was the primary method for image guided ablation.
Due to advances in quality and availability of high resolution MR systems, recent
clinical work is shifting quickly to 1.5 and 3 T magnets for higher resolution
definition of anatomy, metabolic status, and tissue temperature for real-time guid-
ance of ablation procedures (Copelan et al. 2015; Woodrum et al. 2015; Kim 2015).
Images of treatment planning and real-time temperature guidance are provided in
Fig. 2.

Given the wide-ranging applicability of FUS, numerous extracorporeal and
intracorporeal devices (e.g. transrectal, transurethral, intravascular, interstitial, etc.)
have been designed to optimize application-specific treatment delivery. Today,
custom tailored tools for specific organs or clinical situations are available for brain,
breast, prostate, abdominal organs, and bone. These approaches take advantage of
unique devices in order to achieve the best comfort and positioning of the patient as
well as to obtain an effective FUS. At present, three MR-guided systems are
available:
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Fig. 2 Examples of treatment planning/guidance systems for MRgFUS. a Treatment planning/
guidance for the Exablate Neuro system. Planning screens allow the operator to set treatment
parameters, monitor beam path of the transducer array, thermal lesion location, time/temperature
graphs, and ultrasound frequency spectrum (Image courtesy of the INSIGHTEC Ltd.) b Treatment
guidance for the Sonalleve MR-HIFU system demonstrating the “Therapy Wizard” on the left and
monitoring slices in the imaging panel. This system allows the operator to monitor real-time
temperature rise at the target, as well as in near-field and far-field regions (Image courtesy of
Philips)
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Table 1 Summary of ongoing clinical trials on MR-guided FUS for oncological applications

Trial

NCT00981578

NCTO01091883

NCTO01586273

NCTO01693770

NCTO01833806

NCT01834937

NCTO01964677

NCT02616016

NCT02718404

NCT01620359

NCT02407613
NCTO01226576

NCTO01657942

NCT01686958

NCT00147056

NCTO01473485

NCT01698437

NCT02343991

NCT02181075
NCTO01786850

Site

Bone
metastases

Bone
metastases
Bone
metastases

Bone
metastases

Bone
metastases
Bone
metastases
Bone
metastases

Bone
metastases

Bone
metastases

Breast

Breast

Prostate

Prostate

Prostate

Brain

Brain

Brain

Brain

Liver

Pancreas

Patients

50

60

64

18

70

50

12

10

41

200

10
80

40

30

10

10

10

10

28

Device

ExAblate

ExAblate

Sonalleve

ExAblate

ExAblate

ExAblate

Sonalleve

Sonalleve

Sonalleve

ExAblate

Sonalleve
ExAblate

ExAblate

TULSA-PRO

ExAblate
neuro

ExAblate
neuro
ExAblate
neuro
ExAblate
neuro
Sonalleve
ExAblate

Phase

Phase I

Phase III

Phase 11

Phase /I

Phase IV

Phase IV

Phase 11

Phase 11

Phase 11

Phase 11

Phase /I
Phase 11

Phase 1

Phase I

Phase I

Phase I

Phase 1

Phase 1

Phase I
Phase 11

Countries
(centers)

United States (5)

Israel (1)

Korea (1), The

Netherlands (1),

UK (1)
Italy (1)

United States (7)
United States (4)

United Kingdom

1
Canada (1)

Italy (1)

Germany (1)

Netherlands (1)
Canada (1),
Israel (1), Italy
(1), Singapore
(1), UK (1)

United States (6)

United States
(1), Canada (1),
Germany (1)

United States (2)

Canada (1)
Switzerland (1)
Canada (1)

UK (1)
Ttaly (1)

Primary
outcome
Safety

Safety

Pain
palliation

Safety
and pain
palliation
Pain
palliation
Safety

Pain
palliation
Pain
palliation
Pain
palliation

Safety
and
efficacy
Efficacy

Safety
and
efficacy

Safety
and
efficacy

Safety
Safety
Safety
Safety
Safety
Feasibility

Efficacy
(continued)
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Table 1 (continued)

Trial Site Patients = Device Phase Countries Primary
(centers) outcome

NCT01965002 ' Soft 30 ExAblate Phase I/II  United States (1) = Safety
Tissue

NCT02076906  Solid 14 Sonalleve Phase I  United States (1)  Safety
tumors

NCT02536183  Solid 34 Sonalleve Phase I  United States (1) Safety
tumors

NCT02557854  Solid 14 Sonalleve Phase I  United States (1)  Safety
tumors

NCTO02714621 Gynae 35 Sonalleve Phase II | UK (1) Pain
metastases palliation

NCT02528175 Rectum 20 Sonalleve Phase I | Canada (1) Safety

e The Exablate MRgFUS system (INSIGHTEC Ltd., Haifa, Israel), which
received the CE Mark and US Food and Drug Administration (FDA) approval
for treatment of fibroids in 2002 and 2004, and palliative treatment of bone
metastases in 2007 and 2012, respectively. Clinical studies are currently
ongoing in prostate (phase I/Il), breast (phase II), brain (phase I), soft tissue
(phase I/IT) and pancreas (phase II).

e The Sonalleve MR-HIFU system (Koninklijke Philips Electronics N.V., Eind-
hoven, The Netherlands), received CE Mark for the palliative treatment of bone
metastases in 2011. FDA studies for palliative treatment of bone metastases
from breast cancer are in phase II/III clinical trials. Clinical studies are currently
ongoing in breast (phase I/II), liver (phase I), soft tissue (phase I), rectum (phase
II) and gynae metastases (phase I).

e The TULSA-PRO system (Profound Medical Inc., Toronto ON, Canada)
received the CE Mark for treatment of prostate cancer in 2016.

The following sections review the results of ongoing clinical trials (Table 1) in the
primary clinical sites of application while describing existing equipment systems for
MR-guided FUS (MRgFUS), also known as MR-HIFU. The majority of MRgFUS
procedures aim for ablation or thermal surgery, however ultrasound transducers can
operate at a lower intensity to produce therapeutic hyperthermia (40-45 °C) in the
target, which is an adjuvant technique to enhance the therapeutic response of radia-
tion and/or chemotherapy (De Haas-Kock et al. 2009). The chapter ends with an
overview of ongoing research that will help define future applications for the field.
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2 Clinical Applications of MRgFUS
2.1 Bone Metastases

Bone metastases are the most common source of pain in cancer patients (Berenson
et al. 2006). Autopsy studies have shown that up to 85% of patients with breast,
prostate and lung cancer have bone metastases at the time of death, where breast
and prostate cancer patients often have survival measured in years. Based on strong
clinical evidence from phase I, II and III clinical trials, MRgFUS has received both
CE and FDA approvals for management of bone metastases-related pain. The
therapeutic goals of such clinical studies included pain palliation, tumor reduction,
prevention of impending pathologic fractures, and/or tumor decompression
(Rodrigues et al. 2015). The denervation of the periosteum, which contains
pain-reporting nerve fibers, is considered a major factor in pain palliation percep-
tion (Catane et al. 2007). This explains the rapid relief following FUS treatment
which is characterized by significantly higher power deposition in the periosteum
and bone relative to surrounding soft tissues. Tumor debulking caused by thermal
ablation also plays a role since it diminishes the pressure on the adjacent tissue
(Napoli et al. 2013; Hurwitz et al. 2014).

Several hundred patients have been treated who have exhausted, declined, or are
unsuitable for other pain palliation methods. The success of the treatment can be
evaluated based on changes in pain and quality of life scores, as well as decrease in
pain medication usage. These include the Brief Pain Inventory (BPI), a validated
11-point scale for the evaluation of pain (0 = no pain, 10 = unbearable pain) in
cancer patients (Cleeland and Ryan 1994), which has two different names:
numerical rating scale (NRS) and visual analog scale (VAS). Quality of Life
(QoL) is considered an important secondary endpoint in the majority of clinical
studies that address painful bone metastases, and is equally evaluated in a 11-point
scale (Rosenthal and Callstrom 2012) using tools such as the Brief Pain Inventory
(BPI-QoL) (Cleeland and Ryan 1994) or QLQ-BM22, a questionnaire developed by
the European Organization for Research and Treatment of Cancer (Chow et al.
2009). The majority of studies associated response with a > 2-point decrease in
pain at the treated site without increase in analgesic intake. Finally, the MD
Anderson (MDA) criteria has been used to evaluate treatment efficacy via local
tumor control (Costelloe et al. 2010). Quantitatively, these criteria define partial
response (PR) as a decrease of >50% in the sum of the perpendicular measure-
ments of a lesion, and progressive disease (PD) as an increase of >25% in this
sum. A secondary measure is change in tumor size.

Liberman et al. in (2009) published the first multicenter clinical study on the use
of MRgFUS for pain palliation of bone metastases. This report incorporated pre-
viously reported results (Catane et al. 2007) and (Gianfelice et al. 2008), and
comprised of 31 patients with 32 bone lesions. Three-month follow-up was
available for 25 out of 31 patients. A significant reduction in pain (>2 points) was
reported by 72% of patients, with 36% reporting a VAS score of 0. The average
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VAS score decreased from 5.9 prior to treatment to 1.8 at the three-month
follow-up, with 52% of patients reporting substantial pain relief within three days.
24% of patients had no response and one patient experienced worsened pain levels.
A reduction in opioid usage was reported in 67% of patients with recorded medi-
cation data. No major complications were noted.

In 2013, Napoli et al. reported a prospective, single-arm research study with 18
patients treated with MRgFUS for painful bone metastases (Napoli et al. 2013). The
pain severity score changed significantly from a baseline average of 7.1-1.1 at
three-month follow-up. A score of O for pain severity, without medication intake,
was reported by 72% of patients at final follow-up, consistent with a complete
response to treatment. Computed tomography (CT) examinations demonstrated
increased bone density with restoration of cortical borders in five patients (28%).
According to the MDA criteria (Costelloe et al. 2010), a complete response to
treatment was observed in two patients (11%), a partial response in four patients
(22%), stable disease in 10 patients (56%) and progressive disease in two patients
(11%). No treatment-related adverse events were recorded during the study.

The results of a multicenter phase III clinical trial on bone tumors were published
by Hurwitz et al. (2014). 147 patients with metastatic bone pain, refractory to other
pain interventions often including radiation, were randomized to MRgFUS treatment
or placebo treatment. Patients randomized to placebo underwent the same procedure
as those receiving MRgFUS treatment but without energy deposition. The pain
response rates three months after treatment were 64% in the MRgFUS treated arm
versus 20% in the placebo arm. Complete pain relief was observed in 23% of treated
patients, compared to 6% of patients who received placebo treatment. Approxi-
mately two-thirds of responders experienced significant pain relief—as defined by a
decrease in worst NRS score of 2 points or more—within three days of treatment,
establishing the ability of MRgFUS to induce fast pain response. This response was
accompanied by a similarly rapid improvement in patient function scores. The most
common complication was pain during MRgFUS treatment (32%) and major
complications occurred in 3% of treated patients: two patients had pathological
fractures and one patient had third-degree skin burn. However, one fracture was
outside the treated area, and the skin burn was due to a violation of the inclusion
criteria protocol. Furthermore, the majority of adverse events (60%) were transient
and resolved on the treatment day and 51 patients (46%) had no adverse events.

The phase III trial as reported by Hurwitz et al. was subject to a retrospective
analysis of the safety of combination MRgFUS with active systemic chemotherapy
(Meyer et al. 2014). Chemotherapy data were available for 104 patients and patients
were followed for three months. Ninety patients were treated without chemother-
apy, and 14 were treated with chemotherapy. There was no significant difference
between the response rates of the chemotherapy group (71%) and the
non-chemotherapy group (68%) with p = 0.78. The overall adverse event rates
were 57% for chemotherapy patients and 45% for non-chemotherapy patients
(p = 0.38), whereas the sonication pain was 50% and 28% for the same groups
(p = 0.11), respectively. Remaining adverse event rates were not significantly
different (p = 0.17).
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Several single-arm trials have since been published supporting the safety and
efficacy demonstrated in the phase III clinical trial. A prospective multicenter study
with 72 patients was performed to evaluate the efficacy of MRgFUS for pain
palliation of bone metastasis in patients who had exhausted radiotherapy or refused
other therapeutic options (Zaccagna et al. 2014). Thirty four patients (47%) reported
complete response to treatment and discontinued medications. Twenty nine patients
(40%) experienced a pain score reduction >2 points, consistent with partial
response. The remaining 9 patients (13%) had recurrence after treatment. Signifi-
cant differences between baseline (VAS = 6) and follow-up (VAS = 2) average
values and medication intake were observed. Similarly, a significant difference was
found for QLQ-BM22 between baseline and follow-up. No treatment-related
adverse events were recorded. Bazzocchi et al. (2015) evaluated the clinical out-
come of 64 patients (90 lesions) with painful bone metastases that were treated with
MRgFUS. The treated lesions ranged between 1 and 14 cm. On a lesion-based
approach, average VAS score at baseline was 5.3 decreasing to 2.7 at one month,
and to 1.8 after 12 months. Two treatment-related adverse events (3%) were
reported: a single case of small skin burn and one case of prostate inflammation in a
patient treated to the ischiopubic ramus. More recently, Gu et al. treated 23 patients
with painful bone metastases with NRS >4 and that have not received radio-
therapy or chemotherapy for pain palliation at least two weeks prior to MRgFUS
treatment (Gu et al. 2015). Adverse events included pain in therapeutic area (13%),
which relieved spontaneous within one week and numbness in lower limb (4%) that
relieved after physiotherapy. Before treatment the average NRS was 6.0, which
decreased to 3.7 and 2.2 at the one-week and three-month follow up, respectively.
In the same timeframe, the average BPI-QoL score decreased from 39 to 27 and 21;
and the QLQ-BM22 score decreased from 52 to 44 and 39, respectively. The
clinical benefits of pain palliation and patient’s quality of life improved and were
sustained after treatment at least to three months.

Further studies have introduced innovative approaches to treatment delivery. In
2014, Huisman and colleagues reported the first experience with volumetric
MRgFUS for palliative treatment of painful bone metastases in 11 patients, a tech-
nique intended to reduce treatment time (Huisman et al. 2014). Three days after
treatment, the pain score NRS decreased significantly from baseline median of § to 6
correlating with a response in six patients (55%). At one-month follow-up, which was
available for nine patients, there was no pain recurrence, pain scores decreased sig-
nificantly compared to baseline, and six patients (67%) obtained pain response. No
treatment-related major complications were observed. More recently, Joo etal. (2015)
evaluated the safety and effectiveness of a novel MRgFUS Conformal Bone System
for the palliation of painful bone metastases. As opposed to table mounted systems,
this applicator can be positioned on the target area with the patient in any position
thereby optimizing patient comfort. Six painful metastatic bone lesions in five patients
were treated and all patients showed significant pain relief within two weeks. Two
patients experienced complete pain reduction that lasted for one year. The size of the
enhancing soft tissue mass in metastatic lesions decreased, and new bone formation
was seen on follow-up images (Fig. 3). No severe adverse events occurred.
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Fig. 3 Patient imaging before and after MRgFUS treatment for bone metastases. Comparison of
a DCE-MRI before treatment and b at 90 days after treatment—note the decrease in size of the
enhancing mass. Comparison of ¢ CT before treatment and d at 90 days after treatment—note the
new bone formation (arrow). e Further new bone formation (arrow) was seen on CT at one year
post-treatment. Adapted with permission from Joo et al. (2015)

In summary, MRgFUS provides fast and durable relief of painful bone metas-
tases as well as improved function in patients who failed or who are not candidates
for radiation (Table 2). Given the impact of these clinically significant results,
coupled with a favorable side effect profile, MRgFUS can now be considered a
viable treatment option for painful bone metastases. Further studies are underway to
assess the role of MRgFUS as a first-line therapy for patients with bone metastases
(Table 1).

2.2 Breast Cancer

The first feasibility studies for use of MRgFUS in treatment of breast cancer date
back over 15 years. Initial rates of complete or near complete ablation were
20-50%, but with ongoing refinement of the technique, more impressive results are
now being reported. The first case report of MRgFUS for treatment of breast cancer
was reported by Huber and colleagues (2001). The investigators described their
experience with a patient who underwent MRgFUS five days prior to breast con-
servation surgery. Gianfelice and colleagues were the first to report on the accuracy
of MRgFUS for treatment of a series of breast cancer patients, according to a
treat-and-resect protocol. Twelve patients with invasive breast cancer were treated
with two MRgFUS systems prior to surgery (Gianfelice et al. 2003). Histopatho-
logical analysis of resected tumor revealed a mean of 88% of cancer tissue necrosed
in nine patients treated with the second generation system. However, residual tumor
was noted at the periphery of the tumor in all patients, indicating the need for larger
ablation margins in the range of 5 mm around the MR defined tumor. The complete
list of studies can be found in Table 3.

Noting the importance of defining treatment effect with imaging, these investi-
gators subsequently assessed the value of DCE-MRI parameters to monitor residual
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umor following MRgFUS treatment of breast tumors. DCE-MRI data were acquired
before and after the MRgFUS treatment of 17 patients with breast tumors <3.5 cm.
Tumors were surgically resected and the presence of residual tumor was determined
by histopathological analysis. The percentage of residual tumor was correlated with
three DCE-MRI parameters measured at the maximally enhancing site of each
tumor. Notably, complete necrosis or less than 10% residual tumor was observed in
76% lesions at the time of surgery including 23% with complete response.
Allowing for a seven day post-treatment delay, a good correlation was found
between the DCE-MRI parameters and the percentage of residual viable tumor
determined by histopathology. The authors concluded the results suggest that
parameters from DCE-MRI data can provide a reliable non-invasive method for
assessing residual tumor following MRgFUS treatment of breast tumors (Gianfelice
et al. 2003).

In a follow-up report on 24 women with a single biopsy proven breast carcinoma
who were not surgical candidates, MRgFUS was used as an adjunct to tamoxifen.
Biopsy was performed after six month follow-up and retreatment with MRgFUS
was performed if residual tumor was present, in which case a second biopsy was
performed one month later. Treatment was well tolerated with only one
second-degree skin burn associated with treatment. Overall, 79% had negative
biopsy results after one or two treatment sessions. The presence of enhancement or
lack thereof on follow-up MR imaging appeared to correlate well with biopsy
findings (Gianfelice et al. 2003). Zippel et al. reported the results of a phase I trial
with use of the same MRgFUS system with similar results (Zippel and Papa 2005).
They treated 10 patients followed by lumpectomy one week later with complete
necrosis noted in two patients. Khiat et al. (2000) further assessed tumor eradication
and the effect of post-treatment delay for evaluation of MR images on the presence
of residual cancer. Twenty-five patients with 26 tumors underwent histopatholog-
ical analyses following MRgFUS showed no residual cancer in eight lesions (31%)
and <10% residual cancer in 11 lesions (42%). They too recommended an interval
of approximately seven days to determine the effectiveness of MRgFUS. More
recently Napoli have reported a complete response rate of 90% and partial response
rate of 10% in 10 patients treated with a 3 T system (Napoli et al. 2013), with a
successful example shown in Fig. 4.

In follow-up to an initial feasibility report (Furusawa et al. 2006), Furusawa and
colleagues published their experience with 21 cases of biopsy-proven invasive and
noninvasive ductal carcinoma of the breast treated by MRgFUS. Median tumor size
was 15 mm ranging from 5 to 50 mm. Seventeen patients received a single treat-
ment and four patients were treated twice. With median follow-up of 14 months,
one patient experienced local recurrence, with the remaining patients demonstrating
no evidence of radiographic recurrence. Treatment was well tolerated, with skin
burns in two patients (Furusawa et al. 2007). Furusawa subsequently has reported
an update on an expanded cohort of 87 patients treated since 2005. The main
inclusion criteria were biopsy-proven breast cancer up to 15 mm in size and
well-demarcated mass seen in DCE-MRI. Postoperative needle biopsy was per-
formed again within three weeks after ablation. The median age was 56 years and
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Fig. 4 Patient with breast cancer. a Gadolinium-enhanced T1 gradient recalled echo fat-saturated
axial image shows the malignant highly vascular nodule. b After MRgFUS treatment, no residual
enhancement of ablated lesion is detectable. Reprinted with permission from Napoli et al. (2013)

the average tumor size was 11 mm. With a median follow-up period of 68 months,
no severe adverse events were noted. Local recurrence developed seven years after
the initial treatment in only one invasive breast cancer case. There were no distant
recurrences noted (Furusawa et al. 2015).

MRgFUS appears to be a promising method for replacing some surgical breast
procedures with potential cosmetic benefits in very carefully selected patients. Two
phase I/IT clinical trials are current accruing patients for further confirmation of
safety and effectiveness of this noninvasive procedure (Table 1).

2.3 Prostate Cancer

The most extensive clinical use of FUS has been for prostate cancer. Techniques
include transrectal and transurethral approaches, with either whole gland or focal
ablation. Of the tens of thousands of patients treated to date, almost all have been
treated using ultrasound guidance, with regulatory approvals achieved in Europe,
Asia, and recently in the United States. Although only a small fraction of prostate
patients have been treated with MR guidance (Table 4), MR offers significant
advantages over ultrasound guidance. These advantages include much better
defined targeting with DCE-MRI and real-time temperature guidance to ensure
adequate tumor ablation while protecting critical normal tissues such as urethra,
bladder neck, rectum, and neurovascular bundles.

To date, five preliminary feasibility studies of MRgFUS for treatment of prostate
cancer have been published, all involving eight or fewer patients treated with
transurethral (Siddiqui et al. 2010; Chopra et al. 2012) or transrectal approach
(Lindner et al. 2012; Napoli et al. 2013; Ghai et al. 2015). Taken together, these
studies have demonstrated the ability of MRgFUS to effectively treat the intended
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Fig. 5 Example MRI findings through the prostate mid-gland. a Treatment planning transverse
MR image, showing the TULSA-PRO device in a patient: transurethral Ultrasound Applicator
(UA) and Endorectal Cooling Device (ECD). b Maximum temperature measured during
ultrasound treatment using real-time MR thermometry; the acute cell kill target temperature
(> 55 °C) was shaped accurately and precisely to the treatment plan (black contour). ¢ DCE-MRI
image acquired immediately after treatment, demonstrating the hypointense region of non-perfused
prostate tissue concordant with the acute ablative temperatures on MR thermometry. d Corre-
sponding location in the prostate at 12-month follow-up, showing 85% reduced prostate volume.
Image courtesy of Profound Medical Inc

targeted areas with few or no adverse effects. More recently, Chin et al. reported a
series of 30 patients treated with a 3T MR guided transurethral system (Fig. 5). At
the 12-months follow-up, a 14% complete and 55% partial response rates were
noted with median PSA declining from 5.8 ng/ml pre-treatment to 0.8 ng/ml at
12 months. Urinary IPSS score improved slightly from 8 to 5 over the same period
with no change in sexual function as measured by the IIEF. One major adverse
event (epididymitis) was noted with all other toxicities scored as minor including
50% hematuria, 33% urinary tract infections, and 27% acute urinary retention (Chin
et al. 2016).

At present, two phase I and one multi-institutional phase II study have been
opened to assess the use of MRgFUS partial gland ablation in subjects with low or
low-intermediate risk prostate cancer (Table 1). In the latter (NCT01226576), 80
patients with cTlc and cT2a, NO, MO, PSA <10 ng/ml and Gleason score 6 or 7
who may currently be on watchful waiting or active surveillance and not in need of
imminent radical therapy are eligible. Up to two cancerous lesions may be identified
for MRgFUS ablation in the prostate with each tumor not exceeding more than
10 mm in maximal linear dimension.

2.4 Brain Cancer

MRgFUS has great potential for treating brain tumors, because the technique could
be used to ablate targeted tissue without injuring the normal brain. The main
challenge for FUS in the brain is the high energy absorption in bone, which leads to
excessive heating in the skull and adjacent brain parenchyma (Kobus and
McDannold 2015). In addition, local variations in the skull thickness acts as
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defocusing lens (Hynynen 2010). Despite these challenges, several advances have
now accelerated the development of transcranial MRgFUS. First, it was discovered
that a relatively sharp focus can be produced through intact skull using a low
frequency phased array (Sun and Hynynen 1998; Hynynen and Jolesz 1998)
coupled with software that compensates for skull-induced distortions of FUS
(Aubry et al. 2003). The skull heating problem can be overcome using a phased
array applicator with large surface areas that spread the ultrasound energy over
much of the skull (Sun and Hynynen 1999; Clement et al. 2000). Second, modern
medical imaging can provide enough information to allow precise focusing non-
invasively (Clement and Hynynen 2002; Pernot et al. 2003). The development of
sophisticated MR imaging sequences permit high-resolution visualization of brain
targets, as well as real-time tissue temperature maps, thus allowing real-time
monitoring and guidance for FUS (McDannold and Jolesz 2000; Hynynen et al.
2000; Ishihara et al. 1995; Odeen et al. 2014).

In 2006, Ram and colleagues reported a phase I clinical study to treat three
patients with recurrent glioblastoma multiforme (Ram et al. 2006). Prior to
MRgFUS treatment, patients underwent a standard craniotomy over the tumor area
to create the bony window necessary for penetration of the ultrasound waves.
Histological analysis in one patient showed sharp delineation between viable tumor
and thermocoagulated tumor at the treated site. One patient made an uneventful
recovery, but nine months later showed evidence of tumor progression and died of
her disease 10 months after the MRgFUS treatment. The remaining two patients
were still alive after 33 and 38 months. Two adverse events were reported, a mild
left hemiparesis that developed three days after treatment in one patient and mild
transient worsening of preexisting dysphasia in another patient.

McDannold et al. (2010) published their experience with a dedicated MRgFUS
system for brain applications (512 elements, 670 kHz) in three patients with
high-grade glioma. All patients underwent the procedure under conscious sedation
and tolerated the procedure well. Their results suggest that it is feasible to heat
tumors in the brain without overheating the tissue at the brain surface and without
performing a craniotomy. However, the targetable regions may be limited to
deep and central locations in the brain. Nonetheless, these are precisely the loca-
tions where surgery is challenging or not an option. After this experience several
technical adjustments were implemented (Lipsman et al. 2014), leading to an
improved system with a conformal hemispherical shape (Fig. 6). This system has
now been used to treat more than 200 patients with a range of neurological dis-
orders through precise thermal ablation. No severe adverse events have been
observed and the device has received regulatory approvals for treatment of
movement disorders (essential tremor and Parkinson’s tremor) and neuropathic
pain in several countries (Foley et al. 2015).

Motivated by the excellent results in non-oncological applications, Coluccia and
colleagues reported a case report to demonstrate feasibility and safety in a patient
with recurrent glioblastoma (Coluccia et al. 2014). The patient received local
anesthesia for the positioning of a stereotactic frame. Post-operative MR images
showed well circumscribed areas of non-enhancing volumes at the location of
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Fig. 6 a Commercially available transcranial MRgFUS system, which integrates a 650 kHz
hemispheric array with 1024 ultrasound transducers into a clinical MRI system. The patient’s head
is fixed to the system in a stereotactic frame and a diaphragm placed around the patient’s scalp
before filling the transducer with degassed water to allow ultrasound waves to propagate into the
head (Courtesy of INSIGHTEC Ltd.). b Treatment planning is based on initial MRI scans, with
modelling to plan the dynamic scanning of heat focus for contiguous heating of large tissue
volumes (Courtesy of IT’IS Foundation, Ziirich, Switzerland)

sonicated tumor tissue. No adverse events were reported. While the total ablation
volume is substantial (0.7 cc), it is still relatively small, i.e., 10% of the enhancing
tumor volume (6.5 cc), and not sufficient for significant cytoreduction as is the key
for sustained tumor control. Nonetheless, this result demonstrated, for the first time,
the feasibility of using noninvasive transcranial MRgFUS to safely ablate brain
tumor tissue.

2.5 Liver Cancer

Invasive thermal ablations with radio frequency (RF) or laser-probes have been
shown to increase local tumor control and survival in patients with primary or
metastatic liver tumors (Lin 2009). The use of FUS to ablate tumors deep in the
liver offers the first completely noninvasive alternative to these techniques and it
has been widely tested with US imaging guidance (USgFUS), mostly in China (Wu
2006; Wu et al. 2004). In a clinical trial with 55 patients with large (average 8 cm)
hepatocellular carcinoma (HCC), Wu et al. demonstrated a complete ablation rate
up to 69% without major complications, overall survival rates of 62% at 12 months
and 35% at 18 months (Wu et al. 2004). Leslie et al. (2008) reported a phase Il
efficacy trial that showed USgFUS to be feasible. Using USgFUS, Xu et al. (2011)
reported a two-year survival rate of 80% in patients with stage Ib HCC, 51% in
stage Ila, and 47% in stage Illa. In patients with unresectable HCC receiving
USgFUS, it was demonstrated one- and three-year survival rates of 88% and 62%,
respectively (Ng et al. 2011). Chan and colleagues evaluated the feasibility of
USgFUS and patient survival in 27 patients with recurrent HCC (average tumor size
of 1.8 cm) after first-line therapy with either hepatectomy or RF ablation at a
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median follow-up of 28 months. Complete tumor ablation was obtained in 85% of
the patients. The three-year overall survival rate was 70% (Chan et al. 2013).

The principal feasibility of USgFUS ablation has been proven and extensively
validated for parenchymal abdominal organs; introduction of MR-guidance in this
field should thus be considered a natural evolution of this modality. There are only
occasional reports of MRgFUS ablation in abdominal organs, mostly on animal
models of liver tissue (Kopelman et al. 2006; Courivaud et al. 2014), with clinical
trials in humans still ongoing (Table 1). Human treatments have been implemented
so far with suspended respiration, which requires intubation and anesthesia. This
respiratory gating approach overcomes liver motion during MR temperature mea-
surement and also allows accurate targeting (Okada et al. 2006; Tokuda et al. 2008).
More recently, real-time liver motion compensation has been developed and tested
both in animal models (Quesson et al. 2011; Zachiu et al. 2015; Wijlemans et al.
2015; Holbrook et al. 2014) and in healthy volunteers (Napoli et al. 2013),
potentially providing a chance for more accurate MRI guidance of liver ablation.
Another difficulty in using FUS for abdominal targets is the presence of intervening
anatomy such as ribs and bowel, which limit the acoustic window. To overcome
this problem, sonications are delivered only between the ribs (Quesson et al. 2010;
Zhou 2011).

So far, only single case reports were documented on the use of MRgFUS for
treatment of liver cancer for a patient with HCC that refused RF ablation (Okada
et al. 2006). The tumor measured about 15 mm in diameter and was located in the
lateral segment of the liver, where there was no rib or bowel loop in the path of the
ultrasound beam. Using respiratory gating, the tumor was completely ablated. In
2013, Napoli et al. performed a successful MRgFUS ablation in one patient with
unifocal HCC, who was not eligible for other treatment options (Napoli et al. 2013).
Post-treatment follow-up revealed a decrease of a-fetoprotein compared to baseline
levels. Treatment efficacy was evaluated with DCE-MRI, revealing an extensive
decrease of contrast uptake from tumor after MRgFUS ablation compared to
baseline examination, correlating with significant reduction of symptom severity.
More recently, Anzidei et al. (2014) presented a study designed to evaluate the
feasibility and safety of MRgFUS for treatment of solid tumors in the upper
abdomen, including one patient with HCC. Treatment response was evaluated by
assessing the non-perfused volume (NPV) of ablated tissue at MR and the degree of
pain severity. Immediately after treatment and at one-month follow-up, the lesion
showed complete ablation (100% NPV); six-month follow-up images showed a
small focus of recurrent tumor tissue along the lateral edge of the ablation zone,
with a NPV of 85%. Histological analysis after liver transplantation showed fibrosis
in the ablated area with minimal local tumor recurrence.

In summary, MRgFUS for liver lesions is still at an early stage due to the limited
therapeutic window through the ribcage and complications from respiratory motion.
Nonetheless, the aforementioned case studies indicate that MRgFUS for liver
ablation is feasible. The integration of recent technology will allow the use of a
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higher number of phased-array elements and MRI-based tracking and gating, which
will permit the acoustic beams to be synchronized with the moving organ to allow
treatment of freely breathing patients.

2.6 Pancreatic Cancer

Anzidei and colleagues have reported the results of a pilot study with six patients
assessing feasibility, safety, pain palliation, and potential for local tumor control
with MRgFUS for pancreatic cancer (Anzidei et al. 2014). Outcome assessments
with a follow-up between three and six months were based on imaging for
response, yielding a 83% complete and 17% partial response rates. The VAS scale
was used to assess pain and it decreased from an average of 7.3 pre-treatment to 3.8
one month post-treatment, which was consistent with a clinically meaningful
improvement in pain. More recently, Jove-Vidal and colleagues reported encour-
aging results with USgFUS in 45 patients with unresected tumors treated between
2008 and 2015 with 83% overall response rate as assessed at eight weeks, with an
encouraging median survival of 16 months and overall survival of 34% at five-year
follow-up. The toxicity profile included the following major complications: severe
pancreatitis (4%), third-degree skin burn that required plastic surgery (4%), and
duodenal perforation (2%). These early results with USgFUS await validation
including with use of MR-guided techniques (Vidal-Jove et al. 2016).

2.7 Soft Tissue Tumors

MRgFUS clinical studies for soft-tissue tumors are limited. In 2015, Ghanouni and
colleagues reported a clinical study with seven patients with desmoid tumors, two
patients with arteriovenous malformation (AVM) and one patient with a sarcoma in
the thigh (Ghanouni et al. 2015). The average NPV for desmoid tumors
(42-1010 cc) was 58%, whereas the sarcoma (20 cc) was 97%. Five of the desmoid
tumor patients were included in a subsequent multicenter trial with 15 patients
(Ghanouni et al. 2016). The median viable targeted tumor volume decreased 63%,
corresponding to a decrease from 105 to 54 ml in volume. Pain response was also
assessed, with a significant pain reduction (NRS) from 6 to 1 after MRgFUS
treatment. Only minor complications were observed. The authors concluded that
MRgFUS may safely and effectively treat extra-abdominal desmoid tumors.
Further studies are required to assess the role of MRgFUS as first-line therapy in
patients with soft tissue tumors. There are currently three clinical trials open for
accrual, including a phase I/Il study to determine the safety and efficacy of
MRgFUS in the treatment of soft tissue tumors of the extremities (NCT01965002)
and a phase I study to determine if MRgFUS is safe and feasible for treatment of
children with refractory or relapsed solid tumors (NCT02076906). The last clinical
study is a multimodality approach that aims to determine whether Doxil (liposomal
doxorubicin) given prior to MRgFUS hyperthermia is safe for the treatment of
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pediatric and young adult patients with recurrent and refractory solid tumors
(NCTO02557854). A preliminary report of this trial included seven tumors in six
patients with osteosarcoma (n = 3), Ewing sarcoma (n = 3) and neurofibrosarcoma
(n =1). The MR thermometry (MRT) quality results of lower extremities was
sufficient to control MRgFUS hyperthermia, but motion compensation or breath
may be required to achieve reliable MRT in pelvic and abdominal tumors in
pediatric patients (Laetsch et al. 2016).

2.8 Cervical Cancer

The first MRgFUS application to receive clinical certification was the treatment of
uterine fibroids that received CE Mark in 2002 and FDA approval in 2004 (Dick
and Gedroyc 2010). Despite the success in treating these benign neoplasms of the
uterus (Clark et al. 2014), only one clinical case of treating cervical carcinoma with
MRgFUS has been reported. Machtinger et al. (2008) presented a case report for
pain relief in a 29-year-old patient suffering from recurrent cervical carcinoma. This
patient failed traditional treatments and underwent two MRgFUS treatments two
weeks apart, resulting in a substantial decrease in pelvic pain. No adverse events
were reported during the procedure or during the follow-up. The patient remained
free of pain for four months after treatment. A 35 patient pilot study started in 2016
to determine whether or not it is feasible to use MRgFUS to treat symptomatic pain
and bleeding from recurrent gynecological malignancies with an acceptable safety
profile (NCT02714621).

2.9 Colorectal Cancer

The colon and rectum sites are particularly difficult to heat with noninvasive
focused ultrasound due to the shadowing effect of the sacral bone. In 2004,
researchers in China published a study suggesting that USgFUS ablation combined
with radiation could be safe and effective in patients with rectal carcinoma
(Jun-Qun et al. 2004). Later, in 2011, researchers in London reported a single case
of advanced, recurrent rectal carcinoma treated with transrectal focused ultrasound
(Monzon et al. 2011). These limited clinical results have been supplemented with
promising preclinical studies. A recent preclinical study showed that FUS along
with gold nanoparticles and pulsed light, could shrink tumors (Sazgarnia et al.
2013), and another preclinical study suggested that FUS can enhance the targeted
delivery of chemotherapy (Park et al. 2013).

Clearly, recurrent rectal cancer is a vexing clinical problem and current
retreatment protocols have limited efficacy (Ahmed et al. 2014). With this in mind,
a clinical trial was designed to test the hypothesis that MRgFUS hyperthermia is
technically feasible and can be safely used in combination with concurrent reirra-
diation and chemotherapy for the treatment of recurrent rectal cancer without
increased side-effects (NCT02528175). The first report from this trial includes a
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patient with rectal recurrence in the pelvic sidewall. During MRgFUS, the patient
was under conscious sedation, and provided verbal feedback to the physician to
decide when to pause the treatment. The patient did not report pain, and has no
adverse effects after 90 days of follow-up. Therapeutic temperatures were achieved
with no treatment-related toxicity (Chu et al. 2016).

2.10 Emerging Clinical Applications of MRgFUS

MRgFUS treatment of renal disease must overcome many similar challenges as
reported for treatment of liver cancer due to their similar location in the ribcage
(Quesson et al. 2011). For this reason, the clinical trial NCT01197820 addressed the
technical feasibility of MRgFUS for treatment of both liver and kidney with a focus
on challenges related to organ motion. The safety and feasibility of USgFUS was
previously established in 2003 (Wu et al. 2003) and later in 2005 (Illing et al.
2005), but the ablation of liver tumors was achieved more consistently than for
kidney tumors: 100% versus 67%, assessed radiologically. The primary reason
relates to higher blood perfusion in kidneys, which carries away heat more effi-
ciently than in liver (Quesson et al. 2011). A recent preclinical study reported the
use of MRgFUS to create renal lesions on six mechanically-ventilated pigs (Saeed
et al. 2016). Histopathology examinations and DCE-MRI showed presence of
coagulative necrosis, interstitial hemorrhage and vascular damage in the renal target
lesions. The authors suggested that in order to address the high blood perfusion in
kidneys, the MRgFUS could be used to mediate vascular occlusion prior to tar-
geting the tumor.

One of the most recent target applications for MRgFUS is head and neck cancer.
Although there are no current clinical results, Lee and colleagues published the
clinical protocol of a pilot study to assess safety, toxicity and feasibility of
MRgFUS in the head and neck region (Lee et al. 2016). This prospective trial plans
to recruit 10 patients to undergo MRgFUS prior to palliative radiotherapy. The
authors hypothesize that treatment will cause de-vascularization and necrosis of the
targeted lesion by heating the tissue to 55-90 °C during approximately 30 s. Also, a
margin of 1 cm will be left between the ablation zone and neighboring critical
structures. Serious adverse events and toxicity will be evaluated at 1, 7, 14, 30,
90 days follow-up, and post-MR imaging will be performed. In addition, clinical
studies are under consideration to examine the use of MRgFUS to enhance standard
chemo-radiotherapy treatments of locally advanced, unresectable head and neck
tumors.

Pre-clinical work has been completed or is ongoing for several additional clinical
applications. Because of diaphragm movement and air content of ventilated lungs,
lung tumors have never been treated with FUS (Wolfram et al. 2014). However,
Lesser et al. proposed flooding one lung to produce a suitable acoustic pathway to
treat lung tumors with MRgFUS. This approach was investigated in in vivo pig
models and in ex vivo human tissues (Wolfram et al. 2014; Lesser et al. 2016). In
other site, Karakitosis et al. presented a feasibility study to induce thermal ablation
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in the vertebral body and intervertebral discs using MRgFUS. The study demon-
strated that the heating pattern could induce thermal ablation in the target, with no
damage in adjacent critical structures such as nerves (Karakitsios et al. 2016). The
feasibility of esophageal thermal ablation using intraluminal MRgFUS has also
been demonstrated in a preclinical setting (Melodelima et al. 2005).

3 Future Directions

Increasing clinical interest in MRgFUS has fueled continued development of the
modality for a variety of clinical applications. Future directions within the field are
expected to utilize ongoing research in both the MR and ultrasound fields to further
leverage current advancements. These advancements are in various stages of
development or early clinical adoption and are expected to benefit the field of
MRgFUS for oncological applications.

3.1 Targeted Drug Delivery

A variety of applications using MRgFUS for targeted drug delivery have recently
been presented in the literature. The applications generally focus on areas that are
amenable to both MR and US imaging, and that have also presented historical
challenges for delivery of therapeutics. One such area is the localized delivery of
therapeutic agents across the blood brain barrier (BBB). Delivery of therapeutics
from the vasculature to brain extracellular fluid is greatly limited by the presence of
tight junctions, which restrict passage of molecules larger than 400 Da or those that
form greater than eight hydrogen bonds with water. These exclusions rule out direct
passage of over 99% of therapeutic drugs (Pardridge 2005). However, as ultrasound
waves propagate through tissue, they interact with dissolved gases in a process
known as cavitation, leading to the formation of gas-filled microbubbles that has
been shown to temporarily increase BBB permeability (De Smet et al. 2013; Liu
et al. 2012; Diaz et al. 2014; Nance et al. 2014; Marquet et al. 2011). Using this
approach, Nance et al. (2014) demonstrated in rats that MRgFUS enables delivery
of 60 nm nanoparticles across the BBB when disrupted by microbubble cavitation,
making localized delivery of drugs to the brain feasible. This approach has also
been demonstrated in non-human primates (Marquet et al. 2011), and a
first-in-humans clinical trial is currently underway for the delivery of doxorubicin to
solid brain tumors (NCT02343991). In addition, it has been shown in a preclinical
setting (via both MRI and histological analyses) that the BBB reverts to its original
structure without permanent damage within four hours after the end of the soni-
cation (Tung et al. 2011).

Targeted drug delivery can be achieved using MRgFUS by encapsulating the
drug of choice within either a temperature or acoustic pressure sensitive carrier.
These carriers can be injected systemically, but release their contents only when
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triggered within the targeted area. Temperature-sensitive liposomes have been
fabricated to deliver anticancer drugs at moderate temperatures (Ponce et al. 2006;
Escoffre et al. 2013; Zagar et al. 2014). After systemic injection, these liposomes
aggregate within the tumor space either as a function of the enhanced permeation
and retention effect, or through passive targeting with the conjugation of
tumor-specific peptides on the surface of the carrier (Ponce et al. 2006). Localized
hyperthermia using MRgFUS can then be used to generate localized release of the
chemotherapeutics. Similarly, drugs can be conjugated or encapsulated within
ultrasound-sensitive microbubbles or nanoemulsions, and their localized release
triggered with focused ultrasound (Rapoport et al. 2013; Eisenbrey et al. 2010,
2015). These results have demonstrated significant advantages in preclinical cancer
models (Cochran et al. 2011; Zhu et al. 2016), and eventual clinical trials are
expected.

Similar approaches using the combination of MRgFUS and microbubble cavi-
tation have been used in gene transfection applications. Gene therapy translation
has generally suffered from low overall delivery and transfection efficiencies
(Al-Dosari and Gao 2009). Using the bioeffects described above, different groups
have shown improved delivery and transfection efficiencies using the combination
MRgFUS and microbubble cavitation. This work is currently in preclinical stages
and covers a wide range of applications including improved gene transfection in the
spinal cord (Weber-Adrian et al. 2015), treatment of cardiovascular disease (Chen
et al. 2013), and solid tumors (Carson et al. 2011). These encouraging results are
expected to translate to pilot clinical trials in the near future.

3.2 Image Optimization

3.2.1 Image Fusion

As imaging modalities, the inherent strengths and limitations of MR and ultrasound
make them natural adjuncts in diagnostic imaging. MR suffers from relatively low
temporal resolution making guidance difficult in soft tissues prone to respiratory
motion such as the liver and kidneys (Napoli et al. 2013). USgFUS for liver and
renal tumors is more prevalent in the literature in part due to the favorable cost and
ability of ultrasound image guidance to effectively deal with organ motion (Sch-
lesinger et al. 2013). However, hepatic lesions visible on MR may not be seen on
ultrasound imaging, particularly lesions less than 2 cm and those closer to the
diaphragm (Lee et al. 2010), limiting the ability to ablate these masses with
USgFUS. Image fusion systems may be an alternative to these limitations. These
systems use co-registration of MR or CT image stacks with real-time ultrasound
data using magnetic sensors attached to the ultrasound transducer and a stationary
reference center stationed near the patient (Ewertsen et al. 2013). Electromagnetic
needle tracking systems can also be implemented for MR/US fusion guided pro-
cedures and have been used for a variety of interventions including liver and kidney
mass biopsy and ablation and targeted prostate biopsy (Ewertsen et al. 2013). These
approaches have improved confidence in targeting technically challenging lesions
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(Kang and Rhim 2015) and should be applicable to FUS therapies in the future. As
an alternative, but similar approach, MR compatible ultrasound transducers have
also been developed enabling real-time MR/US hybrid guidance (Petrusca et al.
2013). This approach would benefit from the inclusion of both the real-time motion
compensation of ultrasound guidance and MR-thermometry treatment monitoring.

3.2.2 Synergistic MR and US Contrast Agents

Multimodality contrast agents are expected to be useful for MRgFUS. These agents
will enable better image guidance and monitoring by improving visualization of
targeted regions on both modalities. Additionally, inclusion of ultrasound contrast
agents or nanoemulsions have been shown to lower cavitation thresholds in FUS,
thereby selectively sensitizing areas of interest to tissue heating (Kopechek et al.
2014; Farny et al. 2010). Multimodality contrast agents for ultrasound and MR
imaging have been developed consisting of microbubbles with either iron oxide or
gadolinium in the shell (Teraphongphom et al. 2015). More recently, these particles
have been modified to include doxorubicin for potential targeted cancer therapy
(Teraphongphom 2016). An example of this work is provided in Fig. 7, showing
attachment of iron oxide nanoparticles conjugated to a poly-lactic acid microbubble
on transmission electron microscopy, and these same multi-modality agents on
fluorescence microscopy showing the presence of doxorubicin (in red) within the
shell of the microbubble. While these particles are still in early preclinical studies,
their potential clinical impact may be significant in that they combine both the
therapeutic and imaging benefits described above.

3.3 Multimodality MRgFUS Treatments

Perhaps the greatest benefits of MRgFUS in oncology remain to be realized through
its integration in multimodality oncologic care. Many cancer patients are treated
with combinations of surgery, radiation, and chemotherapy; yet there is a paucity of
research exploring the integration of ablative therapies such as MRgFUS with other
anti-cancer therapies. Beyond the utility of MRgFUS for targeted drug delivery and
opening the blood brain barrier, MRgFUS may also augment effects of standard
approaches to chemotherapy through enhanced effects mediated at the heated—but
non-ablated—rim of tissue adjacent to the ablation zone. Moderate temperature
elevation in this tumor margin should significantly enhance the effects of radio-
therapy, including complementary tumor cell killing based on stage of the cell
cycle, pH, degree of hypoxia, and repair inhibition of radiation induced DNA
damage (Hurwitz and Stauffer 2014). Benefits seen in randomized studies com-
bining hyperthermia and radiation or chemotherapy for many tumor types point to
the promise of similar benefits with thermal therapy induced with MRgFUS
(Hurwitz and Stauffer 2014). Likewise, hyperthermia has been shown in preclinical
models to have multiple anti-tumor effects mediated through augmentation of
immune response across the cancer-immunity cycle (Toraya-Brown and Fiering
2014). Tumor antigen spillage with MRgFUS ablation is one of many ways this
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Fig. 7 Poly-lactic acid ultrasound contrast agents loaded with iron oxide nanoparticles which are
visible on transmission electron microscopy (a) and doxorubicin which is visible on fluorescence
microscopy (b) for targeted drug delivery with MRgFUS (Courtesy of Dr. Nutte Teraphongphom).
¢ Schematic representation of substance delivery using ultrasound-targeted microbubble destruc-
tion. An ultrasound contrast agent with an attached or incorporated bioactive substance is
administered into the vasculature and will distribute throughout the capillaries. Ultrasound can
then destroy microbubbles in the target region, thus releasing the transported substance into the
surrounding tissue [Reprinted with permission (Bekeredjian et al. 2005)]

modality may work across the therapeutic temperature profile to make
immunotherapy more effective. In addition, the aforementioned mechanical effects
combined with thermal effects can induce vasoconstriction or even hemostasis. This
strategy is being considered as a noninvasive method to cut off the blood supply to
tumors, effectively starving them of vital nutrients and making them more vul-
nerable to other treatments (Goertz 2015).

Finally, new techniques are in development that should shorten treatment time.
Strategies to accomplish this important goal include the injection of microbubbles
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to increase the absorption of acoustic energy, optimized scanning algorithms, and
also the use of spiral sonications; all techniques that should reduce the time of
MRgFUS treatments.

4 Concluding Remarks

Without doubt, the next decade will see rapid advances in both clinical and tech-
nological application of MR-guided focused ultrasound. As results from preclinical
models translate to clinical trials, clinicians will have a powerful new tool for
expand treatment capabilities for their cancer patients who may not want or cannot
tolerate an operation. MRgFUS may also serve as a powerful adjuvant or enhancer
to other treatments, including gene therapy, radiation therapy, chemotherapy, and
immunotherapy. Larger studies with longer follow-up will help characterize the
long-term clinical and radiological effects, allowing better comparisons with
approved modalities. Despite impressive temperature (0.1 °C) and spatial (1 mm
diameter) accuracy, the most dramatic advances for MRgFUS will be technical.
Currently, the typical procedure length for MRgFUS is of the order of 2—4 h. With
evolving software, off-line analysis of tumor anatomy and its surroundings, as well
as experience, procedure length will be significantly shortened. In summary,
MRgFUS is a rapidly emerging technology offering a non-invasive treatment option
either as monotherapy or in combination with other anti-neoplastic modalities.
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Carl J. Rossi Jr.

Abstract

Proton beam radiation therapy is a form of external—beam radiation treatment
which takes advantage of the superior physical properties of positively charged
subatomic particles (i.e., low entrance dose and lack of exit dose) to deliver
highly conformal radiation therapy with a lower integral dose (dose to normal
tissue) than can be achieved with photon-based treatments. Proton beam
radiation therapy first became available on an extremely limited basis in the late
1950s, and was initially used to treat prostate cancer in the late 1970s. More
recently, intensity—modulated proton therapy (IMPT), in which all beam
shaping and modulation is performed electromagnetically, has become available
at a number of proton centers. This improvement in proton beam treatment
delivery significantly expands the utility of proton therapy by allowing for
treatment of complex target volumes such as the whole pelvis and by permitting
the creation of highly individualized nonuniform dose distributions, including
the use of simultaneous integrated boosting. This chapter will review the history
of proton beam therapy of prostate cancer, beginning with the initial patient
treatments at the Harvard Cyclotron Laboratory and continuing up to the present
day, with particular emphasis being placed upon emerging trends in proton beam
treatment technology and their potential impact on the future of proton beam
therapy in prostate cancer.
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1 Introduction

Prostate cancer presents a major oncological dilemma for the developed world. In the
United States there will be an estimated 226,000 new cases diagnosed in 2015, with
approximately 27,000 deaths from this disease (Society 2015). Prostate cancer is the
second leading cause of cancer deaths among American men and accounts for
approximately 10% of all cancer related deaths in men. A similar incidence and death
rate is seen in Western Europe, with the lowest reported incidence being in
Eastern/Southern Asia. Over the past twenty-five years the discovery and use of Prostate
Specific Antigen (PSA) as a screening tool has led to both an increase in the number of
cases being diagnosed and a decrease in the proportion of men being diagnosed with
advanced disease. This trend towards diagnosis with organ-confined disease has
prompted the development and refinement of treatment methods directed at the prostate
in the entirely reasonable hope of providing long-term disease free survival and cure.

From the radiotherapy standpoint virtually all technical advances in prostate
cancer treatment have been implemented to reduce normal tissue toxicity by lim-
iting the volume of adjacent bladder and especially rectum that receive moderate to
high doses of radiation. A direct consequence of this improvement in dose con-
formality has been dose escalation, a successful treatment strategy whose favorable
impact on biochemical freedom from relapse which has been tested and confirmed
in one proton beam-based prospective randomized trial, and in numerous
prospective non-randomized series.

The unique physical properties inherent in proton beams makes them particularly
attractive to the radiation oncologist, for they permit a reduction in “integral dose”
(defined as the total radiation dose given to the patient) over and above anything
which can be achieved with any photon-based external beam treatment systems
(Suit et al. 1977, 2003; Suit 2002).

However, proton beam therapy of prostate cancer is not without its detractors.
Critics often correctly point out that a multitude of effective treatment methods exist
for prostate cancer and that modern X-ray therapy employing intensity-modulated
techniques (IMRT) and image-guided treatment delivery (IGRT) yield similar
outcomes at less monetary cost to society, while still others question the wisdom of
aggressively treating prostate cancer at all (Zietman 2007, 2008, 2016; Trofimov
et al. 2007). This chapter will discuss the technical aspects of proton therapy,
review the published experience to date with passive—scattered proton therapy, and
discuss the impact of the ongoing clinical implementation of intensity—modulated
proton therapy in the treatment of prostate cancer.

2 Technical Aspects of Proton Therapy

Protons are subatomic particles which are found within the atomic nucleus, indeed,
they are the most abundant subatomic particle in the Universe. The clinical appeal
of protons lies in their physical properties-in contrast to X-rays, which are massless
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and changeless and are therefore only sparsely attenuated by passing through rel-
atively low-density material such as the human body, protons are characterized by
an energy deposition pattern in which the majority of their ionizing effect is found
at the very distal end of the particle’s path. Beyond that point, the particle comes to
rest and no further ionizing radiation is deposited. As a result, an unmodulated
proton beam will have an extremely low “entrance dose”, a high dose spike at some
energy and tissue density dependent depth, and no dose beyond that point. This is a
description of the classic “Bragg Peak”, discovered by physicist William Bragg in
1903, and the clinical utility of a particle with these properties is readily apparent.
Indeed, the first published proposal to employ protons in radiation oncology
appeared in Wilson’s 1946 paper (Wilson 1946) with preliminary clinical efforts
beginning in the late 1950s at the Harvard Cyclotron Laboratory, the Lawrence
Berkeley Laboratory, and the Svedberg Laboratory in Sweden (Miller 1995; Olsen
et al. 2007; Bonnett 1993).

The heart of all proton beam therapy centers is a particle accelerator, currently
either a synchrotron or cyclotron, which is capable of accelerating protons to
energies of 225-250 meV (=velocities of ~ 100,000 miles/second), producing a
maximal range in human tissue of ~36 cm. After being extracted from the
accelerator the protons are transported to the treatment room in a “beam line”, a
metal tube inside of which a high vacuum (akin to interplanetary space) is main-
tained. The beam line is surrounded by various focusing magnets which prevent the
proton stream from striking the walls of the tube, while other “switching” magnets
shunt the proton stream into whichever treatment room they are needed. Treatment
rooms either utilize “fixed” beams, in which the treatment nozzle is fixed in position
and all patient movement is by means of a robotic couch, or isocentric gantries in
which the nozzle can rotate completely around the patient.

While a monoenergetic, unmodulated proton beam may be ideal for treating an
extremely small tumor (such as a uveal melanoma) since the vast majority of
clinical situations require radiation delivery to large, irregularly shaped targets, it is
necessary to modulate the proton beam so that, the target volume can be irradiated
in a homogeneous (or, as we shall see, a non-homogeneous) manner. This can be
accomplished by one of two methods commonly referred to as passive-scatter
proton therapy (PSPT) or intensity-modulated proton therapy (IMPT).

PSPT was the first method employed in clinical proton therapy, and it remains in
widespread use to this day (Lomax 2009; Schippers and Lomax 2011). In fact, the
majority of patients treated in the history of proton therapy have been irradiated
with PSPT. As is illustrated below, this technique begins by taking a small (3—
5 mm) proton beam and propagating this beam through a variety of physical
devices whose ultimate purpose is to spread out the monoenergetic Bragg Peak so
that, in effect, a uniform dose “plateau” is created which encompasses the desired
target volume. Many of these devices such as the aperture and tissue compensator
are patient—specific and beam—specific; for example, if a patient is to be treated
with two fields there are two separate, unique sets of apertures and boluses required,
each of which must be uniquely identified so as to assure that the proper
aperture/bolus pair is being used in each beam.
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One inevitable consequence of such a beam shaping is that while the radiation
dose within the target is generally extremely uniform, it is not possible to signifi-
cantly vary the radiation dose within that target if such is (as is often the case)
clinically desirable. Another consequence is that the entrance and dose, or dose
proximal to the target, is somewhat increased and in general is approximately 50—
70% of the dose through the plateau. Of course, since there is no contribution to the
entrance dose from any contralateral beam this still results in dose distributions
which deliver a lower integral dose then is the case with intensity modulated X-ray
therapy but, as we shall see, there exist more advanced proton therapy techniques
which substantially decrease this proximal dose. A typical passive scatter treatment
nozzle with associated hardware is illustrated in Fig. 1.

In contrast, intensity—modulated proton therapy obviates the need for physical
beam—shaping devices. In IMPT a small (3—5 mm) beam of protons is electro-
magnetically scanned over the target volume, with dose being deposited in effect
“layer by layer”, with the typical layer thickness being on the order of 1 mm. Bragg
Peak placement is achieved by dynamically varying the energy of the proton beam
(Lomax 1999). Thus, treatment delivery is analogous to the operation of a
3-Dimensional printer that creates a complex, solid object by precisely depositing
varying thicknesses of material. With IMPT, treatment dose can be optimized to the
target itself and what is more, the delivery of differential radiation doses within the
target becomes both feasible and easily achievable. In addition, since the beam
manipulation is performed electromagnetically and not by patient-specific physical
devices, IMPT plans can be rapidly altered (often within 24 h) to reflect changes in
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Fig. 2 A diagram of a typical IMPT treatment nozzle

patient anatomy and tumor configuration. The first IMPT treatment systems were
developed in the early 2000s (Lomax et al. 2004), and this proton treatment method
became available in the United States in 2008. Rapid advances in this technology
have led to the construction of “IMPT-only” treatment facilities and indeed the vast
majority of recently commissioned proton centers, and those under construction, are
designed to employ this technology as their sole means of proton beam treatment
delivery. A diagram of a typical IMPT treatment nozzle is shown in Fig. 2.

3 Treatment Planning

Whether employing PSPT or IMPT, all proton beam therapy planning, like modern
X-ray therapy planning, is based upon creating a three-dimensional reconstruction
of the target and adjacent normal tissues. In general, the patient positioning and
immobilization techniques which are utilized in X-ray therapy are equally appli-
cable to proton beam treatment. Similarly, the concepts of gross tumor volume
(GTV) and clinical target volume (CTV) are also identical to those used in IMRT,
however, the unique physical characteristics of a proton beam result in a modifi-
cation of the X-ray therapy planning target volume (PTV) into either a beam—
specific PTV (in the case of PSPT), or a “Scanning Target Volume” in IMPT
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(Lomax et al. 2004). One of the primary differences between proton therapy and
X-ray therapy dosimetry lies in the uncertainty as to exactly where a proton of any
given energy will come to a stop. This “range uncertainty” is partly due to the need
to convert tissue densities obtained from CT (which are quantified as Hounsfield
Units) to proton stopping power; this process typically adds a range uncertainty of
up to 3% to the precise location at which any given proton will come to rest (Lomax
2009). Since the protons range is also significantly affected by tissue density, it is a
common planning practice to avoid to the greatest extent possible beam arrange-
ments which traverse anatomic structures (such as small or large intestine) which
vary widely in density and in anatomic location. This partly explains the reason that
the vast majority of prostate cancer patients treated with protons have their treat-
ment delivered through a left and right lateral field as this field arrangement min-
imizes density uncertainties within the beam path.

Another dosimetric issue which is unique to proton and other heavy charged
particle beam treatment is the need to account for the Relative Biologic Effectiveness
(RBE) of the proton so as to proscribe a radiation dose whose biologic equivalent is
accurately linked to known doses and risks of normal tissue injury established by
X-ray therapy. In general, a relative biologic effectiveness (RBE) of 1.1 is assumed
for protons as compared to megavoltage X-rays and although this approximation is
undoubtedly an oversimplification it has clinically proven to be an accurate value for
predicting both disease response and the risk of normal tissue injury.

The clinical implementation of IMPT has, in a fashion analogous to what was
seen with the implementation of IMRT, resulted in the introduction of additional
complexity into the treatment planning process. For one thing, the ability to deliver
differential radiation doses within any given target volume means that (again, in a
fashion identical to IMRT) in effect a proton “fluence map” is created. Not only
does this result in quality assurance needs which are identical to those utilized in
IMRT, combining this fluence map with the confounding factors of proton range
uncertainty as well as patient positional uncertainty has led to the introduction of a
property known as “robustness” in IMPT planning (Lomax 1999, 2008; Lomax
et al. 2004). Robustness is in effect a probability analysis which graphically dis-
plays (typically by means of dose—volume histograms) the likely range of dose
distributions for any given beam arrangement and the probability that any one given
treatment plan will accurately and reproducibly irradiate the target structure while
simultaneously minimizing radiation dose to normal tissues. Robustness is influ-
enced by a number of factors including the degree of patient immobilization, the
depth of the target, the density of the tissues proximal to the target, and whether or
not the patient is being treated with a single—field optimization (in which all proton
beams “see” the entirety of the target) or a multi-field optimization (in which any
one given beam may only “see” a portion of the target, with the summation of all
beams resulting in the desired radiation dose to the target). Because of its favorable
anatomic location IMPT prostate plans tend to be very robust although they are still
sensitive to factors such as patient rotation (which may alter the density of bone
between the skin surface and the prostate) and the presence of distensible organs
such as the bladder or rectum within the beam path.
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4 Early Proton Beam Treatment Results

The ability to use proton beam therapy to treat deep organs was and remains greatly
dependent on the concurrent development of cross-sectional imaging technology
(CT, MRI) and modern computers, hence it is not surprising that proton beam
therapy of prostate cancer did not commence until the late 1970s. Beginning in
1977, Shipley and associates at the Massachusetts General Hospital (MGH) initi-
ated a Phase I trial in which proton beam radiotherapy was used to deliver a boost
dose to patients with locally advanced disease who were also receiving photon
radiotherapy. At that time, this boost dose was felt to be over and above what could
be safely given with existing 2-Dimensional photon technology. Seventeen patients
with stage T2-T4 disease received a perineally-directed proton beam boost of
2000-2600 rads (given at a rate of 180-200 rads per day) which was proceeded by
treatment of the prostate and pelvis to a dose of 5040 rads with 10 MV photons
delivered as a four-field box. A perineal approach was mandated because this was
the only anatomical pathway that allowed the 160 meV proton beam generated by
the Harvard Cyclotron to reliably encompass the entire prostate gland. Acutely, the
treatment was well tolerated and after a follow up period ranging from 12 to
27 months no severe late rectal reactions were noted (Shipley et al. 1979).

These favorable toxicity results led directly to the initiation of a prospective
randomized trial designed to test the benefits of proton beam dose escalation in
patients with locally advanced disease. Patients with stage T3-T4 tumors were
chosen as it was felt that this group stood to benefit the most from dose escalation. All
patients received 50.4 Gy to the prostate and pelvis with megavoltage photons. They
were then randomized to receive either an additional 16.8 Gy of photons (for a total
prostate dose of 67.2 Gy) or 25.2 GyE of protons for a total prostate dose of 75.6 Gy.
Adjuvant hormonal therapy was not permitted. The limited availability of the Harvard
Cyclotron significantly impacted patient accrual; nonetheless, two hundred and two
patients were eventually enrolled, with one hundred and three being treated in the
high dose proton boost arm and ninety-nine in the standard dose arm.

With a median follow up of 61 months there were no differences seen in overall
survival, disease-specific survival, total relapse-free survival, or local control
between the arms. Patients with high-grade tumors who were treated on the high
dose arm did experience a trend improvement in local control at five and eight years
(92 and 77% vs. 80 and 60%, p = 0.89). Patients whose digital rectal exams nor-
malized following treatment and who underwent subsequent prostate biopsy
revealed a lower positive biopsy rate in the high dose arm (28 vs. 45%) and,
perhaps most surprisingly, the local control rates for patients with Gleason grade
4-5 tumors (57 patients total) were significantly better at five and eight years in the
high dose patients (94 and 84% vs. 68 and 19%, p = 0.0014). High dose treatment
was associated with an increase in late grade 1-2 rectal bleeding (32 vs. 12%,
p = 0.02) (Shipley et al. 1995).
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Some critics have repeatedly and in my opinion incorrectly cited these results as
evidence that proton-beam dose escalation is of doubtful utility. It should be noted
that the patients treated in this trial were at a high risk of not only local failure but
also of distant failure and therefore one should not be surprised that overall survival
was unaffected. In addition, patients with these adverse characteristics would not, if
undergoing treatment today, receive radiotherapy as monotherapy and instead
would be treated with a multi-modality approach. I believe that the two most
important points learned from this study are (1) high dose radiotherapy did decrease
local failure, and this decrease was most profound in those patients with the most
aggressive tumors and (2) Dose-escalation by means of a perineal proton beam (an
approach which has virtually universally been abandoned today as higher energy
machines become available) could be performed safely with acceptable toxicity.

The improvement in local control seen with dose escalation prompted a very
logical question: If patients with earlier stage disease who are less likely to have
already experienced metastatic failure are treated with dose escalation will we see a
positive effect on survival? This intriguing hypothesis has been tested in a
prospective randomized multi-institution trial and its conclusions will be covered
presently.

The completion in 1990 of the world’s first hospital-based proton treatment
center at Loma Linda University Medical Center (LLUMC) marked the beginning
of a transition in proton beam therapy from the research laboratory setting to that of
clinical radiation oncology (Slater et al. 1988, 1992). Beginning in late 1991
prostate patients at LLUMC was treated on a clinical trial that set out to confirm the
efficacy and toxicity data generated at MGH. Between December 1991 and
December 1995 643 patients were treated to total prostate radiation doses of
74-75 GyE. Patients who were deemed to be at a low risk for occult nodal
metastasis were treated with lateral proton beams alone while those who were felt to
benefit from elective nodal radiation received 45 Gy to the pelvis with 18-23 MV
photons delivered via a multi-field 3-D conformal technique. Patient characteristics
are shown in Table 1 (Slater et al. 1998).

Table 1 LLUMC Patient

Characteristics # Patients
Stage 1A/1B 28
1C 91
2A 157
2B 173
2C 157
3 37
Gleason 2-5 232
6-7 324
8-10 54
Initial PSA =40 53
4.1-10.0 280
10.0-20.0 175

=200 85
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With a median follow up of 43 months, the overall biochemical disease-free
survival (bNED) rate was 79% as per the original American Society for Therapeutic
Radiology and Oncology (ASTRO) definition of three successively rising PSA
values above a nadir equating to biochemical failure. The risk of biochemical
failure was strongly dependent on the pre-treatment PSA with five-year bNED
survival rates varying from 53% in patients with pre-treatment PSA’s of 20-50 to
100% with PSA’s of <4.1 (Fig. 3). bNED survival was also significantly influenced
by post-treatment PSA nadir (Fig. 4). A multi-variant analysis of failure predictors
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Table 2 Predictors of lo-

cal/distant ~ failure, initial Local Dbt
LLUMC experience failure (%) metastasis (%)
5 year p 5 year P
Initial PSA = 4.0 0 0
4.1-10.0 3 0.06 4 < 0.001
10.0-20.0 4 12
> 200 16 17
Gleason 2-5 2 6
6-7 6 0.01 6 0.11
8-10 19 24
T stage 1A/1B 4 0
1C 0 0
2A 2 0.009 5 < 0.001
2B 5 7
2C 11 15
3 20 27

demonstrated that initial stage, PSA, and Gleason Score were all strong predictors
of biochemical failure at five years (Table 2). Similar to what was reported in the
MGH trial, treatment was by and large well tolerated. Acute toxicity was minimal
and all patients completed the prescribed course of radiotherapy. Proctitis remained
the most common late toxicity with Grade 2 toxicity occurring in 21% of patients at
three years; for the majority of patients this represented a single episode of rectal
bleeding. No > Grade 3 GI toxicity was seen. Grade 2 GU toxicity (primarily gross
hematuria) was seen in 5.4% of patients at three years, with two patients developing
Grade 3 bladder toxicity. Interestingly, no significant difference in late toxicity was
seen between those patients treated with protons alone and those receiving pelvic
X-ray therapy. The excellent biochemical control rates and acceptable toxicity seen
in this trial confirmed the earlier MGH data and led to the implementation of a
prospective randomized dose escalation study in organ confined prostate cancer.

A further update of the initial LLUMC experience was published in 2004. This
study encompassed 1255 patients with stage T1-T3 disease who were treated with
proton beam radiotherapy alone (i.e., no prior or concurrent hormonal therapy) to a
dose of 74-75 GyE. As was seen in the earlier trial initial PSA, Gleason Grade, and
PSA nadir were all strong predictors of bNED survival (Fig. 5Sa—c). Treatment
continued to be well tolerated with rates of RTOG Grade >3 GI/GU late morbidity
of <1% (Slater et al. 2004).

5 PROG 95-09 Trial

Beginning in 1996, LLUMC and MGH embarked on the Proton Radiation
Oncology Group/American College of Radiology (PROG/ACR) 95-09 trial, a
prospective, randomized dose-escalation study for patients with organ-confined
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prostate cancer. This study was designed to test the hypothesis that dose escalation
from 70.2 to 79.2 GyE would result in a statistically significant decrease in local
failure, biochemical failure, and overall survival. Eligibility criteria included stage
T1b-T2b disease (as per the 1992 American Joint Committee on Cancer staging
system), a PSA of <15 ng/ml, and no evidence of metastatic disease on imaging
studies (bone scan, abdominal-pelvic CT scan). Gleason score was not an exclusion
criterion, and no prior or concurrent androgen-depravation therapy was permitted.
Pre-treatment patient characteristics are shown in Table 3.

Patients were randomly assigned to receive a total prostate dose of 70.2 or 79.2
GyE. Radiotherapy was administered sequentially in two phases. In Phase I, con-
formal proton beams were used to treat the prostate alone. Depending on ran-
domization either 19.8 or 28.8 GyE in 11 or 16 fractions was delivered. The clinical
target volume (CTV) was the prostate with a 5 mm margin. Beam arrangement was
facility dependent with patients at LLUMC being treated with lateral proton beams
of 225-250 meV energy, while at MGH a perineal 160 meV proton beam was
employed. Before each proton beam treatment, a water balloon was inserted into the
rectum and inflated with 100 ml of saline; this served the dual purpose of dis-
tending the rectum lumen to decrease the volume of rectum receiving any radiation
and minimizing prostate motion.

In the second phase of treatment all patients received 50.4 Gy of photons given
in 1.8 Gy fractions. The CTV was the prostate and seminal vesicles. No effort was
made to include the pelvic lymphatics. Three-dimensional planning was used on all
patients and photon energies of 10-23 MV were employed. The use of photons for
this portion of the treatment was solely to allow both institutions to participate in
this trial, for at the time the trial commenced MGH patients were still restricted to
treatment at the Harvard Cyclotron Laboratory and the limited throughput of that
facility meant that the most efficient use of protons was as a boost and not as
monotherapy. The randomization schema is shown in Fig. 6. A total of 393 patients
were randomized between January 1996 and December 1999.

The results of the trial were initially published in Zietman et al. (2005), with an
update in Zietman et al. (2010). At a median follow-up of 8.9 years there is a
persistent and statistically significant increase in biochemical freedom from relapse
amongst patients randomized to the high dose arm (Fig. 7a, b). This difference was
seen when using both the original ASTRO and the more recent Phoenix definition
(in which biochemical failure = a PSA elevation of >2 ng/ml above a nadir).
Subgroup analysis showed a particularly strong benefit in 10 year bNED survival
amongst the “low risk” patients (defined as PSA < 10 ng/ml, and Gleason
score < 7 and stage < t2b), with 92.2% of high dose patients being disease free
versus 78.8% for standard dose (p = 0.0001). A strong trend towards unproved
bNED similar was also seen in the intermediate risk patients but this has not
reached statistical significance (Fig. 8). In addition, patients in the standard dose
arm are twice as likely to have been started on androgen depravation therapy as
high dose patients (22 vs. 11, p = 0.47) with such treatment usually being initiated
due to a rising PSA. To date, there is no statistically significant difference in overall
survival between the arms.
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Table 3 Pre-treatment patient characteristics PROG 95-09 trial

Assigned Dose
70.2 GyE 79.2 GyE
{n = 196) (n = 195)
Characteristic No. % No. %
Age, years
45-59 43 22 34 17
60-69 92 47 106 54
70-79 61 31 55 28
=80 1 0.5 0
Median 67 66
Range 45-91 47-78
Race
White 175 8s 178 91
Hispanic 4 2 7 3
Black 12 6 5 3
Other 5 3 5 3
PSA, ng/mL
<b 54 28 47 24
5to< 10 114 58 119 61
10-15 28 14 29 15
Median 6.3 6.2
Range 1.24-14.68 0.67-14.30
Karnofsky performance status
80 8 4 9 5
90 52 27 47 24
100 136 69 139 71
Combined Gleason
26 148 75 147 75
7 29 15 30 15
8-10 18 9 15 8
Unknown 1 1 3 2
T stage
Tib 1 1 0
Tic 120 61 120 61
T2a 43 22 50 26
T2b 32 16 25 13
N stage
NO 0 2 1
NX 196 100 193 99
Risk groups”
Low AR R 57 116 59
Intermediate 75 38 69 35
High 10 5 7 4
Not classified 0 3 2
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Patients randomly assigned
(N = 393)
Assigned to receive (n=197) Assigned to receive
conventional-dose high-dose radiation (n=197)
radiation Total dose 79.2 GyE
Total dose 70.2 GyE Proton boost 28.8 GyE
Proton boost 19.8 GyE 3-D conformal
3-D conformal photons 50.4 GyE
photons 50.4 GyE Received 78.8-79.2 GyE  (n =172)
Received 69.8-70.2 GyE  (n = 181) Received < 78.8 GyE (n=18)
Received < 69.8 GyE n=7) Received > 79.2 GyE (n=5)
Received > 70.2 GyE (n=8) Refused treatment (n=1)
Did not receive assigned
therapy (n=1)
Included in analysis (n=197) Included in analysis (n = 196)

Fig. 6 PROG 95-09 randomization schemata

As was seen in the previously reported proton trials treatment was well tolerated.
Only 2% of patients in both arms have experienced late GU toxicities of Grade > 3
and 1% have experienced late GI toxicity of Grade > 3. Interestingly, as opposed to
what has been reported in some photon-based randomized dose escalation trials
high dose radiotherapy delivered via a conformal proton beam boost did not result
in an increase in late Grade >3 GI morbidity amongst the high dose patients
(Table 4). This encouraging finding has been confirmed in a patient-reported sen-
sitive quality of life instrument which did not report any greater morbidity than the
physician-reported scores, and which revealed equal and high satisfaction with
quality of life between both arms (Talcott et al. 2010).

Thus, the PROG/ACR 9509 trial provides “Level One” evidence verifying the
importance of radiation dose-escalation in organ confined prostate cancer and while
this study was not designed to directly compare the efficacy of conformal proton
beam radiotherapy against other conformal techniques or modalities it does
demonstrate that conformal proton beam radiotherapy is an effective treatment for
this disease, with minimal risk of severe treatment-induced toxicity (Goitein and
Cox 2008; Goitein 2010).
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Fig. 8 bNED survival by low (a) and intermediate risk (b) group

6 University of Florida Experience

The University of Florida Proton Therapy Institute commenced prostate cancer
treatment in the summer of 2006. From 2006 thru 2010 patients were treated on one
of several prospective trials, all of which delivered 78-82 Gy (RBE) in 2 Gy
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Table 4 Sequel of treatment PROG 95-09 trial

Grade 2 (%) Grade 3 (%)
GI 21 0
GU 54 03
Total 26 03

fractions. After excluding patients who also received concurrent chemotherapy,
received IMRT for elective pelvic node radiation, GI/GU follow up data were
unavailable, and patients with less than 2-year biochemical follow-up for reasons
other than death 1214 patients remained eligible for analysis. Virtually all patients
were treated with either lateral or posterior-oblique fields, IMRT treatment of pelvic
nodes was performed in those with >15% risk of node involvement per nomogram,
and androgen-depravation therapy was administered to 18% of the patients.

With a median follow up of 5.5 years, freedom biochemical failure was 99% in
the low-risk patients, 94% in the intermediate risk patients, and 74% in the high-risk
patients. Statistically significant predictors of biochemical included Gleason Score
(4-7 vs. 8 vs. 9-10; p = 0.02), PSA (0 < 10 vs. 10-20 vs. >20; p = 0.02), per-
ineural invasion (yes vs. no; P = 0.01), and percentage of positive zones on biopsy
(<50% vs. >50%; P = 0.02).

Grade 3+ Acute/late GU toxicity was seen in 5.4% of patients (70/1289), with
58/70 being late events, 9 being acute events, and 3 patients who experienced both
acute and late events. One patient experienced a Grade 4 toxicity, while no Grade
5 events have occurred. The primary reason for Grade 3 toxicity in both the acute
and late patients was obstruction. Late Grade 3 GU toxicity was associated with
use of androgen suppressive therapy (P = 0.0243), prescription anticoagulants
(P =0.0316), prostate volume < 40 cc vs. 40-60 cc vs. >60 cc (P < 0.0001),
pretreatment alpha-blocker use (P < 0.0001), diabetes (P = 0.0210), pretreatment
TURP (P <0.0001), any pretreatment urologic symptom management
(P < 0.0001) and numerous bladder and bladder wall dose-volume histogram
parameters. The five-year actuarial incidence of late Grade 3 GI toxicity was
0.6%. The authors reported that both the rates of biochemical freedom from
relapse and GU/GI toxicity compare favorably with large published IMRT series.
The authors also note that while the incidence of bladder and rectal toxicity are
similar to what is reported with IMRT, the primary benefit of proton beam therapy
over IMRT is not in reducing the volume of bladder, rectum, or penile bulb
receiving a high dose but in the volume of these structures receiving moderate
doses (30-60 Gy), and this dose reduction may be expected to result in less
erectile dysfunction, diarrhea, and bowel urgency as opposed to less rectal
bleeding, urethritis, or urethral stricture (Mendenhall et al. 2012, 2014; Bryant
et al. 2016).
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7 Intensity-Modulated Proton Therapy

The recent development and deployment of Intensity-Modulated Proton Therapy
(IMPT) now permits proton beam threat to be given in a fashion similar to IMRT,
while using a beam that carries with it all of the physical advantages of protons over
X-rays.

IMPT is being rapidly integrated into clinical proton beam therapy. It first
became available in the United States in 2008 when the University of Texas MD
Anderson Proton Treatment Center deployed this capability in one treatment room
and it is now found in a number of existing centers, as well as being installed from
inception at most new facilities being constructed worldwide. The Scripps Proton
Therapy Center became the first “IMPT only” center in the United States when it
opened in 2014.

To date, there exists only one published comparison of quality of life
(QOL)/toxicity in men treated with proton beam therapy for localized prostate
cancer between those who were treated with passively scattered proton therapy and
intensity modulated proton therapy. Pugh and colleagues at M.D. Anderson per-
formed a comparison between 226 men treated with PSPT and 65 men treated with
IMPT. Quality-of-life was assessed by the expanded prostate cancer Index com-
posite questionnaire (EPIC) which was administered at baseline and every 3—
6 months after proton beam therapy. Clinically meaningful differences in quality of
life were defined as > 0.5 x baseline standard deviation. In addition, the cumu-
lative incidence of modified RTOG grade >2 GI or GU toxicity and the need for
argon plasma coagulation (APC) were determined by the Kaplan—-Meier method.
Both groups of patients were treated with opposed right and left lateral beams with
both fields being treated daily, and all patients received a total dose of 76 Gray
(RBE) delivered in 38 fractions. The authors noted that both PSPT and IMPT
conferred low rates of grade >2 GI and GU toxicity with preservation of mean-
ingful sexual and urinary QOL at 24 months. A “modest yet clinically meaningful
decrement in bowel QOL” was seen throughout the follow-up period, but there
were no differences seen in toxicity or QOL between the two different delivery
techniques. The authors did note that many of the patients treated with IMPT were
some of the first patients treated with this technique both at their institution and
within North America and hence postulated that the possible existence of a
“learning curve effect” could have skewed the results somewhat (Pugh et al. 2013).

8 IMPT-Examples

The following treatment plans serve well to illustrate the flexibility and capability of
IMPT in various clinical situations:
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Fig. 9 The isodose image illustrates coverage of the prostate gland with simultaneousdose-
escalation of the MRI-defined DIL

1.

2.

3.

Conventional fractionation with simultaneous integrated boost (SIB) of a
dominant intra-prostatic lesion (DIL). This 53-year-old gentleman had organ
confined, intermediate risk prostate cancer. His IMPT planning included a
thin-slice CT of the pelvis and multi-parametric MRI, both of which were
performed with him in his treatment position. A SpaceOAR rectal spacer was
also placed prior to imaging. The isodose image illustrates coverage of the
prostate gland with simultaneous dose-escalation of the MRI-defined DIL
(Fig. 9).

Dose-volume histograms (DVH) for this patient are shown below. In this case,
the patient underwent adaptive pelvic CT and MRI scans weekly during treat-
ment to monitor the stability of his rectal spacer. The resulting composite DVH
nicely illustrates both the high dose conformity achievable with IMPT and the
low dose to the anterior rectal wall (pink contour) courtesy of the spacer
(Fig. 10a).

In order to monitor the status of his rectal spacer this patient underwent weekly
adaptive pelvic CT and MRI scans. The dose-volume histogram demonstrates
the reproducibility of his treatment plan while also illustrating the utility of the
rectal spacer in reducing radiation dose to the anterior rectal wall (pink isodose
lines) (Fig. 10b).

High-risk prostate cancer with treatment of the whole pelvis, plus prostate gland
including SIB of DIL (Fig. 11).

Modestly Hypofractionated IMPT including SIB directed at DIL (Fig. 12).
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Fig. 10 a Composite DVH for patient with SpaceOAR Rectal Spacer. Prostate is in Red, DIL is
Blue, Anterior Rectal Wall Pink, Whole Rectum Green, Bladder yellow. b Magnified View of
static DVH, DIL in Orange, Prostate in Red, Anterior Rectal Wall Pink
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Fig. 11 High-risk prostate cancer with treatment of the whole pelvis, plus prostate gland
includingSIB of DIL

Fig. 12 Modestly hypofractionated IMPT including SIB directed at DIL

9 Conclusion

The implementation of IMPT has brought about a substantial leap in clinical
capabilities including the ability to efficiently treat large, complex shapes while
simultaneously producing both uniform and non-uniform dose distributions. In
prostate cancer treatment these improved capabilities are at last bringing to proton
therapy the same clinical utility which has existed with IMRT for the past decade
and carries with it the promise of further improving the clinical utility of this
treatment modality. Although to date the limited data on direct comparisons
between IMPT and PSPT has shown little if any difference in efficacy or morbidity
it is reasonable to anticipate that as the availability of IMPT becomes more
widespread the further reduction in normal tissue doses associated with this
modality will begin to manifest themselves as clinically meaningful differences in
toxicity as compare to PSPT and IMRT-based treatment systems.
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Abstract

Advancements in radiation planning and delivery have resulted in the ability to
safely deliver higher doses per fraction to the tumor while also sparing normal
tissue. Known as hypofractionated radiation therapy (HRT), or stereotactic
ablative radiation therapy (SABR), this technique has been developed in
multiple sites outside the brain, including lung, prostate, and pancreas.
Accompanying such treatment is some form of image guided radiation therapy
(IGRT). Localization of these tumors requires high quality soft tissue imaging, in
addition to the ability to ascertain tumor location during radiation delivery. This
chapter will outline the role of IGRT as it pertains to HRT treatment schemes for
various malignancies.
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AVB Audio-visual feedback

kV Kilovoltage

IMRT Intensity modulated radiation therapy
RTOG  Radiation therapy oncology group

KIM Kilovoltage intrafraction monitoring
MV Megavoltage

ERB Endo-rectal balloon

Gy Gray

XRT External beam radiotherapy

SBRT Stereotactic body radiation therapy
LED Light emitting diode

ITV Internal target volume

1 Introduction

Hypofractionated radiation therapy (HRT) when given with definitive intent is
defined as delivering doses per fraction that are higher than conventional radiation,
typically greater than 4 Gy. These higher doses have clinically demonstrated
superior benefit to conventional 2 Gy/day treatment in specific disease sites, such
as stage I NSCLC. In order to safely administer such higher doses, understanding
the position of the tumor during simulation and treatment is essential. Advances in
linear-accelerator-based imaging, placement of fiducial markers, and patient-
assisted devices, have enabled the clinician to deliver HRT with higher levels of
certainty, facilitating narrower treatment margins around the tumor. This chapter
will describe examples of these advances, as it pertains to specific solid tumor
types, including lung, prostate, and pancreatic cancers.

2 Non-small Cell Lung Cancer (NSCLC)

Treatment planning. Stereotactic ablative radiation therapy (SABR) is considered a
standard-of-care treatment option for patients with medically inoperable stage 1
NSCLC. One major challenge with treatment delivery is the ability to account and
manage motion of the lung tumor. During the treatment planning, one option is to
obtain a computed tomography (CT) scan at 3 timepoints: end-expiration,
end-inspiration, and free breathing. A more sophisticated approach is to use a
four-dimensional CT scan, which provides additional detail regarding the tumor
trajectory between the peak and nadir. This approach can facilitate the use of
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narrow planning target volume (PTV) margins, thereby reducing normal tissue dose
(Wang et al. 2009).

Image guidance. Cone-beam CT (CBCT) is now a standard imaging modality
available on most linear accelerators, and is critical for verification of tumor position
prior to treatment. Studies have shown that aligning to bony anatomy is not a sub-
stitute for aligning to the tumor soft tissue, as the first method can still result in
significant shifts to match the tumor position (Corradetti et al. 2013). However,
intra-fraction motion, or tumor motion that occurs during radiation delivery, is
another important issue that can impact the accuracy of treatment. With 4D CT
planning, recommended PTV margins around the gross tumor and motion are 5 mm
(Corradetti et al. 2013). The purpose of this margin is to encompass tumor motion or
migration during each treatment, in addition to daily setup differences between each
treatment fraction. Corradetti et al. examined CBCT scans in 87 patients that were
taken before and after each fraction (Corradetti et al. 2013). The mean shifts ranged
from 1.1 to 1.6 mm, with 27 and 10% of shifts exceeding 3 and 5 mm, respectively.

Intra-fraction motion. Multiple strategies have been used to address the
quandary of lung tumor motion during the time of the radiation delivery. These
approaches include limiting the tumor motion itself, with external compression
devices, or employing bio-feedback so that patient restricts their breathing on their
own within a pre-specified window. Tumors are generally treated throughout the
entire trajectory, under the presumption that the trajectory itself is being restricted.
An alternative approach, known as gating, is to turn on the beam only during a
specific range of the tumor’s trajectory. More complex are tumor-tracking tech-
niques. These various options are outlined below.

External compression was one of the first techniques used to address tumor
motion in lung SBRT. The compression paddle is applied below the xiphoid in
order to restrict tumor motion (Fig. 1: http://qfix.com/qfix-products/sbrt.asp). The
goal was to limit the motion to less than 1 cm, using fluoroscopic guidance.
Another option is to use a vacuum chamber around the patient, which restricts the
amplitude of respiratory excursion (Fig. 2: http://ecatalog.elekta.com/oncology/
oncology/breast-_-thorax-positioning-and-immobilization/products/0/22325/22341/
20231/breast-_-thorax-positioning-and-immobilization.aspx). Li et al. examined
positioning data from over 2000 CBCT scans from patients receiving lung SBRT
(Li et al. 2011). There were no significant differences in the intra-fraction motion
between an evacuated cushion with, or without abdominal compression. Image
guidance with CBCT prior to delivery was sufficient to provide treatment that
allowed for a 5 mm PTV margin. They concluded that performance status (ECOG 2
vs. 0-1) was a significant factor for cranial-caudal drift.

Audiovisual biofeedback (AVB) allows for patients to be an active participant in
managing their tumor motion. Specialized eyewear can display a particular
breathing pattern that is customized to the patient, which the patient can then follow
during simulation, pre-treatment image guidance, and therapy. Lee et al. compared
the consistency of displacement (or amplitude), and periodicity of breathing pat-
terns as seen on MRI, in patients receiving AVB versus free breathing (Lee et al.
2016). They showed a significantly higher level of consistency in the AVB cohort,
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Fig. 1 External compression was one of the first techniques used to address tumor motion in lung
SBRT

Fig. 2 Image guidance with CBCT prior to delivery was sufficient to provide treatment that
allowed for a 5 mm PTV margin

for both inter-fraction and intra-fraction breathing. AVB had the strongest benefit
with periodicity (70% improvement compared to free-breathing) compared to dis-
placement. These results have spawned the development of a phase II
multi-institutional randomized trial in Australia comparing AVB versus the
free-breathing approach (Pollock et al. 2015).

Even when controlling or restricting the motion trajectory, it is still quite
common for tumors to have displacements of more than 1 cm, especially those
located in the lower lobes. In these cases, delivering dose during a limited range in
the trajectory, or gating, can facilitate using narrower PTV margins and also expose
less normal lung tissue (Jang et al. 2014). In addition, the process of gating itself
has not been shown to impact tumor motion variability, highlighting the repro-
ducibility of this approach (Saito et al. 2014). Advances have been made to use
fiducial marker motion data generated from on-board kilo-voltage (kV) imaging
(Ali et al. 2011; Wan et al. 2016). This has led to development of emerging
technologies such as gated-CBCT and tumor-tracking treatment delivery.
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The implantation of small inert metal markers near or within a tumor target to
guide setup accuracy is not a novel concept. Before the advent of CBCT, this was
the main approach for localizing the prostate gland and helped foster the coupling
of dose-escalation with narrower PTV margins. Techniques of Implanting such
markers in the lung have dramatically improved over the past 10 years, with
advances in electromagnetic navigational bronchoscopy. A recent report by
Minnich et al. indicated marker retention rates exceeding 90% (Minnich et al.
2015). Others have shown similar outcomes, with very low rates of complications
and minimal intra-fraction migration (Nabavizadeh et al. 2014; Rong et al. 2015).
These markers can be used for localization on the CBCT, and are also seen on
intra-fraction kV images during arc-IMRT delivery. This allows for opportunity to
correct for shifts that can occur during longer treatment delivery sessions.

One limitation of inert markers is the reliance of obtaining serial imaging
repeatedly during the delivery fraction, and the inevitable inherent time lag in
receiving the marker positional data and the ability for the therapist to intervene if
necessary. With this mind, the feasibility of placing electro-magnetic transponder
fiducials (Calypso Inc, Seattle, WA) in the lung were first reported in a pilot study
of 7 patients (Shah et al. 2013). Two markers were placed per patient using
bronchoscopic guidance. Placement into the lung itself was difficult, and therefore
markers were placed into the most distal bronchus that was closest to the tumor.
Thirteen of the 14 markers remained stable and were able to be tracked by the
system. Based on this data, the Calypso system is now approved for intra-fraction
motion monitoring and gating in lung cancer patients.

Active tumor tracking is the ability of the linear accelerator to shape the radiation
beam to match the contour of the lung tumor, but treating it during the entire
trajectory. The benefit to this approach is a shorter treatment time compared to
gating, which can minimize risk for intra-fraction positional changes in the tumor
and/or patient. One phantom study has demonstrated feasibility to reconstruct
motion of the fiducial marker data to improve imaging artifact of CBCT due to
patient breathing (Ali et al. 2011). This is an important development that can
provide real-time motion data to the linear accelerator to assist with tracking. A new
linear accelerator platform has been developed with a gimble-pivoting mechanism
to permit simultaneous tracking and treatment of the lung tumor throughout the
respiratory cycle (Vero Inc) The commissioning and quality assurance report is
presented by Solberg et al. (2014). Clinical outcome data in the United States are
still pending.

3 Prostate Cancer—Intact Gland

There have been remarkable advances in the technology of radiation treatment
delivery for prostate cancer over the past 20 years. The advent of intensity mod-
ulated radiation therapy (IMRT), with more conformal dose distributions and
steeper dose gradients next to normal tissue, enabled clinicians to employ narrower
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PTV margins. This also enabled the ability to increase the potency of treatment by
increasing the prescription dose. Doses as high as 86 Gy are now used in the
definitive setting with conventional fractionation, with excellent outcomes and
acceptable toxicity (Spratt et al. 2013). Hypofractionated dosing schedules have
also been studied to increase patient convenience. The Radiation Therapy Oncology
Group (RTOG) protocol 0415 was recently published by Lee et al., indicating that
70 Gy in 28 fractions is not inferior to conventionally fractionated treatment
(73.8 Gy in 41 fractions) (Lee et al. 2016). SBRT has also been studied for low-risk
and intermediate-risk prostate cancer, with greater than five year follow-up (Hannan
et al. 2016; Katz et al. 2013). With dose escalation to 50 Gy in 5 fractions, Hannan
et al. report biochemical control rates of 100% at five years (Hannan et al. 2016). As
clinical outcomes from more potent dose schedules continue to emerge, there have
also been a parallel of advancements in image-guidance to monitor and limit
intra-fraction motion.

The only commercially available wireless radiotransponder fiducial system
(Calypso Inc, Seattle, WA) was originally pioneered in patients with prostate cancer
(Willoughby et al. 2006). Kupelian et al. reported multi-insitutional intra-fraction
motion data on 35 patients (Kupelian et al. 2007). They found that displacement of
the beacons exceeded 3 mm in more than 40% of treatment sessions. Motion
trajectory was unpredictable in majority of cases. Radiotransponder beacons were
used in the SBRT trial by Hannan et al., although intra-fraction motion data have
not been reported. The majority of the clinical experience comes from patients
treated using the Cyberknife platform, which uses orthogonal kV images to assess
implanted marker motion at multiple time-points during delivery. A report of
pooled outcomes using the Cyberknife system has been recently published by King
et al. (2013).

Alternatives to wireless transponders are also being explored, given several
limitations with this system, most notably imaging artifact on MRI. Keal et al.
report on a novel approach known as kilovoltage intrafraction monitoring (KIM),
using inert metal fiducial markers (Keall et al. 2016). A major advantage with KIM
is it uses the standard kV-imager already built into the standard modern linear
accelerator without necessity to purchase any additional hardware. In a preliminary
study of 6 patients, they assessed the impact of KIM as a method for reducing
gating events using a 3 mm/5 s action threshold, compared to patients without
KIM. Out of 200 delivered fractions, 15% had a gating event. Percentage of
beam-on time with the prostate being >3 mm away from isocenter was reduced in
patients who had KIM (24% vs. 73%). The accuracy of KIM was also measured
as <0.3 mm in all 3 dimensions by comparing it to simultaneously acquired kv/MV
triangulation data. Given that the majority of published prostate SBRT studies did
not use Calypso, this approach to intra-fraction motion management may have
far-reaching clinical impact.

The use of an endo-rectal balloon (ERB) may overcome daily variation in rectal
distention and peristalsis. This physiologic motion is the dominating contributor to
intra-fraction motion of the prostate gland. Langen et al. demonstrated that the
magnitude of intra-fraction motion using Calypso was largest in the



IGRT and Hypofractionation for Primary Tumors 139

Fig. 3 Rectal balloon placement for prostate SBRT (Boike et al., Journal of Clinical Oncology ©
2011). Reprinted with permission

anterior-posterior direction, with both positional drift and transient pulsatile motion
(Langen et al. 2008). The total elapsed treatment time also had a significant impact
on the motion, with larger movements seen with longer treatment times. In the
setting of SBRT, such displacement of the target organ can result in under-dosing
the PTV. To assess the potential benefit of ERB, Wang et al. compared the motion
between 30 patients who were treated with and without ERB (Wang et al. 2012).
They report that the ERB group had significant decreases in the motion in all
dimensions, especially the anterior-posterior direction. In the University of Texas
phase I prostate SBRT trial, daily endorectal balloon was used for simulation and
treatment (Hannan et al. 2016). The rectal catheter was filled a pre-determined
quantity of air, thereby fixing the interface between the anterior rectal wall and the
prostate itself (Fig. 3). Another purpose of the ERB is to also displace the lateral
and posterior rectal wall away from the PTV, facilitating lower doses received to
these areas. The lack of any grade 2 or higher late gastro-intestinal toxicities in the
45 Gy arm, with a median follow-up of 74 months, illustrates the benefit with this
technique (Hannan et al. 2016). The 45 Gy starting dose was the highest 5-fraction
dose reported in the literature to date. Intra-fraction motion data has not been
reported for this trial.

4 Prostate Cancer Following Prostatectomy

Salvage XRT is a standard treatment recommendation to treat biochemical recur-
rence of prostate cancer following radical prostatectomy. IMRT is now considered
the preferred technique to optimize sparing of adjacent rectal tissues. Given the lack
of a solid tumor target, radiation delivery in this setting presents multiple chal-
lenges. As IMRT inherently results in sharper dose gradients away from the target
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volume, intra-fraction data on the location of the tumor bed is critical. The defi-
nition of the CTV itself is fundamentally based on the relationship between the
bladder and rectum. After multiple reports of successful implantation of fiducial
markers in the intact-gland, a similar approach was started in the prostate bed.

Inter- and Intra-fraction motion data from 20 patients who received Calypso
implantation was presented by Klayton et al. (2012). Prostate bed displacement was
measured after aligning to bony landmarks. The shift in the superior-inferior
direction exceeded 5 mm in more than 21% of delivered fractions. During delivery,
motion was predominant in the posterior direction toward the rectum. Approxi-
mately 15% of all treatments were interrupted due to motion threshold being
exceeded. It is possible that ERB may be useful to minimize motion of the prostate
bed. In the absence of markers, soft tissue imaging with CBCT is essential to
visualize the rectal wall. Besides traditional X, y, and z translation movements, yaw,
pitch, and roll changes have also been shown to be contributors to intra-fractional
target changes using Calypso (Zhu et al. 2013). Real-time adaptive planning
strategies may be important in order maximize target coverage. It is proposed by
Zhu et al. that intra-fraction data obtained early in the treatment course can be
helpful in the decision making process to modify the existing treatment plan (Zhu
et al. 2013).

To date, there are no published 5-fraction SBRT studies in the treatment of the
prostate bed, analogous to the approach in the intact-gland setting. Hypofraction-
ation schedules over 4-5 weeks have been explored. There is a clinical trial
studying a 5-fraction technique which is actively accruing patients (clinicaltrials.
gov), employing fiducial marker placement, CBCT, and ERB. Both intra- and
inter-fraction motion will need to be considered for the successful implementation
of this technique.

5 Pancreatic Cancer

Given that local failure was observed in 30-50% of patients with unresectable
pancreatic cancer with conventional fractionation, the intention of SBRT in this
setting was to develop a more potent local therapy (Willett et al. 2005). Colleagues
from Stanford recently published their long-term experience, including patients
receiving single-fraction and multi-fraction SBRT. They reported a 12-month crude
local failure rate of approximately 10%, and 12-month survival of 30-35% (Pollom
et al. 2014). Herman et al. reported a median survival of 13 months in 49 patients
using a 5-fraction scheme (Herman et al. 2015).

In an earlier publication, Chang et al. outlined their treatment planning and
simulation techniques (Chang et al. 2009). Patients were treated using a robotic
radiosurgery system (Cyberknife, Accuray Inc, Sunnyvale, CA). Placement of
fiducial markers into or around the pancreas has been shown to be safe using an
endoscopic ultrasound (EUS) technique, although a traditional CT-guided percu-
taneous approach is the most common (Park et al. 2010). Approximately 1-2 weeks
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later, patients received a 4D-CT simulation with contrast (after 2004) and a PET/CT
scan. GTV was delineated on the various phases of the 4D-CT and constituted a

combined internal target volume. A 2-3 mm margin was then added to create the
PTV.

6 Image-Guided Therapy

Chang et al. describe their approach to image guidance and respiratory management
using the Cyberknife platform (Chang et al. 2009). The Cyberknife imaging system
consists of 2 diagnostic orthogonal X-ray sources in the ceiling paired with
detectors on the ground, enabling real-time images to verify bony anatomy and
fiducial marker location during treatment. Outlining the fiducial markers on the
4D-CT is thus crucial to creating an internal motion trajectory, which is then paired
with external motion trajectory data. The Synchrony respiratory tracking system
uses motion data from LEDs placed on the chest wall of the patient. A model is
generated from the LED and fiducial marker data to enable the linear accelerator to
monitor the tumor motion during beam-on delivery, and make adjustments to the
beam based on change changes in motion.

Such real-time tracking of tumor motion is critical, since it has been demon-
strated that range of tumor trajectory at the time of 4D-CT simulation may not
replicable at time of treatment (Minn et al. 2009). Minn et al. indicate that in the
superior-inferior direction, the range of the centroid motion during simulation was
0.9-28.8 mm, compared to 0.5-12.7 mm during treatment. This suggests that the
amplitude of the tumor motion can sometimes decrease compared to simulation,
and therefore careful intra-fraction monitoring of tumor fiducials is essential to
avoid missing the target. In patients receiving a 3—-5 week fractionation regimen
Len et al. describe differences in cranial-caudal motion magnitude between 4DCT
and tumor motion seen on CBCT (Lens et al. 2014). Differences exceed 5 mm in
17% of the fractions delivered. The authors suggested employing breath-hold
treatment techniques to address this issue.

Relying on external motion data alone during treatment may also be inadequate,
as highlighted by Li et al. They performed the first clinical study assessing the
geometric accuracy of gated Rapidarc treatment. Patients had fiducial marker
placement in or near the tumor, and location of these markers were identified on the
kV image portal prior to each beam-on delivery during the gating process. The
distance between the ITV and the markers on the kV images were very small.
The largest difference was in the cranial caudal direction, where a 1.5 mm margin
was calculated. However, there were cases where the difference exceeded 2 mm,
which approaches the uncertainty margin used in SBRT planning.

The Calypso marker system has also been used to monitor inter- and
intra-fraction motion in pancreatic cancer. In their initial experience, Shinohara
et al. demonstrated feasibility of marker implantation (Shinohara et al. 2012). They
also report novel intra-fraction motion that was higher than anticipated, with a mean



142 S. Sampath

shift of 7 and 12 mm in the superior and inferior dimensions, respectively. They
also suggested that implementing a breath-hold gating technique may be prudent.

7 Conclusions

With the advent of SBRT and shorter radiation treatment schedules, it is now of
paramount importance that accurate and reproducible localization of the target be
achieved. Both inter- and intra-fraction verification of target localization are nec-
essary in order to ensure optimal outcomes, given the sharper dose gradients seen in
SBRT planning. This is accomplished with highly complex imaging technology,
that is becoming increasingly integrated with the treatment delivery platform. Each
solid tumor type presents a unique set of treatment delivery challenges which
require an individualized approach. Several strategies to account for intra-fraction
tumor motion and deformation based on tumor type have been presented in this
chapter. Future advancements are anticipated in the area of adaptive radiation
planning and delivery based on real-time inter- and intra-fraction imaging data.
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Timothy E. Schultheiss

Abstract

Image Guided Radiation Therapy (IGRT) deploys advanced imaging techniques
prior to each treatment to ensure the highest possible agreement between the
planned treatment geometry and the daily set-up. This agreement includes both the
patient position and the localization of the internal target and normal structures. This
process reduces non-tumor tissues within the target volume to a minimum. IGRT is
now commonly accompanied by altered fractionation schemes, usually hypofrac-
tionation. With the small-volume, high-dose-per-fraction treatments, the profile of
treatment morbidities may change, compared to conventional 3D treatment. This
chapter explores how these morbidities may change with the use of IGRT.

Keywords
Image guided radiation therapy - Normal tissue toxicity

1 Introduction

Technological advances in radiation oncology have largely focused on delivering as
much dose as possible to the target volume while minimizing normal tissue
(NT) morbidity." This has been accomplished by deploying increasingly complex

1Only recently has de-escalation of target dose become a serious line of investigation in radiation
oncology.
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field arrangements of increasingly smaller beamlets and arcs and by using immo-
bilization and imaging to ensure proper patient positioning and targeting of the
planning target volume.” The result has been sharper dose gradients at the margin of
the high dose region and lower doses to normal tissues. If no change is made in the
dose per fraction or in the total tumor dose, then normal tissue toxicity will nec-
essarily be reduced because normal tissue doses are reduced. However, as tech-
nology has improved, tumor doses have been escalated, generally (or at least
initially) by increasing the number of fractions rather than the dose per fraction.
Under the assumption that as tumor doses increase, the same dose limits on normal
tissue are respected, then the NT dose per fraction will decrease, again decreasing
the morbidity. Thus it is self-evident that deploying IGRT either while keeping
target doses the same, or while increasing them but keeping NT tissue doses the
same will decrease NT morbidity if the target dose per fraction is held constant or
will hold NT morbidity constant if the target dose per fraction is increased. The
exception to this statement is the morbidity to normal tissues within the target
volume itself.

We will explore three scenarios where a tradeoff occurs between local control
and NT morbidity when IGRT replaces conventional treatments. We investigate
these scenarios primarily with respect to the changes in NT morbidity. Some
increase in local control will be assumed so that dose escalation may be justified,
but it is the potential increase in NT morbidity that will be explored in order to
determine how much the target dose may be safely increased.

The first scenario is the use of IGRT to escalate target dose with conventional
fractionation where the NT doses are also increased but the NT dose per fraction
decreases. To explore this scenario requires knowledge of the fractionation effects
on normal tissues. The volume effects will not greatly impact the morbidity in this
case since the relative dose distribution would not be expected to change
dramatically.

The second scenario is the use of IGRT to escalate the effective target dose by
deploying hypofractionation in addition to IGRT. This technique is often limited to
small volume treatments, with a concomitant small volume of irradiated NT. In this
situation, the volume effect can be paramount and may even result in the nature of
the NT morbidity being different from what would typically be observed when large
NT organ volumes are irradiated.

Finally, the third scenario is the use of single fraction IGRT, which can be
considered as the limit of hypofractionated IGRT. The tissue at risk in this scenario
is very commonly nervous tissue.

The radiobiological considerations in these three scenarios may be different and
will be discussed separately.

’In this chapter, IGRT will be assumed to include daily volumetric imaging prior to treatment.
Early definitions of IGRT included multimodality imaging to define better the target volume. In
this chapter, we will consider only the impact of daily imaging on NT responses. In IGRT like in
quantum mechanics, we assume you know where something is only when you look for it.
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2 Radiobiological Foundations

2.1 A Brief History

IGRT highlights the longstanding discussion regarding the relative importance of
dose versus volume in radiation induced normal tissue toxicity. The specific issue is
whether toxicity is more sensitive to changes in irradiated volume at a constant dose
or changes in dose at a constant volume. Historically, most technical improvements
in radiation dose delivery (custom blocking, CT simulation, conformal therapy,
IMRT, IGRT, adaptive treatment) have been claimed to have the potential to
increase the tumor dose (local control) and/or decrease normal tissue doses/volumes
(morbidity) by improving the targeting of the radiation treatment. In the 1970s and
1980s, the same objective was attempted by manipulating the fractionation schedule
using split course treatments and searching for the best dose per fraction whether
deployed in conventional, hypofractionation, or hyperfractionation schedules.
These efforts met with limited success, but the emphasis on “tighter” dose distri-
butions and better definition of treatment objectives as exemplified by the publi-
cation ICRU 50 ultimately led to greater success (IRCU 50, 1993). The
proof-of-principle study in controlling dose distributions was RTOG 94-06, A
Phase I/II Dose Escalation Study Using Three Dimensional Conformal Radiation
Therapy for Adenocarcinoma of the Prostate(Michalski et al. 2000). The genesis of
this RTOG study was an NCI-sponsored cooperative study “National Collaborative
Radiation Therapy Trials: 3-D Dose Escalation Study for Prostate Cancer.” Rapid
advances in delivery technology and 3D dose calculations made it possible to
transition from the introduction of conformal radiation therapy in the mid 1990s to
IGRT with helical tomotherapy in less than 10 years. IGRT using arc therapy on
C-arm linacs followed rapidly thereafter.

2.2 Some Biological Considerations

How NT morbidity changes with changes in dose and volume depends upon how the
tissue is organized morphologically and the pathogenesis of the injury. A useful
concept used in discussing NT morbidity is the functional subunit, FSU, first
introduced in radiation oncology by Withers et al. (1988). The FSU is a construct to
model how the organ or tissue is organized, but in some cases the idea has been
carried beyond its connection to reality. Withers et al. argued that FSUs could be
organized either in parallel, when the loss of some FSU’s would not necessary result
in a radiation injury, or in series where the loss of a single FSU would yield an injury.
In the former case, FSU’s organized in parallel is a tautology. If an organ has FSU’s,
logic demands that they are organized in parallel. Those organs that have functional
reserve can be said to have FSU’s. In those organs, part of the organ can be lost and
the remainder of the organ can fulfill its function. The lung, kidneys, and liver are
some obvious examples. However, if an organ fails when a single component fails,
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then the entire organ functions as a single unit and there are no subunits. If there is no
functional reserve, that is, if no part of the organ accomplishes a portion of the task of
the organ as a whole, then there is a single functional unit.

In radiation response, not just the tissue organization, but the pathogenesis is
relevant to the determination of FSU’s. Veno-oclusive disease is a potential radi-
ation injury, but it is fundamentally a complication of the whole liver (Klaus Trott,
personal communication). Radiation induced liver disease, formerly known as
radiation hepatitis, is a complication that manifests at higher doses to a fractional
portion of the liver(Dawson et al. 2002; Lawrence et al. 1995). Thus a single organ
may have different FSU’s depending on the injury type.

The spinal cord is generally held to be the paradigm of an organ made of serial
functional subunits. However, the fundamental function of the spinal cord is to
transmit reliably a signal from the brain to a remote tissue or vice versa. If part of
the spinal cord is damaged, the signal is not reduced, it is interrupted. The spinal
cord acts as one, single electrical cable.

The confusion that led to the erroneous concept that organs without subunits
have serial architecture probably had its genesis in the fact that the original version
of the critical element model (a volume effects model) assumed a complication was
the result of a lesion of sufficient size occurring anywhere in the organ it risk, as in
the spinal cord (Schultheiss et al. 1983). The probability of a lesion occurring in a
fractional volume, v, of uniformly irradiated tissue was estimated by

P(D,v) = 1-(1 —P(D,1))"

where P(D, 1) is the probability of a lesion occurring if the entire organ is irradiated
to dose D. This formula was derived using the simple notion that the probability of
a lesion not occurring in the organ was the product of the probabilities of its not
occurring in all subvolumes of the organ. This model is easily generalized to an
inhomogeneous dose distribution, and it has the advantage that the probability of
complication is based on the dose response function of a uniformly irradiated whole
organ, the most likely form that clinical data of that era would take. However, the
mathematical “trick” of using subvolumes does not imply the existence of FSU’s.

Jackson and colleagues developed a similar model for organs with actual FSU’s
(Jackson and Kutcher 1993; Jackson et al. 1995). Rather than the production of a
single lesion, they modeled a volume element as having suffered a binary level of
damage. The endpoint was reached if a sufficient number of volume elements,
presumed to be FSU’s, suffered damage. Unfortunately, this formalism requires the
dose response function for the FSU in order to determine the organ response. It is
not possible to determine the dose response function of a partially irradiated organ
based on the dose response of the whole organ. One can see how the division of a
so-called serial organ encouraged the mistaken association of these volume ele-
ments with FSU’s, as they truly are in an organ with functional reserve.

Both the critical element model and the parallel architecture model are examples
of what is known in reliability systems as a k-out-of-N system; the system fails if k
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of the N elements of the system fail, and is denoted as a k-out-of-N:F. The critical
element model is a 1-out-of-N:F system and the parallel model is a k-out-of-N
system. A k-out-of-N:G system is good (G) if k of the component remain func-
tional. There are consecutive k-out-of-N systems where a linear system fails if k
consecutive components fail. The critical element or serial model is a k-out-of-N
system with k = 1. The parallel architecture model of Jackson et al. is a noncon-
secutive k-out-of-N system, where N is the number of FSU’s and k is the number
that must fail to elicit a radiation complication. Tumors are typically modeled as
k-out-of-N:G systems with £ = . That is, as long as a single clonogen is good, the
tumor is viable. More complex models can be made by adding higher dimensions,
ie. two and three dimensional k-out-of-N systems. However, consecutive
k-out-of-N systems are mathematically very complex (or at least tedious), and
higher dimensional systems have the disadvantage of being simultaneously nearly
intractable while having too many independent variates in the model to be statis-
tically useful for modeling normal tissue responses.

3 Fractionation Scenarios
3.1 Conventionally Fractionated Treatments

Image guidance today is primarily achieved with commercially available on-board
systems used for daily volumetric imaging in radiation therapy setups such as cone
beam CT and megavoltage CT. Open MRI coupled with rotational Co-60 beams
has been developed recently and ultrasound imaging is still commercially available.
Early versions of daily CT scanning involved scanning on a CT simulator prior to
treatment and transferring the patient to a treatment table using a transfer board
(Lattanzi et al. 1998). The authors concluded, “With daily isocenter correction of
setup and organ motion errors by CT imaging, PTV margins can be significantly
reduced or eliminated. We believe this will facilitate further dose escalation in
high-risk patients with minimal risk of increased morbidity.” This technique was
compared to the use of transabdominal ultrasound in the treatment position for
prostate cancer (Lattanzi et al. 1999). The two were found to be “functionally
equivalent.”

Thus even as conformal therapy was transitioning to IMRT in the 1990s, efforts
to deploy IGRT were already being made. Outside of SRS treatments, these initial
efforts were primarily focused on reducing the CTV-PTV margin by reducing
set-up variations and imaging the target volume every day. The objective was to
increase tumor dose without increasing morbidity. Megavoltage CT was being
deployed with a prototype helical tomotherapy for the same purpose (Mackie et al.
1995; Yang et al. 1997). In-room CT was also deployed later with varying success
(Owen et al. 2009).

In an extensive study of set-up variations versus the frequency of imaging in
IGRT, Han et al. determined the likelihood of a decrease in coverage of the target
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volume and an increase in NT irradiated volumes when imaging occurred at fre-
quencies of 0, 20, 40, and 60% versus daily (100%) imaging (Han et al. 2012).
Even at an imaging frequency of 60%, the lung volume receiving 0.8 Gy per day
and the heart volume receiving 1.2 Gy per day increased by more than 20% in 10%
of the fractions. The CTV receiving 95% of the daily dose (1.8 Gy) decreased by
more than 20% in 5% of the fractions. This is primary evidence that by deploying
daily image guidance, the NT doses can be decreased and target doses increased.
Complications rates and the types of side effects would not change. Conversely, if
the target dose did not change, complication rates could decrease without affecting
the types of complications. This was observed by Chung et al. in prostate cancer
(Chung et al. 2009).

It is important not to overstate the effect of image guidance. Clearly, an
advantage is seen since the NT DVH is shifted to lower doses (and the PTV DVH
becomes steeper). However, it is important to acknowledge that part of this shift is a
result of reduced margins afforded by daily imaging (IGRT) and part results from
improved dose fall-off away from the target due to improved dose delivery tech-
nology (IMRT). It is difficult to find in the literature clinical studies that compare
similar IMRT techniques with dissimilar imaging protocols. It is the imaging that
distinguishes IGRT from IMRT.

3.2 Hypofractionated Treatment

The failure of early hypofractionation resulted from a lack of understanding of
radiobiology and the response of normal tissues to radiation. It was believed, or
more accurately hoped that morbidity from increases in daily doses could be offset
by lengthening the interfraction interval. Furthermore, the biological consequence
of increasing the dose per fraction was underestimated. Unfortunately these early
attempts were undertaken when field shaping was unsophisticated, volume effects
were underestimated, and treatments were frequently delivered using one field per
day. By the late 1980s, hypofractionation, often combined with split course treat-
ments, was largely abandoned in the definitive setting (Overgaard et al. 1988;
Parsons et al. 1980). Late complications, which are more sensitive to changes in
dose per fraction than tumors, increased without a compensating increase in tumor
control because the relative dose distributions were not altered.

By sparing normal tissues, IGRT reduces both the dose per fraction and the
volume of NT irradiated without reducing the tumor dose. Increasing the dose per
fraction to the tumor so that the NT dose per fraction remains approximately
constant would still leave a smaller volume of NT irradiated. Using hypofrac-
tionation, investigators have tested the hypothesis the NT morbidity will not
increase because reduced irradiated volumes will compensate for any increase in
dose per fraction. The truth to this hypothesis largely rests on the nature of the
volume effect and the pathogenesis of the NT morbidity.

As discussed above, prostate cancer was among the sites where IGRT was
deployed early in its history, initially with conventional fractionation. Because
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doses were being escalated to 80 Gy and higher, overall treatment times were
extending beyond 8 weeks. In part to shorten the overall duration of treatment,
hypofractionation trials were initiated. In general, the GI late toxicities are similar
into those seen with the best conformal or IMRT results. However, there is a strong
tendency to report slightly greater GU toxicity in IGRT than in conformal treat-
ments, although severe late GU toxicity is rare.

Rectal toxicity generally includes symptoms of radiation proctitis (urgency,
frequency, mucus discharge, pain) or rectal bleeding. Rectal bleeding would not be
expected to be very volume dependent, but to depend rather more on dose; however,
Wu et al. reported no rectal bleeding in 72 patients treated with a schedule of
16 x 3.4 Gy (Wu et al. 2012). In this report, as in several others (King et al. 2009;
Madsen et al. 2007; Pollack et al. 2013), GU toxicity was a greater problem than GI
toxicity.

The relatively greater incidence of GU toxicity in IGRT for the prostate can be
reasonably explained by the fact that the urethra is in the high dose volume whereas
the rectum can largely be excluded from the target volume. Obviously as the target
dose is escalated, so are the doses to most GU tissues that are at risk for radiation
injury.

A somewhat similar effect occurs in the lung. The relative frequency of toxicity
changes in two ways when conformal fields shrink to SBRT fields with the con-
comitant increase in dose per fraction (Kollar and Rengan 2014). As seen in animal
models (Van Der Veen et al. 2016), there is a shift from early to late effects as the
volume is reduced. Furthermore, at the higher doses per fraction, the central normal
structures become more likely to express morbidity than peripheral lung par-
enchyma. These effects are independent of yet a third possibility—spatial variation in
lung sensitivity as seen in mouse models and attributed to the spatial variation in
target structure for radiation pneumonitis (Tucker et al. 1997).

In the CNS, both brain and spinal cord, there appear to be no changes in the
types of normal tissue morbidity that result from reducing volumes and number of
fractions while increasing the dose per fraction. The obvious exception is that
neurocognitive deficits result from large volume treatment of CNS. However, one
must still be cognizant of differing sensitivity of different regions. For example,
there is some evidence that thoracic spinal cord is less sensitive than the cervical
cord. The lumbar cord is also less sensitive, possibly owing to its being myelinated
with Schwann cells rather than oligodendrocytes.

In addition to dose and volume factors associated with normal tissue responses in
changing from conventional fractionation and target volumes to hypofractionation
and image guided target volumes, different biological factors and responses may
come into play at larger doses per fraction. With higher biological doses that result
from higher doses per fraction, not only are direct effects observed, but the
microenvironment in the target region is altered by release of inflammatory media-
tors and molecular factors that may alter vascular permeability, induce changes in
fibroblasts, and impact the endothelial cell compartment (Song et al. 2014;
Zeng et al. 2014). Research has concentrated on the impact of these effects on tumor
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response and tumor growth, but the impact on normal structures inside the IGRT
target volume has received relatively little attention.

3.3 Single Fraction Treatments

Reoxygenation, redistribution or reassortment, repair, and repopulation comprise
the 4 R’s of radiotherapy. Reoxygenation is probably irrelevant to normal tissue and
repopulation is not very important in late injury. Clearly reassortment and repair are
not factors if single fraction treatments are used. Thus single fraction treatments
cannot benefit from the traditional advantages of fractionation, which generally
reduce normal tissue injury while simultaneously enhancing tumor sensitivity. Of
course there are many examples of failed single-fraction efforts in the history of
radiation oncology. The success of single fraction IGRT can be largely attributed to
the significant geometrical advances of IGRT and the fact that we have learned the
cost of treating large volumes using single fractions.

There may some biological advantages to single fractions as described elsewhere
in this volume. See Optimizing radiation dose and fractionation in the Chapter
“Advances in Immunotherapy.” However, it seems any putative advantages would
not outweigh the advantages of fractionation. High-dose radiation treatments may
impact tumor control through stromal effects not predicted by classical radiobio-
logical considerations (Brown et al. 2014; Hellevik and Martinez-Zubiaurre 2014).
However, these stromal effects are not dependent on the radiation being given in a
single fraction.

One might be tempted to believe that the probability of a geographic miss would
increase with fractionation. However, the probability of a miss is the same if equal
care is given to N fractions in a single patient or in single fractions to N patients.

Thus from biological and physical arguments, fractionated treatment still appears
to be advantageous. The advantage of single fraction treatments comes primarily in
patient convenience and especially for palliative cases (Greco et al. 2011).

4 Conclusions

The emphasis of this chapter is not to list the normal tissue complications observed
in IGRT. It is to describe how morbidity profile and pathogenesis might change in
going from conventional treatments to image guided treatments. In deploying image
guided treatments, effective doses are generally escalated, dose per fraction
increases, and volumes are decreased. If the tumor dose is increased solely by
increasing the number of fractions as was done in the early days of IGRT for
prostate cancer, then the character of the morbidities is unlikely to change although
the relative frequency might as a result of increased morbidity to the normal tissues
in the target volumes and decreases elsewhere.
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Hypofractionation and single fraction IGRT are almost always associated with
small-target-volume treatment. The small target volumes can result in significant
changes in the normal tissues at risk, the types of morbidities elicited, and a shift
from early to late effects. When using high doses per fraction, the likelihood
increases that the morbidity will be associated with local necrosis and late fibrosis.
Combining high doses per fraction and small volumes can result in morbidities
rarely seen in conventional treatments, such as those seen in central lung structures
after SBRT.

There seems to be little to recommend single fraction treatments over
hypofractionation. In nearly all cases, the biology for normal tissue recovery and
tumor cell kill seems to favor some fractionation. The statistics of treatment set up
do not favor single fraction treatments. Patient convenience is the only measure in
which single fraction treatments have an advantage. This may be important in
palliative cases, if a cogent argument for image guided treatment can be made in the
palliative setting.
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Abstract

Radiotherapy has traditionally been used as a therapy directed to the primary site
of disease to achieve local and regional control. This role is rapidly changing
with radiotherapy now playing an integral part of systemic therapy in patients
with metastatic disease. Stereotactic body radiotherapy to each oligometastatic
site is now actively being evaluated as a means to more definitively control
disease and contribute to a longer progression free interval. Irradiation of a tumor
site can result in clinically important immuno-modulatory systemic effects which
when combined with certain immunotherapy agents can result in abscopal
responses at unirradiated sites harboring macroscopic and microscopic disease.
Technological advances have now made the delivery of targeted systemic
radiotherapy a reality. Systemic radiotherapy can be biologically guided as in the
case of radiolabeled peptide analogs or immunologically guided as in the case of
radiolabeled antibodies directed against tumor associated antigens. Recent
advances in intensity modulated radiation therapy allow for radiation dose
sculpting to the entire body resulting in a more targeted form of total body
irradiation, also referred to as total marrow irradiation. This targeting is CT
image guided to a specific anatomic region, but in the future is expected to
incorporate PET and MRI based functional imaging allowing for systemic
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radiotherapy which is biologically guided based on the unique physiologic,
phenotypic and genotypic properties of the tumor. This chapter will summarize
the progress, current state and future directions of targeted systemic radiother-
apy. The treatment of hematopoietic malignancies is used to illustrate important
principles which are applicable to other malignant conditions.

Keywords
Total marrow irradiation - Radioimmunotherapy - Total body irradiation - Bone
marrow transplantation

1 Introduction

Radiation therapy has traditionally been utilized as a local regional therapy to optimize
local control at the primary site or at a symptomatic site of metastatic disease. This
treatment paradigm is rapidly changing with radiotherapy now playing a critical role
as an integral part of systemic therapy in patients with metastatic disease. For example,
a distinct subset of patients with oligometastatic disease is now recognized, with
disease characterized by lower tumor burden, limited metastatic sites, and a longer
timeline towards progression (Weichselbaum and Hellman 2011). Stereotactic body
radiotherapy (SBRT) to each tumor site is now actively being evaluated as a means to
more definitively control macroscopic disease and contribute to a longer progression
free interval in this population (Salama et al. 2008). Irradiation of a tumor site in
patients with metastatic disease can result in clinically important immuno-modulatory
systemic effects which when combined with certain immunotherapy agents can result
in abscopal immune responses at unirradiated sites harboring macroscopic and
microscopic disease (Formenti and Demaria 2012, 2005).

Technological advances have now made the delivery of targeted systemic
radiotherapy a reality. Systemic radiotherapy can be targeted to cancer cells at the
cellular level. These can be biologically guided as in the case of radiolabeled
peptide analogs to somatostatin in the treatment of neuroendocrine tumors, or
immunologically guided as in the case of radiolabeled antibodies directed against
tumor associated antigens expressed by solid tumors and hematopoietic malig-
nancies, also known as radioimmunotherapy (RIT) (Jurcic et al. 2016).

Recent advances in intensity modulated radiation therapy (IMRT) delivery
systems allow for radiation dose targeting and sculpting to the entire body resulting
in a more targeted form of total body irradiation (TBI), also referred to as total
marrow irradiation (TMI) (Wong et al. 2006, 2009; Schultheiss et al. 2007). This
targeted form of systemic radiotherapy is image guided and to specific anatomic
regions identified on CT, but in the future is expected to incorporate PET and MRI
based functional imaging allowing for image guided targeted systemic radiotherapy
to also be biologically guided based on the unique physiologic, phenotypic and
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genotypic properties of the tumor. This chapter will summarize the progress, current
state and future directions of targeted systemic radiotherapy. Although the treatment
of hematopoietic malignancies is used as an example, the principles outlined are
applicable to other malignancies.

2 Total Body Irradiation: The Earliest Form of Systemic
Radiotherapy

Total body irradiation (TBI) is one of the earliest forms of systemic radiotherapy
and understanding its potential benefits and limitations provides the basis for
developing new more targeted systemic radiotherapy approaches. TBI is a
non-conformal, non-targeted form of systemic radiotherapy and was initially
evaluated as a single modality therapy in patients with advanced leukemias, lym-
phomas and solid tumors. The first leukemia patient was treated with TBI in 1927
(Teschendorf 1927). In 1932 a specially designed room for TBI was developed at
Memorial Sloan Kettering (Heublein 1932). In the 1950s units specifically designed
to deliver TBI were developed at the Naval Medical Research Unit in Bethesda
(Draeger et al. 1953), Oak Ridge National Laboratories (Hayes et al. 1964;
Andrews et al. 1962) and City of Hope (Jacobs and Pape 1960, 1961). Jacobs and
Marasso at City of Hope reported their four year experience treating 52 patients
with advanced acute and chronic leukemia, Hodgkin’s and non-Hodgkin’s lym-
phoma, multiple myeloma and a variety of solid tumors (Jacobs and Marasso 1965).
Doses as low as 40 cGy resulted in palliation of symptoms in patients with leu-
kemia. Pancytopenia was dose limiting and five patients received autologous or
allogeneic marrow reinfusion.

The first use of TBI as part of the conditioning regimen for hematopoietic cell
transplant (HCT) delivered the dose in a single fraction and was reported by
Thomas et al. (1959). Although engraftment was successful, relapse occurred
within 12 weeks suggesting that TBI alone was insufficient to prevent relapse.
Since then chemotherapy, usually cyclophosphamide (Cy) has been combined with
TBI. Since these initial pioneering efforts, TBI continues to be an important part of
conditioning regimens in patients undergoing HCT. In a recent survey of the Center
for International Blood and Transplant Research (CIBMTR) Database which sur-
veyed 596 centers in 52 countries and included 219341 patients, TBI was utilized in
46% of patients undergoing allogeneic and 10% of autologous HCT (Hong et al.
2012). The primary indications for HCT in acute myelogenous leukemia
(AML) and acute lymphoblastic leukemia (ALL) are patients in first remission with
intermediate to high risk features, induction failure, relapse, or in second remission
or beyond. Patients with myelodysplastic syndrome (MDS) with high risk features
or evolving to an acute state are also candidates for HCT. Patients with chronic
myelogenous leukemia (CML) and chronic lymphocytic leukemia (CLL) undergo
HCT much less frequently given the efficacy of current systemic therapies.
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A primary role of TBI as part of the conditioning regimen just prior to HCT is
the eradication of malignant cells. In patients undergoing allogeneic HCT, TBI also
provides a powerful means of immunosuppression to prevent rejection of donor
hematopoietic cells. TBI offers distinct advantages compared to chemotherapy.
Unlike chemotherapy, delivery of radiation therapy to the tumor site is not
dependent on blood supply or influenced by inter-patient variability of drug
absorption, metabolism, biodistribution, or clearance kinetics. Radiation therapy
can reach potential sanctuary sites, such as testes and brain. Chemotherapy resistant
clones that develop may still be sensitive to irradiation.

The available data demonstrate that application of the same radiobiologic
principles successfully employed for conventional field radiotherapy, such as
fractionation, hyperfractionation, and organ shielding, have also helped to improve
the therapeutic ratio of TBI with reduced toxicities and improved outcomes (Deeg
et al. 1986; Girinsky et al. 2000; Labar et al. 1992; Shank et al. 1990). The effect of
dose-rate appears to be modest above 5 centigray (cGy)/minute and diminishes if
TBI is fractionated as opposed to a single fraction (Travis et al. 1985; Tarbell et al.
1987; Sampath et al. 2005; Weiner et al. 1986; Ozsahin et al. 1992). Typical TBI
schedules today deliver a total dose of 10-16 (Gray) Gy at 1.2-1.35 Gy per fraction
three times per day, 1.5-2 Gy per fraction twice a day or 34 Gy per fraction once a
day with a minimum of 4-6 h between fractions. Patients are usually treated at
extended SSD (source to skin distance) to encompass the entire body in a single
field. As a result dose-rates are in the range of 5-30 cGy/minute. Many centers
utilize lung shielding to reduce median lung doses to 8—10 Gy and reduce the
incidence of pneumonitis. Others have utilized renal shielding to reduce long term
nephrotoxicity (Rhoades et al. 1997). Hepatic shielding has been attempted by
some groups to reduce hepatotoxicity especially when TBI is combined with
busulfan (Bu) (Einsele et al. 2003) although one group in a small series of patients
concluded that this may increase relapse rates due to under treatment of disease
(Anderson et al. 2001).

Non-TBI chemotherapy only conditioning regimens offer no obvious advantage
in reducing toxicities or improving control rates compared to TBI containing reg-
imens, and in some randomized trials have been shown to be inferior (Blaise et al.
1992; Dusenbery et al. 1995; Ringden et al. 1996; Bunin et al. 2003). Most studies
have compared TBI-Cy to the BuCy regimens. Hartman et al. (1998) performed a
meta-analysis of 5 published randomized trials. Survival and disease free survival
were better with TBI-based regimens compared to BuCy although the differences
were not statistically significant. A significantly greater incidence of sinusoidal
obstructive syndrome (SOS) (also known as veno-occlusive disease) was observed
with the BuCy regimens. Recently, Gupta et al. (2011) performed a meta-analysis
of seven randomized HCT trials involving 730 patients with leukemia randomized
between BuCy and TBI-Cy. TBI-Cy was associated with a modest but
non-significant reduction in all cause mortality and relapse rates. Since the early
randomized trials utilized suboptimal dosing of busulfan, more recent comparison
studies have been done. In a prospective cohort comparison study of 1483 patients,
patients undergoing intravenous BU regimens experienced a statistically significant



Biologic and Image Guided Systemic Radiotherapy 159

increase in 2 year overall survival (OS) compared to those undergoing a TBI
containing conditioning regimen. The survival difference was only seen for early
stage AML and not seen for intermediate or advanced AML, CML or MDS, and
hepatotoxicity was greater with IV-Bu (Bredeson et al. 2013).

TBI containing and chemotherapy only conditioning regimens have traditionally
been myeloablative. Myeloablative regimens are associated with a treatment related
mortality (TRM) or no-relapse mortality (NRM) rate of about 20-30%. In a recent
summary report of the CIBMTR of patients undergoing a myeloablative regimens
prior to HLA matched allogeneic HCT, the main cause of death was relapse of
primary disease (48%) but treatment related causes including graft versus host
disease (GVHD), infection, and organ failure accounted for 17, 14 and 5% of
deaths, respectively. As a result older patients (greater than age 55-60) or patients
with co-morbidities are often not able to tolerate standard myeloablative TBI
containing regimens.

As a result non-myeloablative (NMA) and reduced intensity conditioning
(RIC) regimens have been developed which utilize lower chemotherapy or TBI
doses (Deeg and Sandmaier 2010). These regimens are usually associated with
fewer acute toxicities, are primarily used as a method of immunosuppression to
allow engraftment of donor cells and rely more on graft versus tumor (GVT) effects
to eradicate disease. RIC and NMA regimens offer a larger spectrum of patients a
HCT option, but being less myeloablative can be associated with increased relapse
rates. For example, in a recent multi-center phase III randomized trial, 272 patients,
age 18-65 years old with AML in first remission or with MDS, were randomized to
either a myeloablative or RIC regimen (Scott et al. 2015). With the RIC group the
relapse rate was significantly higher (48.3% vs. 13.5%, p < 0.01) and the relapse
free survival (RFS) rate was significantly lower (47.3% vs. 67.7%, p < 0.01),
resulting in an 18 month overall survival difference of 67.7% versus 77.4%
(p =0.07).

3 Rationale for Targeted Systemic Radiotherapy and TBI

Targeted forms of TBI and systemic radiotherapy have the potential to significantly
reduce organ dose and associated acute and late toxicities. With regards to TBI and
HCT, several groups have demonstrated a reduction in radiation related compli-
cations with reduction in dose to critical normal organs including pneumonitis,
nephrotoxicity and cataract formation (Fig. 1) (Sampath et al. 2005; Cheng et al.
2008; Hall et al. 2015). This could also potentially reduce TRM rates of radiation
condition regimens allowing for a broader spectrum of patients to undergo radiation
containing conditioning regimens, including patients who are older or those with
co-morbidities who would otherwise not tolerate standard TBI.

RIC regimens can be associated with increased relapsed rates as noted earlier.
Attempts to add TBI to RIC chemotherapy regimens to improve relapse rates have
been challenging because of additional toxicities. For example Petropolous et al.
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Fig. 1 Select examples of radiation dose-toxicity curves demonstrating that a reduction in dose to
normal organs is associated with a decrease in late organ toxicities such as pneumonitis, nephritis
and cataract formation (Sampath et al. 2005; Cheng et al. 2008; Hall et al. 2015)

(2006) reported that combining 9 Gy (3 Gy/day) TBI with the RIC regimen
fludarabine (Flu) and melphalan (Mel) was not possible in adults because of
increased mucositis. More targeted forms of TBI combined with RIC may be better
tolerated and may potentially improve relapse rates compared to RIC chemotherapy
regimens alone.

The primary reason for a more targeted form of TBI is to improve the therapeutic
ratio by reducing normal organ dose and toxicities allowing for the potential to
increase dose to tumor and improve long term outcomes. The available clinical data
indicate that there is a dose response for most cancers including acute leukemia.
Chloromas (also known as granulocytic or myeloid sarcomas) are extramedullary
tumors of myeloid leukemia cells. Although relatively radiosensitive, Chak et al.
(1983) demonstrated local control rates at 2 Gy per day of approximately 20% at
doses less than 10 Gy, 40% at doses of 10-20 Gy and over 80% at doses of >20
Gy. They recommended a dose of 30 Gy at 2 Gy per day for optimal local control.
More recently, Bakst et al. observed only one local failure at 6 Gy and recom-
mended at least 20-24 Gy at 2 Gy/day (Bakst and Wolden 2012).

A dose response relationship has also been observed with the TBI experience.
Two randomized phase II single institution trials have compared Cy combined with
12 Gy at 2 Gy/day or 15.75 Gy at 2.25 Gy/day. In a trial of 116 patients with CML
in chronic phase, the higher dose resulted in a significantly lower relapse rate
(0% vs. 25% p = 0.008), but higher treatment related mortality rate (24% 12 Gy
and 34% 15.75 Gy, p = 0.13), and as a result no significant change in overall
survival (Clift et al. 1991). In a separate report of 71 patients with AML in first
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remission, relapse rate was also decreased with the higher dose (14% vs. 39%
p = 0.06), but these gains were offset by an increase in TRM rate (38% vs. 19%,
p = 0.05), resulting in no difference in overall survival between the two arms (Clift
et al. 1998). The increase in TRM rate was due to an increase in lung, liver and
mucous membrane toxicities (Appelbaum et al. 1992). In several retrospective
reports from the group in Genoa (Scarpati et al. 1989), relapse rate and survival was
significantly decreased if TBI dose was >9.9 Gy (3.3 Gy/day). In an analysis of the
CIBMTR and City of Hope Cancer Center databases, Marks et al. (2006) reported
that patients with ALL beyond first remission receiving TBI-CY conditioning
regimens had a lower relapse rate and increased disease free survival if the TBI dose
was >13 Gy. Finally, Kal et al. (2006), compared results of different TBI regimens
published in three randomized trials, four studies comparing results of two to three
TBI regimens, and nine studies reporting on one TBI regimen. Using
linear-quadratic principles, a biologically effective dose (BED) was calculated for
each TBI regimen to normalize for differences in dose per fraction, number of
fractions and dose-rates of the different regimens. Higher BED values were asso-
ciated with a lower relapse rate and higher disease-free survival and overall survival
rates.

In summary, despite use of fractionated schedules and organ shielding, escala-
tion of TBI dose has been difficult due to dose-limiting normal tissue toxicities. This
has limited total doses of most TBI conditioning regimens to approximately 16 Gy
or less. Gains in disease control with TBI dose escalation are associated with an
increase in regimen related toxicities and non-relapse mortality in some studies,
resulting in no improvement in overall survival. New more targeted strategies are
clearly needed to allow further dose escalation without associated increase in side
effects. With regards to HCT, two targeted systemic radiotherapy strategies have
been evaluated in the clinic and are discussed below, biologically targeted
radioimmunotherapy (RIT) and image guided-IMRT based total marrow irradiation
(TMI).

4 Radioimmunotherapy: Biologically Targeted Systemic
Radiotherapy

Radioimmunotherapy (RIT) is a form of targeted systemic radiotherapy that utilizes
monoclonal antibodies or related immunoconstructs linked to radionuclides.
Radiolabeled antibodies have been evaluated as a form of therapy in solid tumors
and hematopoietic malignancies. A number of detailed reviews on this topic have
been published (Jurcic et al. 2016; Speer 2013). This section will focus on the use
of RIT as a form of targeted TBI for leukemia.

The majority of the experience has been with antibodies targeting CD20 on B
cells in patients with non-Hodgkin’s lymphoma. RIT has also been applied to other
hematopoietic malignancies including leukemia. Table 1 lists the antigens that
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Table 1 Radioimmunotherapy target antigens in acute leukemia

Target  Disease Expressed by

CD33 | Myeloid leukemia Promyelocytes to mature myeloid cells
AML blasts (not ALL blasts)
Not hematopoietic stem cells or ALL blasts

CD45 AML, ALL Virtually all hematopoietic stem cells except plasma cells
90% of AML and ALL

CD66 AML, ALL Mature myeloid and monocytic cells
Not on AML blasts (relies on cross-fire effect)

CD22 ALL B-cell acute lymphoblastic leukemia

Table 2 Radionuclides used in RIT of acute leukemia

Radionuclide Particles Half life Energy Path length  Comments
emitted (MeV)

Todine-131 (**'1) B, v 8.1 days 0.6 0.8 mm Dehalogenation

Yttrium-90 (°°Y) B 2.7 days 2.3 27mm  Goes to bone,
liver

Rhenium-188 ("**Re) B, v 17 h 2.1 2.4 mm Goes to kidney

Bismuth-213 *"*Bi)  a, v 46 min | 6.0 84 pum Requires fast
targeting

Actinium-225 (***Ac) a, v 10 days 8 50-80 um | Difficult to
generate

radiolabeled antibodies have been developed against to target AML and ALL.
Table 2 lists the radionuclides that have been linked to these antibodies and eval-
uated in clinical trials.

Selection of the appropriate radionuclide for RIT is based on availability,
half-life, energy path length, and ease of labeling to the antibody. 31 is both a B
and vy emitter. The y emission allows for imaging and assessing biodistribution of
the RIT. The B energy emission provides the therapeutic RIT effect. The disad-
vantage is that vy radiation travels far and increases exposures to normal tissues as
well as to surrounding medical personnel. '*'T will also disassociate from the
antibody, a process called dehalogenation, especially if the antibody is internalized
into the cell after antigen binding, which reduces radiation dose to the target cell.

%Y is a radiometal commonly used in RIT and is a pure P emitter. The mean B
emission range is approximately 2.7 mm compared to 0.8 mm for *'I *°Y B
emissions travel only a few mm and thus mainly affect the cells which are targeted
or adjacent malignant cells through what is termed a cross-fire effect. To monitor
biodistribution of *°Y RIT requires the co-administration of the same antibody
radiolabeled with the y-emitting radiometal '''In which allows for visualization
biodistribution by planar and SPECT imaging. Some have hypothesized that the
path length of °°Y B emissions are too long for the treatment of microscopic disease
although there are no clinical data to date to support this.
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o emitters are the most recent radioisotope to be exploited. o emitters have
higher linear energy transfer (LET) than either y or B emitters. In addition, the
effective range of o emitter’s effect is shorter (range of 40-80 uM) thus potentially
further reducing the normal toxicity and potentially making it more suitable for the
treatment of microscopic disease. The utilization of a-emitters has been limited by
their availability and short half-life.

RIT directed against CD33 has been evaluated as single modality therapy in pilot
and phase I trials in acute myeloid leukemia. The CD33 antigen is a 67-kD gly-
coprotein expressed on most myeloid leukemias and leukemia progenitors but not
on normal stem cells. Anti-CD33 RIT has been developed and evaluated using the
murine M195 and the HuM 195 (linituzumab) humanized antibodies by the group at
Memorial Sloan-Kettering Cancer Center (MSKCC). A phase I trial at MSKCC
reported on the feasibility of administering '*'I-CD33 antibodies (M195 and
HuM195) in 31 patients and demonstrated that dose escalation to 135 mCi/m?
achieved myelosuppression and allowed 8 patients to proceed to bone marrow
transplant, with three patients remaining in complete remission at 59, 87, and
90 months (Burke et al. 2003). Rosenblat et al. (2010) evaluated HuM195
anti-CD33 radiolabeled with the o-emitter *'°Bi administered after cytarabine in a
Phase I/l trial in patients with newly diagnosed, refractory or relapsed AML.
The RIT agent was shown to be tolerable at all dose levels. Although 77% of
patients had >20% decrease in marrow blasts with the addition of RIT compared to
only 40% with cytarabine alone, the response rate was only 19% at the maximum
tolerated dose (MTD) of 37 MBqg/kg with a median duration of response of
6 months. Due to the short half life of 2!*Bi, HuM195 has recently been evaluated
in a phase I trial labeled with the a-emitter **>Ac by the same group with an overall
response rate of 29% reported (Jurcic et al. 2015).

RIT has also been evaluated as part of conditioning regimens in patients with
leukemia undergoing allogeneic HCT. RIT has been combined with established
myeloablative or reduced intensity regimens. Table 3 lists select trials that have
combined RIT with non-TBI conditioning regimens. Marrow doses have ranged
from 3 to 47 Gy with mean marrow doses depending on the agent ranging from 11—
36 Gy at the MTD. Almost all trials have demonstrated the feasibility of combining
RIT with established conditioning regimens and acceptable TRM rates. Results
have been are encouraging, although the experience to date has been limited to
phase I and II trials, at a limited number of centers, and in a relatively small number
of patients.

Combining RIT with TBI containing regimens has also been evaluated and has
demonstrated the limits of dose escalation (Table 4). Matthews et al. (1999)
combined '*'I-BC8 anti-CD45 RIT with the myeloablative conditioning regimen of
12 Gy TBI and Cy is a phase I trial. RIT was escalated based on estimated dose to
the bone marrow. One case of non-engraftment occurred with the combination of
12 Gy TBI and 31 Gy RIT. A RIT marrow dose of 24 Gy in combination with
12 Gy TBI was determined to be the MTD. Bunjes et al. (2002) combined 188Re
labeled anti-CD66 RIT with myeloablative conditioning regimen which included
TBI to 12 Gy. This agent has greater biodistribution and dose to kidney than other
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agents. Late renal toxicity was seen in 14% and in 4 of 6 patients if the total renal
dose exceeded 12 Gy. Renal toxicity was reduced in a subsequent study of the same
agent when renal shielding was utilized with TBI (Zenz et al. 2006).

RIT as a form of targeted systemic radiotherapy and a form of targeted TBI for
acute leukemia patients undergoing HCT is theoretically attractive with encour-
aging results and acceptable toxicities, yet challenges still remain. The availability
of these agents, expertise and resources needed to perform myeloablative RIT is
limited to only a few centers. The technology is therefore currently not easily
exportable for wide use making further clinical evaluation of these agents beyond
the phase I and II trial setting difficult. There is inter-patient variability in the
biodistribution and pharmacokinetics for these agents. In many trials, a small subset
of patients does not receive the therapy infusion after demonstrating suboptimal
biodistribution of the pre-therapy infusion. Although the amount of administered
radioactivity and agent is determined by the treating physician, the actual radiation
doses to the intended target sites and organs is not and can vary from patient to
patient adding a degree of uncertainty to the anticipated toxicities and efficacy.

5 Total Marrow Irradiation: Image Guided Systemic
Targeted Radiotherapy

5.1 Background and Rationale

Recent technological advances in radiotherapy systems now allow for the delivery
of a image guided IMRT to large regions of the body allowing for more targeted
forms of TBI and therefore targeted whole body or systemic radiotherapy. These
new forms of image guided targeted TBI are often referred to as total marrow
irradiation (TMI). The Tomotherapy HiArt System® was the first system used to
deliver targeted TMI. Tomotherapy integrates CT image-guided radiotherapy and
helical delivery of IMRT in a single device. Specifically, a 6 MV linear accelerator
is mounted on a CT ring gantry and rotates around the patient as the patient
translates through the ring. The maximum target size possible is approximately
60 cm in width by approximately 160 cm in length (Beavis 2004). More recently,
other groups have successfully used linear accelerators with volumetric arc-based
image guided IMRT (also referred to as VMAT) capabilities to deliver TMI (Han
et al. 2011; Aydogan et al. 2011; Fogliata et al. 2011; Patel et al. 2014).

The first delivery of TMI as part of the conditioning regimen in patients under-
going autologous or allogeneic HCT began in 2005 (Wong et al. 2006, 2009;
Schultheiss et al. 2007; Wong et al. 2013; Somlo et al. 2011; Rosenthal et al. 2011;
Stein et al. 2012). Figure 2 shows the typical conformal dose distribution pattern that
is achieved to the designated target structure, with simultaneous reduction of dose to
critical organs. Table 5 compares the median doses for various normal organs at risk
(OAR) delivered through standard TBI to 12 Gy with 50% transmission block lung
shielding and electron boost to the underlying chest wall versus TMI to 12 Gy to the
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Isodose Values
(Gy)

Fig. 2 Radiotherapy dose color wash demonstrating typical dose distribution of a patient treated
with TMI. The target structure is skeletal bone

skeletal bone. Significant reduction in dose and volume of organ receiving full dose
is observed compared to standard TBI for all critical organs.

This approach offers the treatment team more control of radiation dose delivery to
target regions and organs compared to targeted radiopharmaceutical approaches. The
physician can simultaneously reduce dose to organs or any other user-defined
avoidance structure, while simultaneously increasing dose to particular target regions
depending on the tumor burden and clinical situation. Figure 3 shows median organ
doses and Fig. 4 lung dose-volume histogram (DVH) plots for standard TBIto 12 Gy
versus TMI at 12 and 20 Gy in the same patient. At TMI doses to 20 Gy, median doses
to all organs are still below that of TBIto 12 Gy. The lung DVH plots demonstrate that
at20 Gy TMI median lung doses remain below that of TBI 12 Gy with lung shielding
but the Dgy (minimum dose to at least 80% of the lung volume) is comparable, which
predicts for similar pneumonitis risks for TMI 20 Gy and TBI 12 Gy. Table 6 com-
pares median organ doses between TMI plans to 12 Gy (target structure is bone)
compared to TBI plans to 12 Gy using 50% transmission blocks to shield lung.

5.2 Methodology Used at City of Hope

5.2.1 CT Simulation and Immobilization
All patients undergo CT simulation for treatment planning purposes. The patient is
scanned supine with arms at side on a CT simulator. Two planning CT scans are
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Fig. 3 Median organ doses from treatment plans for TBI 12 Gy, TMI 12 Gy and TMI 20 Gy
planned on the same patient. Median organ doses are lower with TMI at 20 Gy compared to TBI

12 Gy, predicting that dose escalation of TMI to 20 Gy in patients should result in lower organ
doses and reduced side effects compared to standard TBI 12 Gy
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Fig. 4 Comparison of dose-volume histogram (DVH) plots for lung with TMI 12 Gy, TMI
20 Gy versus standard TBI to 12 Gy in the same patient. Standard TBI utilized 10 MV photons to
deliver 12 Gy. Fifty percent attenuation blocks were used to shield the lungs. Electrons were used
to deliver 6 Gy to the rib cage underlying the lung blocks. The lung DVH plots demonstrate that at
20 Gy TMI median lung doses remain below that of TBI 12 Gy with lung shielding but the Dgg

(minimum dose to at least 80% of the lung volume) is comparable, suggesting that pneumonitis
risks for TMI 20 Gy may be similar to TBI 12 Gy
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Table 6 Median dose to normal organs with TMI compared to standard TBI to deliver 12 Gy

Organ at risk Median dose (Gy) Median dose (Gy) TMI/TBI
T™MI TBI median dose
Bladder 7.5 12.3 0.61
Brain 7.1 12.2 0.58
Breast 7.7 12.4 0.62
Esophagus 4.9 11.7 0.42
Orbits 6.0 12.0 0.50
Heart 6.1 11.5 0.53
Lens 2.3 10.5 0.22
Liver 6.9 11.7 0.59
Left Kidney 74 11.9 0.62
Right Kidney 6.9 11.9 0.58
Left Lung 6.3 9.0 0.70
Right Lung 6.4 9.7 0.66
Optic Nerve 6.4 12.3 0.52
Oral Cavity 2.5 12.5 0.20
Ovary 7.0 12.5 0.56
Parotids 4.6 13.1 0.35
Rectum 4.8 12.6 0.38
Small intestine 5.0 12.5 0.40
Stomach 4.6 11.5 0.40
Thyroid 44 12.6 0.35

Data is an average of comparison plans from 6 patients at City of Hope (unpublished data)
Standard TBI utilized 10 MV photons to deliver 12 Gy. Fifty percent attenuation blocks were used
to shield the lungs. Electrons were used to deliver 6 Gy to the rib cage underlying the lung blocks

performed, one to plan body regions from head to pelvis and the other to plan for
lower extremities. The body CT scan is obtained with normal shallow breathing. 4D
CT scan data are acquired for chest and abdomen. If 4D CT is not available,
shallow inspiration and expiration breath hold CT scans can be acquired instead.
The normal shallow breathing CT data set is used for dose calculation and planning.
The 4D CT datasets are registered to the planning CT to account for any organ
motion during respiration. AccuForm™ (CIVCO Medical Systems, Kalona, [A)
cushion is used in combination with Silverman headrest to support and stabilize the
head and neck. A body vac-lok™ bag (CIVCO Medical Systems, Kalona, IA) and
a thermoplastic head and shoulder mask are used as additional immobilization
devices. The patient’s arms, legs and feet are positioned using a vac-lok bag to
enhance comfort and repositioning accuracy. Oral contrast is used to help visualize
the esophagus. Couch height is approximately 10 cm below the isocenter of the
gantry and patient is positioned on the couch so that the top of the head is
approximately 5 cm from the end of the couch. Those settings are used to maximize
the available length for the CT scanning and treatment delivery.
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Target delineation: Target and avoidance structures and normal organs are
contoured on an Eclipse™ treatment planning system (Varian Medical Systems,
Palo Alto, CA) or similar planning system. Avoidance structures contoured are user
defined and usually include lungs, heart, kidneys, liver, esophagus, oral cavity,
parotid glands, thyroid gland, eyes, lens, optic chiasm and nerves, brain, stomach,
small and large intestine, breasts, rectum, testes, ovary and bladder. Depending on
the clinical circumstances, clinical trial or center, potential target structures can
include skeletal bone, spleen, testes and major lymph node chains. In some clinical
trials brain and liver are target structures. The 4D CT datasets are registered to the
planning CT so that the contours of ribs, esophagus, kidneys, spleen and liver are
enlarged to account for the organ movements during respiration. An additional 3 to
5 cm margin is usually added to the CTV to define the PTV target. Our center has
added up to 10 cm margins in areas where larger setup uncertainty is observed,
such as in the regions of the shoulder, arms, thighs, and posterior spinous processes.
Spinal cord (part of the target) is outlined separately so to avoid hot spots in the
spinal canal during planning. At some centers such as City of Hope, the mandible
and maxillary bones are excluded from the target in an effort to minimize oral cavity
dose and mucositis.

5.2.2 Treatment Planning with a Helical Tomographic Delivery
System (Tomotherapy)

DICOM-RT images are transferred to the Hi-Art™ Tomotherapy treatment plan-
ning system (Accuray Inc. Palo Alto, CA). Helical Tomotherapy plan is designed
such that a minimum of 85% of the target received the prescribed dose. For the
body treatment plan, jaw size of 5 cm, pitch of 0.287 and modulation factor of 2.5
are used for most patients as a balance of treatment time and plan quality. Plan
quality index is comprised of target dose uniformity and critical organ doses. Since
the first TMI patient treated in 2005, TMI treatment planning efforts at City of Hope
have continued to evolve. Median organ doses with current planning methods are
now lower than previously published (Wong et al. 2006). Our current approach is to
perform plan optimization in two stages. Critical organ sparing is optimized before
target dose uniformity optimization is done resulting in being able to escalate target
doses without a proportionate increase in normal organ dose (Stein et al. 2015).
Legs and feet are planned in Tomo-Direct mode. A 5 cm jaw size is used. Gantry
angles of 0 and 180° are selected. Composite dose of body plan and leg plan is
generated to double check there is no dose gap or overlap at the junction.

5.2.3 Treatment Planning with a VMAT Conventional Linear
Accelerator System

TMI can be planned and treated using a conventional linear accelerators with

VMAT capability as well. Multiple dynamic IMRT arcs with usually 3—4 isocenters

are used to cover target regions. Collimator angles are varied for each arc to

increase the planning degree of freedom and plan quality. After the plan of the body

is finalized, the lower extremities are planned with two or three additional AP-PA
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fields given the lack of sensitive organs in this area. AP-PA fields are opened at
40 cm X 40cm and gapped at 50% isodose line at midplane (Han et al. 2011;
Aydogan et al. 2011).

5.2.4 Treatment Delivery

Our current procedure involves initial laser alignment of the patient in the vac-lok
bag and thermoplastic mask. Verification CT positioning scans are performed prior
to each treatment session using multiple cone beam CT scans (CBCTs) or one
megavoltage CT (MVCT) scan from orbit to ischial tuberosities and is fused to the
planning CT. Registration and couch shifts are reviewed and approved by attending
physician before treatment is delivered. The Tomotherapy has a maximum treat-
ment length of approximately 150 cm. A jaw size of 5 cm and pitch of 0.287
usually result a beam-on of time of approximately 25 min to treat the upper body.
On the Tomotherapy system, the patient translates through the unit head first to treat
from the head to proximal thighs and is then re-setup and translates through the unit
feet first to treat the lower extremities. Treatment of legs has a beam-on of time of
approximately 10 min. With a conventional linear accelerator with VMAT capa-
bility, it is recommended the verification CBCT to be performed for each isocenter
before treatment delivery. The total treatment time is similar to TMI delivery using
a helical topographic approach.

5.2.5 Comparison to TBI Planning and Delivery

Table 7 compares the steps needed to plan and deliver TBI versus TMI. The TBI
technique currently used at City of Hope is similar to that developed at Memorial
Sloan Kettering Cancer Center (Shank et al. 1990). Briefly, patients are treated
using a C-arm linac in the standing position at extended SSD of approximately
400 cm. The most common fractionation schedule is 1.2 Gy three times a day for
10-11 fractions using alternating AP and PA fields. A compensator is made for
each patient to achieve a uniform dose. Fifty percent transmission blocks are used to
shield the lung for each fraction. Electrons are used to treat the rib cage underlying
the lung blocks. The time and resources needed for planning and delivery of TMI is

Table 7 Comparison of TBI versus TMI planning and preparation

TBI T™I
Day 1 » TBI measurement: thickness, SSD, positioning, * Immobilization
gantry angle, hand position * Whole body CT simulation
» CT Simulation for chest wall e boost treatment
planning
Day 2-4 < TBI calculation » Contour
* Fabricate compensator and lung blocks * Plan optimization

« Set up—Ilung block placement and port films | * Phantom QA
» Generate e boost plan
* 2nd calculation QA verification
Day 5 « Position standing—harness and lung blocks * Position in mask and vac-lock
* Treatment: 20 min beam-on time for 2 Gy * Treatment: 35 min beam-on
fraction time for 2 Gy fraction



Biologic and Image Guided Systemic Radiotherapy 173

comparable to TBI. Centers actively involved in HCT and already treating patients
with TBI should also be able to adopt TMI as part of their HCT program.

5.3 Results of TMI Clinical Trials

Initial preclinical dosimetric studies comparing TMI and TBI demonstrated that
TMI could result in median organ doses that were approximately 15-65% of the
prescribed dose to the target structure (bone) depending on organ site. These pre-
clinical studies were hypothesis generating and predicted that TMI could result in a
reduction of acute toxicities and the potential to dose escalate to marrow without an
increase TRM rates compared to TBI containing regimens. Clinical trials would
need to validate this hypothesis.

5.3.1 Tandem Autologous Mel-TMI HCT in Multiple Myeloma

The TMI trials at City of Hope have evolved through several phases. Patients
undergoing HCT were first treated with TMI containing conditioning regimens in
2005. The initial trial evaluated TMI as part of a conditioning regimen in patients
with multiple myeloma undergoing autologous tandem HCT. Since this was the
first in human trial evaluating TMI, the trial was designed in part to address initial
concerns of possible increased toxicities with TMI due to higher dose-rates com-
pared to TBI. TMI would be evaluated without concurrent chemotherapy using a
fractionation schedule and a fraction size comparable to TBI. This would allow us
to evaluate the acute toxicities and determine the MTD of TMI alone in this
population (Wong et al. 2006; Somlo et al. 2011).

Patients with Salmon-Durie stage I-III multiple myeloma and with stable or
responding disease after first line therapy, underwent tandem autologous HCT. The
first autologous HCT used the standard conditioning regimen of Mel at 200 mg/m>.
This was followed a minimum of 6 weeks later by a second autologous HCT using
TMI as the conditioning regimen. TMI dose was escalated from 10 Gy to 18 Gy at
2 Gy fractions delivered twice a day with a minimum interval between fractions of
6 h. The TMI target structure was bone (Fig. 2). The trial design was a modification
of a standard tandem autologous HCT regimen which utilized Mel at 200 mg/m? as
a conditioning regimen for both tandem HCT.

Of 22 patients, reversible NCI grade 3 non-hematologic toxicities were as fol-
lows: nausea/emesis in 3 patients, enteritis in 2 patients and mucositis in no
patients. Dose limiting toxicities were not observed until a TMI dose of 18 Gy (1
patient with reversible grade 3 pneumonitis, congestive heart failure and enteritis,
and 1 patient with grade 3 hypotension), establishing the MTD at 16 Gy. With dose
escalation to 18 Gy, median organ doses still remained below that for standard TBI
to 12 Gy (Somlo et al. 2011), ranging from 11 to 81% of the prescribed bone dose.

The observation of radiation pneumonitis in one of three patients at 18 Gy TMI
is consistent with predications made by initial preclinical planning studies. Table 8
displays the Dgg, Dso (median) and D,y doses points for lung averaged for all
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Table 8 Total Lung Dgy, Dso and D,; DVH Doses for Patients with Multiple Myeloma
Undergoing TMI

N D8O DSO DIO
TBI 12 Gy* 3 7.0 9.4 123
TMI 10 Gy 3 45 49 6.8
TMI 12 Gy 4 5.6 6.2 8.4
TMI 14 Gy 3 6.4 6.9 9.4
TMI 16 Gy 3 6.4 7.1 10.7
TMI 18 Gy 3 6.9 7.6 112

“Based on TBI plans from first 3 TMI patients (dose level 1) with 50% transmission lung blocks
and 6 Gy electron boost to underlying chest wall

Dgp minimum dose to that 80% of the organ receives; Dsy minimum dose that 50% of the organ
receives; Do minimum dose that 20% of the organ receives

patients at each dose level. This shows the Dgq point of 6.9 Gy which is similar to
the Dgy of 7 Gy which is observed with standard TBI to 12 Gy with 50% trans-
mission lung blocks.

A phase II tandem autologous HCT trial of Mel followed by 16 Gy TMI has
been completed (Somlo et al. 2015). A total of 54 patients were entered on the
Phase T and II trials. No grade 4 toxicities, treatment related mortality, or
non-engraftment was observed in either the Phase I or II trials. The median age was
54 years (31-67). Four patients were stage I, 18 stage II and 32 stage III. Forty-four
of the 54 pts received TMI (28 at the MTD of 16 Gy). Best responses included
complete response in 22, very good partial response in 8 and partial response or
stable disease in 14. Median follow-up of alive pts was 73 months (27-117). In an
intent-to-treat analysis median progression free survival (PES) for the 54 pts was
52 months (95% CI 34.4-not reached), and median overall survival (OS) was not
reached. PFS and OS at 5 years was 43% (95% CI 31-59) and 66% (95% CI 54—
81), respectively. For pts enrolled at 16 Gy, the PFS and OS at 5 years were 48%
(34-69) and 73% (59-90). The authors concluded that TMI of 16 Gy was feasible
following Mel and the long-term safety and PFS/OS were encouraging.

5.3.2 TMLI (Total Marrow and Lymphoid Irradiation) Added
to an Established RIC Regimen (Flu-Mel) as a Conditioning
Regimen for Allogeneic HCT in Older Patients with Acute
Leukemia
As noted earlier RIC regimen can be associated with an increase in relapse rates
(Scott et al. 2015), yet adding standard TBI to RIC regimen has resulted in unac-
ceptable toxicities in adults (Petropoulos et al. 2006). At City of Hope a pilot trial
evaluated the feasibility of combining TMLI with the established RIC regimen of
fludarabine and melphalan. The hypothesis was that given the targeted nature of the
radiotherapy it would be better tolerated than standard TBI in combination with
Flu-Mel. The target structures for TMLI included bone, as well as major lymph
node regions (TLI) and spleen to optimize the immunosuppression needed for
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allogeneic HCT and since these regions potentially harbored disease. Brain and
testes were included as target regions in patients with ALL.

TMLI at 12 Gy (1.5 Gy BID) was combined with Flu (25 mg/m*/d x 5 days)
and Mel (140 mg/m?) followed by allogeneic HCT in patients with advanced
hematologic malignancies and who were older than age 50 or with co-morbidities
and were ineligible for standard TBI myeloablative regimens. At study entry
marrow blasts had to be <10% or reduced by over 50% after induction
chemotherapy. The initial results of the first 33 patients have been reported
(Rosenthal et al. 2011). Nineteen patients had AML and 3 ALL. Twenty-two were
felt to be at very high risk having disease in induction failure, relapse, second or
third remission or with a history of prior HCT. The TRM rate at 1 and 2 years was
19% and 25% respectively, which compared favorably to the 30-40% rates reported
for Flu and Mel alone in a similar patient population (Giralt et al. 2001, 2002;
Ritchie et al. 2003; de Lima et al. 2004). With a median follow-up for living
patients of 14.7 months, 1-year overall survival, event free survival, and non—
relapse-related mortality were 75, 65, and 19%, respectively. The authors concluded
that the addition of TMLI to RIC is feasible and safe and could be offered to
patients with advanced hematologic malignancies who might not otherwise be
candidates for RIC. A recent updated analysis of 60 patients on this trial with a
median follow-up of 5 years demonstrates similar TRM, relapse, event-free sur-
vival and overall survival rates (unpublished data). Further studies are needed to
determine whether the addition of TMLI to an RIC regimen provides additional
benefit compared to RIC regimens alone.

5.3.3 TMLI as an Alternative to TBI as Part of a Radiation

Containing Myeloablative Conditioning Regimen

in Allogeneic HCT
A previous trial at City of Hope demonstrated the feasibility of combining 12 Gy
TBI, Bu and VP-16 as a conditioning regimen for poor risk acute leukemia patients
undergoing allogeneic HCT (Stein et al. 2011). This led to two successor phase I
trials evaluating the feasibility and defining the MTD of dose escalated TMLI with
either Bu/VP-16 or Cy/VP-16 in poor risk acute leukemia. In both trials dose to the
target structures bone, major lymph node chains, and spleen were escalated per
standard phase I trial design. Target structures also included liver and brain which
were kept at 12 Gy for all dose levels. Fraction schedule was 1.5-2 Gy BID over
4-5 days.

For the TMLI/Bu/VP-16 phase I trial the conditioning regimen was Bu days —12
to —8 (800 uM min), TMLI days —8 to —4, and VP-16 day —3 (30 mg/kg). TMI
dose (Gy) was 12 (n = 18) and 13.5 (n = 2) at 1.5 Gy BID. Twenty patients with
advanced acute leukemia were treated; 13 with induction failure, 5 in first relapse
and 2 in second relapse. Nineteen patients still had detectable blasts in marrow prior
to HCT with involvement ranging for 3 to 100% and 13 had circulating blasts prior
to HCT ranging from 6-63%. Grade 4 dose limiting toxicities of stomatitis and
sinusoidal obstructive syndrome (SOS) were seen at 13.5 Gy (Wong et al. 2013).
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Hepatotoxicity was likely due the combination of Bu and a liver dose of 12 Gy,
each of which has been associated with a risk of SOS.

TMLI dose escalation was also evaluated in combination with Cy and VP-16
(Stein et al. 2015). A phase I trial in 51 patients (age: median 34, range 16—
57 years) with relapsed or refractory AML and ALL undergoing HCT with active
disease and therefore conventionally ineligible for transplant, underwent a condi-
tioning regimen of escalating doses of TMLI (range 12-20 Gy, days —10 to —6)
with Cy (100 mg/kg day —3) and VP-16 (60 mg/kg day —5). Thirty-four were in
induction failure, 14 in first relapse and 3 in second relapse. Fifty patients still had
detectable blasts in marrow with involvement ranging form 5 to 98% and 27 had
circulating blasts ranging from 6-85% prior to HCT. One patient at the 15 Gy level
experienced Bearman scale (Bearman et al. 1988) grade 3 mucositis, but no other
grade 3 dose limiting toxicities were observed up to 20 Gy. The maximum tolerated
dose was declared at 20 Gy since as noted earlier TMLI planning indicated that
prescribed target doses >20 Gy might deliver Dgy doses to lung comparable to 12
TBI resulting in pneumonitis risks comparable to standard TBI. The post-transplant
non-relapse mortality rate was 3.9% (95% CI: 0.7-12.0) at day 100 and 8.1% (95%
CI: 2.5-18.0) at one year. The day +30 complete remission rate for all patients was
88 and 100% at 20 Gy. With a median follow-up if 24.6 months (3.3-72.0) of
surviving patients, the overall one-year survival was 55.5% (95% CI: 40.7-68.1)
and progression free survival 40.0% (95% CI: 26.4-53.2). Eleven patients are alive
and in continuous complete remission at 1.6 to 6 + years. The authors concluded
that TMLI/CY/VP16 conditioning regimen was feasible with acceptable toxicity at
TMLI doses up to 20 Gy and with encouraging results for disease control for a very
poor risk population not eligible for standard-of-care HCT regimens. A phase II
trial is currently ongoing with the primary endpoint of 2 year progression free
survival.

Figure 5 shows median (Dsg) organ doses averaged for each dose level in the 51
patients undergoing TMLI combined with Cy and VP-16 and allogeneic HCT.
Table 9 shows organ doses as a percentage of the prescribed target dose. Dose
escalation to target structures up to 20 Gy was not associated with a proportionate
increase in median organ doses for most critical organs. Median organ doses ranged
from approximately 16-60% of the prescribed marrow dose with lung 44%,
esophagus 33%, and oral cavity 28%. Lung Dg, doses have been below 7.0 Gy
even at the 20 Gy dose level. Figure 6 shows the level of dose uniformity within
the target structure bone.

5.3.4 TMI Clinical Trials Performed at Other Institutions

Recently, other groups have evaluated TMI and TMLI containing conditioning
regimens although the published experience to date is limited. Hui and colleagues at
the University of Minnesota (Hui et al. 2007) reported on the first patient treated as
part of a phase I autologous HCT trial in Ewing’s sarcoma using TMI to 6 Gy
(2 Gy per day), followed by Bu (targeted, 4 mg/kg days —8 to —6), Mel (50 mg/m?
days —5 and —4) and thiotepa (250 mg/m” days —3 and —2). The regimen was well
tolerated with only nausea and vomiting observed. Sheung et al. (2009) reported on
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Fig. 5 Median (Ds() organ doses averaged for each dose level in 51 patients undergoing TMLI
combined with Cy and VP-16 and allogeneic HCT. Dose escalation to target structures up to
20 Gy was not associated with a proportionate increase in median organ doses for most critical
organs. Median organ doses ranged from approximately 16 to 60% of the prescribed marrow dose
with lung 44%, esophagus 33%, and oral cavity 28%

Table 9 Median (Ds) organ Organs Mean + 1 SD Range

dose as a percent of the

prescribed target dose Lens 15.0 £ 43 10.0-34.0

(n =51 Oral cavity 243 + 84 14.0-51.3
Rectum 33.1 £82 17.9-54.1
Esophagus 30.8 £ 5.8 16.3-44.2
Eyes 284 £ 13.0 13.1-71.9
Stomach 397+ 74 27.1-58.3
Thyroid 44.6 + 12.7 15.3-88.9
Parotids 39.6 £ 7.5 26.0-60.0
Lungs 415+ 63 32.0-55.0
Heart 422 4+ 103 28.8-69.2
Kidneys 379 £92 21.8-67.5
Small intestine 454 £ 6.9 26.8-61.1
Bladder 545 £ 125 25.3-89.2

SD standard deviation
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Fig. 6 Average Dgg, Dsg Do Target Doses (as a percent of prescribed dose) in 51 Patients. DVH
plot is a representative plot from one patient. This demonstrates the level of uniformity of dose to
the bone compartment

3 patients conditioned with 8 Gy TMI at 2 Gy per day (days —6 to —3) combined
with Mel at 140 mg/m? (day —2) prior to autologous HCT and observed only a
single event of grade 3 toxicity (mucositis). Corvo et al. (2011) demonstrated the
feasibility of adding a 2 Gy TMI boost to bone marrow and spleen after standard
TBI 12 Gy (2 Gy BID) and Cy in 15 patients with AML and ALL undergoing
allogeneic HCT and, with a median follow-up of 310 days, reported a cumulative
TRM rate of 20%, relapse rate of 13% and disease free survival rate of 67%. Patel
et al. (2014) were the first the deliver TMI using a VMAT approach with Flu and
Bu. They reported on 14 patients most with advanced acute leukemia and estab-
lished an MTD of 9 Gy (1.5 Gy BID). With a median follow-up of 1126 days TRM
was 29%, RFS 43% and OS 50%.

Other centers in Europe, North America and Asia have also initiated similar
trials but the early experience to date remains unpublished. Tables 10 and 11 list
select TMI trials in multiple myeloma and leukemia that are ongoing. Most are pilot
or phase I TMI dose escalation trials in patients with advanced, poor risk disease
and are combined with RIC or myeloablative conditioning regimens. Most TMI
schedules use 1.5 to 2 Gy fractions twice a day although some plan on using 3 to
4 Gy daily fractions.

5.3.5 High Dose-Rate and Organ Sparing
Clinical results have addressed initial concerns of TMI approaches. One concern
was that the higher dose-rate with TMI (approximately >400 cGy/minute)
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compared to the low dose-rate with TBI (5—30 cGy/minute) would result in greater
toxicity. The available toxicity data summarized earlier show that this is not the
case. In addition, to the authors’ knowledge there has not been a single reported
case of non-engraftment. Finally, pre-clinical studies have demonstrated that
dose-rate effects are not seen at dose-rates higher than approximately
25 cGy/minute and are significantly mitigated the more the TBI dose is fractionated
(Travis et al. 1985; Tarbell et al. 1987). This may explain the lack of any dose-rate
effect seen in the clinical trials to date.

Organ sparing has raised concerns of sparing of cancer cells. For example, in a
study of 14 patients with refractory anemia undergoing allogeneic HCT and treated
with Cy and TBI utilizing 95% attenuation lung and right hepatic lobe blocks, there
was an increase in relapse rate (34% vs. 2%, p = 0.0004) and decrease in disease
free survival (38% vs. 61%, p = 0.16) when compared to historical controls
(Anderson et al. 2001). The authors hypothesized that 95% shielding of lung and
liver may have shielded malignant cells or reduced immunosuppression and graft
versus leukemia effect.

We have continued to monitor the rate and sites of extramedullary recurrences in
patients treated with TMI regimens undergoing allogeneic HCT. Of 101 patients
with a median follow-up of 12.8 months, 13 developed extramedullary relapses at
19 sites. The site of relapse was not dose-dependent, with 9 relapses occurring in
the target region (>12 Gy), 5 relapses in regions receiving 10.1 to 11.4 Gy and 5
relapses in regions receiving 3.6 to 9.1 Gy (Kim et al. 2014). The risk of extra-
medullary relapse was comparable to that of standard TBI. In multivariate analysis
extramedullary disease prior to HCT was the only predictor of extramedullary
relapse. The use of TMI does not appear to increase the risk of relapse in non-target
regions.

5.4 Future Directions

Ways to optimize dose delivery continue to be explored. Optimum dose schedules,
fraction sizes, and chemotherapy regimens need to be defined. Larger fraction sizes
of 3-4 Gy are being evaluated. Although this may be more time efficient, it
diminishes the organ sparing effects of fractionation and hyperfractionation.
Reduced fractionation combined with higher dose rates of TMI may increase the
potential for organ toxicity particularly to the lungs, liver and kidneys.

The most appropriate target regions and target doses for a given patient popu-
lation needs to be defined. The feasibility and benefit of dose escalation needs to be
demonstrated in more trials. Other areas that need to be addressed are what patient
population are TMI strategies most appropriate for and are TMI based regimens
best used in patients who are poor risk and would do poorly with current regimens
or in standard risk patients as a replacement for current TBI or on-TBI based
regimens.
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5.4.1 Multimodal and Functional Imaging for TMI Dose Painting
and Response Assessment

An established principle in radiation oncology is that increased dose is needed to
regions of higher tumor burden. Currently with TMI and other forms of image
guided systemic radiotherapy dose escalation is to a CT based anatomic region such
as bone and bone marrow. The assumption that the greater tumor burden is in the
marrow and uniformly distributed throughout the bone and body for leukemia,
multiple myeloma and other hematopoietic malignancies may not be the case.
Future trials will explore the use of multi-modality and functional imaging to refine
targeting and response assessment. '*FDG- PET imaging and MRI including
multi-parametric MRI are being actively being investigated to define areas of
greater tumor burden, to define extramedullary disease and to assess response (Valls
et al. 2016; Rubini et al. 2016). [18F]—ﬂu0r0thymidine, a DNA precursor which
targets areas of greater DNA synthesis and cell proliferation, has demonstrated
promise in detecting intramedullary distribution of acute leukemia and early
recurrence (Vanderhoek et al. 2011).

Hematologic disease (especially leukemia) is assumed to be systemic, distributed
homogeneously in the skeletal system and thus the iliac crest biopsy is the standard
way to assess disease and to determine treatment management. In addition, the
skeletal system micorenvironment and its compositional, structural, physiological,
and functional units are assumed to be invariant. However, a small percentage of
cells can become resistant and proliferate. As a result there have been new treatment
strategies focusing in several areas: (1) the evolution of intrinsic cellular changes
including stem cell clonogens, genetic mutations and various other ways to develop
resistance to treatment and (2) the bone marrow (BM) “environment” which is
beginning to be recognized as key contributing biological factor in hematological
malignancies. The skeletal system is perhaps the largest and most complex phys-
iological system. Pre-clinical studies indicate the important role the local BM
environment plays in survival of leukemia cells or leukemia resistance after treat-
ment (Kode et al. 2014; Konopleva and Jordan 2011; Raaijmakers 2011; Schepers
et al. 2013). Recent pre-clinical studies with advanced imaging suggest structural
and functional heterogeneity of BM (Lassailly et al. 2013; Naveiras et al. 2009).

The term functional total marrow irradiation or “TMI” is coined to develop
targeted radiation that incorporate functional information of the cancer, bone and
marrow system, and interaction of cancer cells with BM macro- and the
microenvironment. The path to develop and implement fTMI is complex and will
develop over the next decades as the complex relation of hematologic cancers and
its interaction with the BM environment and bone marrow hematopoiesis is better
understood.

Hui and colleagues presented the concept of differential radiation targeting based
on differences in bone marrow composition, namely active red marrow (RM), and
yellow marrow (YM) or bone marrow adipose tissue or BMAT) as their functions
are distinct. 3D mapping of marrow composition was developed using newly
developed whole body DECT. In this framework, differential radiation to RM or
YM was proposed (Fig. 7) (Magome et al. 2016). The radiation exposure was
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Fig. 7 Comparison of standard total marrow irradiation (TMI), red marrow irradiation (RMI),
and yellow marrow irradiation (YMI). (A) Dose distributions of standard TMI, RMI, and YMI

significantly reduced to organs at risk (OARs) in RM and YM irradiation compared
with standard total marrow irradiation (TMI). Although leukemia is prevalent in the
vascularized marrow niche, regions of lower vascularity and higher hypoxia such as
YM may function to enhance cancer resistance to systemic chemotherapy and
radiation (Conklin 2004). Because cancer treatment changes marrow fat composi-
tion (Hui et al. 2015) individual factors including age and prior treatment may
influence the distribution of marrow composition in different sites and possibly the
distribution of viable tumor burden within the skeletal system.

A hybrid whole-body PET/DECT (3'-deoxy-3'['*F]-fluorothymidine) imaging
system, which is functional-anatomical-physiologic based imaging, offers the pos-
sibility of identifying spatial distribution of leukemia. Hui et al. observed highly
heterogeneous distribution (systemic and focal lesions) of leukemia throughout the
skeletal system. The majority of cells were systemic and uniformly distributed, but
with additional regions of localized leukemia, that was associated with cortical bone in
spine, proximal and distal femur, and pre-dominantly in RM regions. These data are
hypothesis generating and raise the interesting possibility that heterogeneous distri-
bution of leukemia could be associated with differences in the local marrow envi-
ronment and possibly associated with different response characteristics to therapy.

Hui and colleagues simulated different TMI dose painting scenarios utilizing
standard CT based imaging, FLT-PET based imaging and DCET based imaging
(unpublished data). The full dose target region or planning tumor volume (PTV) for
FLT or DECT based planning was dramatically reduced compared to the PTV of
conventional TMI plan. Figure 8 shows color wash dose distributions of conven-
tional, FLT, and DECT based TMI plans. With reduction in the volume of the target
region, doses to critical organs could be reduced in FLT and DECT based TMI
plans compared with the conventional TMI. In summary, multimodality image
guided “fTMI” would allow for differential irradiation of regions with higher
burden of chemo-resistant leukemia cells and the potential to more selectively
increase dose and improve outcomes.
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Fig. 8 Functional total marrow irradiation development (from left to right): 3D mapping BM
composition using DECT (verified using water-fat MRI), FLT PET with DECT (not shown), dose
painting comparison between conventional (CT based) total marrow irradiation (TMI), FLT
imaging-based TMI, and DECT imaging-based TMI, and dose volume histograms of conventional
(blue), FLT-based (green), DECT-based (red) TMI plans

6 Conclusions

In summary, strategies to deliver a more targeted form of TBI continue to be
actively investigated in this emerging area through the use of newer image guided
IMRT radiotherapy delivery systems. Although the follow-up has been short and
the number of patients treated has been limited, initial results with TMI have been
encouraging and demonstrate feasibility, acceptable toxicities, TRM rates that
compare favorably to standard conditioning regimens, and encouraging response
and survival rates in advanced disease. Dose escalation is possible when combined
with certain drug combinations such as Cy/VP-16. TMI can now be delivered on
more than one technology platform, through helical tomographic or VMAT based
image guided IMRT delivery. The number of centers and trials continue to increase.
Today TMI and TMLI trials are being performed or planned in centers in North
America, Central America, Europe, Asia and Australia which demonstrates that this
approach is exportable and reproducible at other centers. This emerging area will
soon be positioned to carry out multicenter trials to answer important clinical
questions that remain.

A potential advantage of TMI and TMLI is the ability to reduce doses to normal
organs, thereby reducing toxicities and broadening the spectrum of patients able to
tolerate radiation conditioning regimens, such as older patients or those with
co-morbidities. As a result TMI and TMLI can be combined with established RIC
regimens in an effort to improve outcomes. Another potential advantage is the
ability to escalate target dose with acceptable toxicities. Although, TMI is repre-
sents a paradigm shift from standard TBI, its full clinical benefit needs to be
validated through well-designed clinical trials. Ultimately trials need to demonstrate
that TMI based conditioning regimens offer advantages over already established
TBI and non-TBI containing conditioning regimens.
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Abstract

Ionizing radiation (IR) began to be a powerful medical modality soon after
Wilhelm Roéntgen’s discovery of X-rays in 1895. Today about 60% of cancer
patients worldwide receive radiotherapy in their course of cancer control. In the
past decades, the technology for precisely delivering tumor IR dose such as
stereotactic body radiation therapy (SBRT) has been significantly enhanced,
which increases the overall local tumor response and clinical benefit. However,
in achieving the goal for long-term cancer control, radiotherapy (RT) has faced
several major challenges including the elucidation of the microenvironment
causing tumor repopulation and resistance, especially with the most aggressive
tumor cells in late phase metastatic lesions. To meet this challenge, a great deal
of effort has been devoted to revealing not only the mechanistic insight of tumor
heterogeneity, but also the emerging complexity of the irradiated microenvi-
ronment. Such new knowledge provides the explanation for the long recognized
tumor heterogeneity and tumor cell repopulation, one the major “R”s in tumor
radiobiology, which involves cancer stem cells (also termed tumor-imitating
cells, cancer stem-like cells, or stem like cancer cells). It is generally accepted
that CSCs plays a key role in tumor adaptive radioresistance and are involved in
clinical tumor response. The specific cell surface biomarkers as well as the
biological topographies of CSCs in many solid tumors have been identified;
some of them overlap with those detected in normal stem cells. However, the
exact molecular mechanism causing the radioresistant phenotype of CSCs,
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especially the dynamic nature of CSCs themselves under RT and their
communication with the irradiated tumor microenvironment including stromal
cells and immune cells, remains to be elucidated. Further elucidation of the
complexity of the irradiated local tumor microenvironment in which CSCs reside
may generate significant new information to resensitize radioresistant tumor cells
and thus to improve therapeutic efficacy. In this chapter, I will describe the
general information on normal stem cells, CSCs, CSCs-associated tumor
repopulation and energy reprogramming and potential therapeutic targets. The
dynamic features of radioresistance-associated factors such as NF-kB and HER2

in some CSCs including breast cancer and GBM will be discussed.
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MnSOD Manganese-containing superoxide dismutase

ROS Reactive oxygen species

SBRT Stereotactic body radiation therapy
OXPHOS Oxidative phosphorylation

RT Radiation therapy

TNBC Triple-negative breast cancer

1 Introduction
1.1 General Feature of CSCs

Accumulating evidence demonstrates that the inexorable progression towards the
resistant phenotype of cancer cells and the dynamic alterations in tumor microenvi-
ronment are associated with the overall adaptive tumor response to radiotherapy. Clinic
and lab data suggest that tumors contain cancer stem cells (CSCs, or termed stem-like
cancer cells, tumor-initiating cells) which play an integral role in the tumor microen-
vironment and in radioresistance. The existence of cancer stem cells have long been
suspected, which is recently supported by the evidence showing that only a small
proportion of tumor cells are able to form colonies or new tumors (Bonnet and Dick
1997; Al-Hajj et al. 2003). Increasing numbers of specific CSCs markers such as
CD133, CD44, ALDH, are used to identify CSCs. Breast cancer stem cells expressing
such CSC biomarkers (Al-Hajj et al. 2003) have been shown to have increased
expression of pro-invasive genes required for metastasis such as IL-1a, IL-6, and IL-8
(Sheridan et al. 2006). Additionally, CSCs appear to exhibit notable radioresistance and
chemoresistance. Tumor cells undergoing genotoxic stress conditions (such as with IR
and chemotherapy), activate pro-survival pathways and inhibit pro-apoptotic pathways
resulting in tumor radioresistance. The molecules involved in these CSC pathways are
potential targets to enhance tumor radiosensitivity.

In this chapter, I will discuss some key features associated with radioresistance
of CSCs, the dynamics of CSCs repopulation during radiotherapy, and the potential
targets that may help to eliminate CSCs by RT. Specific pathways in breast cancer
stem cells (BCSCs) and glioblastoma multiforme (GBM) stem cells (GSCs) are
discussed. Among pro-survival pathways, the role of NF-xB-HER2 in mediating
BCSC radioresistance will be discussed with an emphasis on experimental labo-
ratory data. With the recent interest in cancer immunotherapy, RT mediated
alterations in tumor immunoreactions such as ascopal effects and tumor bioener-
getics such as mitochondrial energetics will be discussed. An understanding of such
pro-survival networks activated in CSCs will not only help to develop effective
targets to sensitize tumor cells to radiotherapy, but also generate specific diagnostic
approaches for the detection of recurrent or metastatic tumors.
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1.2 Normal Stem Cells and CSCs

Mammalian cells with stem like feature (stemness) are grouped into three major
types according to different functions: (a) Totipotent stem cells (such as ESCs and
iPSCs) refer to stem cells that are highly plastic and can potentially be directed to
any cell type; (b) Mesenchymal Stem Cells (MSCs) are the stromal cells present in
the bone marrow and most connective tissues, capable of differentiation into
mesenchymal tissues such as bone and cartilage; and (c) Lineage-Specific Stem
Cells that include Hematopoietic Stem Cell (HSCs), Neural Stem Cells (NSCs) etc.
(Hu et al. 2016). Cancer stem cells (CSCs) were first isolated in acute myeloid
leukemia patients (Lapidot et al. 1994), followed by many other experiments
showing the presence of CSCs in solid tumors including breast, lung, prostate,
colon, and brain tumors (Al-Hajj et al. 2003; Ashkenazi et al. 2007; Baumann et al.
2008; Dalerba et al. 2007). Similar features are detected in CSCs that are generally
defined as a small subpopulation of cancer cells that show a unique capacity of
self-renewal and can also generate the heterogeneous cell lineages comprising the
tumor (Clarke et al. 2006). Based on the proliferating rate, CSCs can also be
divided into two cell subpopulations: the normal and the slow proliferating cells
(quiescent or dormant cells) (Skvortsova et al. 2015). It has been suggested that
CSCs originate from NSCs and acquire a malignant phenotype due to gene
mutations caused by endogenous and exogenous stimuli (Hittelman et al. 2010).
Overlapping with major features of NSCs, CSCs are shown to be resistant to
proapoptotic factors, rendering them a forbidding adversary to current anti-cancer
modalities (Li and Neaves 2006; Frosina 2009; Lou and Dean 2007). CSCs can also
originate from cancer cells and recently stemness features have been detected in
non-stem cancer cells after radiation (Vlashi et al. 2016). The major phenotype of
CSCs is their enhanced growth potential with the ability to form tumors which can
locally invade and metastasize (Clarke 2005; Moncharmont et al. 2012; Chen et al.
2013). Figure 1 shows the typical images of three different mammospheres formed
by immortalized normal human breast epithelial MCF-10A cells contrasted with the

Red = DLG1 (basal lateral protein) Green = HER2, Blue = Nucleus

MCF10A MCF7 BCSCs

Fig. 1 Representative images showing the different acini structures generated from immortalized
normal human breast epithelial MCF10A, breast cancer MCF7 and BCSCs isolated from MCF7
population that survived a course of FR. DLG and HER? indicate the polarity of cells in the acini
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breast cancer MCF7 cells and BCSCs isolated from a surviving MCF7 population
after chronic fractionated radiation (FR) (unpublished work of JJ Li’s lab).

1.3 Tumor Heterogeneity and CSC-Mediated Tumor
Repopulation Under Radiotherapy

Tumor heterogeneity was suspected as early as three hundred years ago when the
original microscope was invented (Zellmer and Zhang 2014). As a major tumor
response to therapeutic ionizing radiation, repopulation of tumor cells has been
defined in experiments and clinic practice (Heppner and Miller 1989). Radiation
induced repopulation of tumor cells is recognized as one of the “R”s in radiation
oncology, which includes repopulation, redistribution, re-oxygenation, and repair.
Such repopulation during therapy has been implicated as an important feature in
tumor recurrence after radiotherapy (Kim and Tannock 2005). The pioneering work
by Dewey’s group using long-term observations of irradiated cells via computerized
video time-lapse analyses revealed the heterogeneity and different cell fates among
irradiated cells (Endlich et al. 2000), demonstrating the heterogeneous IR response
in a supposedly homogeneous cell population. Data from our lab also demonstrated
that a small fraction of breast cancer MCF7 cells were able survive a course of
chronic fractionated radiation (FR) and showed an enhanced profile of genes reg-
ulating cell cycle and DNA repair (Li et al. 2001; Guo et al. 2003). This radiore-
sistant breast cancer population was found to be enriched with specific breast cancer
stem cells expressing HER2 (Duru et al. 2012). Increased tumorgenicity of CSCs
with specific surface markers was first studied in acute myeloid leukemia (Bonnet
and Dick 1997).

A CSC is thus defined as a specific tumor cell that has stem-cell like properties
including the capacity to self-renew and to generate the heterogeneous lineages of
cancer cells that comprise the tumor. A key feature of CSC theory is that only a
small subset of tumor cells has the ability to proliferate in an uncontrolled manner
which challenges the traditional concept that each tumor cell is able to grow to a
new tumor. Al-Hajj et al. demonstrated that BCSCs (CD44*/CD24 ") are more
tumorigenic; as few as 100 cells with this phenotype are able to form tumors in
mice, while millions of cells without this feature cannot (Al-Hajj et al. 2003).
Phillips et al. used the CD44*/CD24"°¥ BCSCs isolated from breast cancer cells to
show that BCSCs can be propagated as mammospheres and enriched after radiation
(Phillips et al. 2006). Using xenogeneic tumors treated with chemotherapy, Dylla
et al. identified the repopulation of colorectal CSCs with the marker of CD44"ESA*
(Dylla et al. 2008; Dalerba et al. 2007). Firat et al. (Firat et al. 2011) further
identified a delayed cell death associated with mitotic catastrophe in irradiated
GSCs. These results together with other reports demonstrate that the surviving
cancer cells under RT are enriched with CSCs and may contribute to tumor
repopulation observed in the clinic. During chemo- and/or radio-therapy, the most
resistant CSCs would be selected and continue to sustain the tumor. In clinical
studies, the proportion of putative CSCs in a residual tumor has been shown to
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increase following cytotoxic chemotherapy (Findlay et al. 2014; McClements et al.
2013; Vaz et al. 2014; Duru et al. 2014). These findings shed light on a new
conceptual paradigm of how CSCs or tumor-initiating cells contribute to radiation
response. Identification of CSC-associated radioresistance needs to be further
evaluated in clinical studies.

1.4 GSCs in Brain Tumor Radiotherapy

Glioblastoma multiforme (GBM) is a highly malignant primary brain tumor with a
median survival time of approximately 14 months from time of initial diagnosis
(Stupp et al. 2009), and radiotherapy has been the major modality for control of this
tumor (Brandes et al. 2009; Balasubramaniam et al. 2007; Dhermain 2014). GSCs
identified in human GBM showed infinite self-renewal and can differentiate into
different cells types such as neurons and glia (Galli et al. 2004; Singh et al. 2004).
GSCs also express NSC markers such as CD133, Sox2 and Nestin (Singh et al.
2004). Evidence suggests that GSCs are responsible for the aggressive tumor
growth and radiotherapy resistance, although the precise mechanism has yet to be
elucidated (Stiles and Rowitch 2008). Not surprisingly, Bao et al. (2006) reported
that DNA damage repair capacity was enhanced in isolated GSCs. Using a spon-
taneous murine glioma model, Chen et al. identified that when temozolomide
treatment is discontinued, the first cell population to undergo proliferation and lead
to tumor regrowth is the nestin-positive GSCs (Chen et al. 2012). GSCs were also
found to be enriched in recurrent gliomas. GSCs isolated from recurrent tumors
form more aggressive invasive tumors in athymic mice than GSCs isolated from
primary tumors derived from the same patient (Huang et al. 2008), an important
result indicating the repopulation of GSCs in recurrent and metastatic tumors. In
brief, the radioresistant phenotype of GBM is linked with the following factors seen
in GSCs after FR: repopulation, enhancement of DNA repair (Bao et al. 2006),
reprogramming of metabolism (Rampazzo et al. 2013), inhibition of apoptosis
(Pareja et al. 2014; Zanotto-Filho et al. 2012; Rahaman et al. 2002), and upregu-
lation of pro-survival factors (e.g., Akt and Mcl-1) (Choi et al. 2014; Bruntz et al.
2014). Interference of these pro-surviving signaling pathways is potential approa-
ches to enhance the RT response, especially when recurrent GBM is treated by RT.

1.5 Profiling Radioresistant Biomarkers

IR-responsive gene expression profiles were thoroughly investigated by Amundson
and Fornace and their colleagues (Amundson et al. 1999a, b; Amundson and
Fornace 2001). Specific proteomics was first investigated by Dritschilo’s group in
radioresistant and radiosensitive head and neck squamous carcinoma cell lines
profiled using two-dimensional polyacrylamide gel electrophoresis followed by
computer-assisted quantitative analysis (Ramsamooj et al. 1992). These results
provide evidence supporting the fact that differential protein expression is
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associated with cellular radioresistance or radiosensitivity. To identify the dynamic
gene expression profile, i.e., the gene expression pattern of RT-surviving cancer
cells, the author’s group reported a unique gene expression profile of breast cancer
MCF7 cells that survived a clinical regimen of fractionated RT (MCF7+FIR) (Li
et al. 2001; Guo et al. 2003; Xia et al. 2004; Fukuda et al. 2004). This preliminary
gene profiling of RT-surviving cancer cells demonstrated a cluster of genes
involved in DNA repair and cell cycle regulation (Li et al. 2001). Ogawa et al.
(2006) further identified a cluster of pro-survival genes in radioresistant pancreatic
cancer cell lines that survived FR. Although many gene profiling studies have
compared radioresistant and sensitive cancer cells (Fukuda et al. 2004; Ogawa et al.
20006; Kitahara et al. 2002; Guo et al. 2005; Lee et al. 2010), to elucidate the
mechanisms causing tumor cell survival after RT, further investigation on dynamic
gene and protein expression patterns in surviving cancer cells and recurrent tumors
will be highly informative. Using MRM-based targeted proteomics profiling, global
kinome signatures of the radioresistant MCF7/C6, a cloned cell line from MCF7
+FIR population has recently been reported. Of 120 kinases studied, kinases
involved in cell cycle progression including CHK1, CDK1, CDK2, and the cat-
alytic subunit of DNA-dependent protein kinase are overexpressed and hyperacti-
vated (Guo et al. 2015). To detect the protein expression pattern of CSCs in
surviving cancer cells, BCSCs were sorted from MCF7/C6 cells and additionally
sorted by HER2 expression. The proteomics of HER2*/CD44*/CD24 "% versus
HER2 /CD44*/CD24 ™" BCSCs was conducted with two-dimensional differential
gel electrophoresis (2-D DIGE) and high-performance liquid chromatography
tandem mass spectrometry (HPLC/MS-MS) (Duru et al. 2012). Proteins involved in
tumor metastasis, apoptosis, mitochondrial function, and DNA repair were
enhanced and the HER2-STAT3 network was identified in the HER2™ BCSCs
(Duru et al. 2012). Recently, Yun et al. (2016) reported that a radioresistant H460
(RR-H460) cell line derived from radiosensitive H460 lung cancer cells after
chronic FR expressed stem cell markers, CD44, Nanog, Oct4, and Sox2 and
enhanced aggressive growth and radioresistance with a short list of new genes
detected. Depletion of these genes radiosensitized RR-H460 cells. Additional
information by mass spectrometry-based proteomic techniques for profiling
radioresistant biomarkers has been recently summarized (Chang et al. 2015)
including the proteomics of CSCs (Skvortsov et al. 2014). These studies will
continue to provide new information required to accelerate the identification of
effective targets for radiosensitization of CSCs.

2 CSCs in the Irradiated Tumor Microenvironment
2.1 Warburg Effect and Its Revisions

Tumor cells require increased adenosine triphosphate (ATP) to support their enhanced
anabolism and proliferation (Robertson-Tessi et al. 2015; LeBleu et al. 2014; De Luca
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et al. 2015; Favre et al. 2010; Sotgia et al. 2012). Two bioenergetics pathways are
utilized in mammalian cells to provide cellular fuel demands dependent on oxygen
status. Under oxygenated conditions cells can metabolize one molecule of glucose into
approximately 34 molecules of ATP via oxidative phosphorylation (OXPHOS) in the
mitochondria, producing the major cellular fuel for energy consumption. In contrast
under hypoxic conditions, cells metabolize one molecule of glucose into two molecules
of lactate and two molecules of ATP. In 1956, Otto Warburg discovered that cancer
cells tend to convert glucose into lactate to produce energy rather than utilizing
OXPHOS even under aerobic conditions. Warburg’s seminal finding has been
observed in many tumors that showed mutations in mtDNA and mitochondrial alter-
ations. However, in contrast to Warburg’s original hypothesis, many tumor cells
showed intact mitochondria function with inducible MnSOD activation and ATP
generation (Guo et al. 2003; Gao et al. 2009; Wallace 2012). In fact, fast growing cells
showed enhanced mitochondrial metabolism to meet the challenges of macromolecular
synthesis. Recently, CDK1 controlled mitochondrial ATP generation which is linked to
normal cell cycle progression (Wang et al. 2014), is also involved in mitochondrial
bioenergetics required for cellular fuel demands for DNA damage repair and cell
survival after radiation (Alexandrou and Li 2014; Lu et al. 2015; Qin et al. 2015),
indicating that the mitochondria in cancer cells, especially in the fast-proliferative
tumor cells, can be revivid in generating additional cellular fuels for the
increased demands of cellular energy consumption, which is to be further investigated.

2.2 IR Induced Cellular Energy Reprogramming

Growing evidence demonstrate that mitochondria are functional in tumor cells and
responsible for metastasis and therapy-resistance (Duru et al. 2012, 2014; Lu et al. 2015;
Candas et al. 2014; Obre and Rossignol 2015; Chae et al. 2012; Kang et al. 2014).
Although mitochondrial dysfunction is linked with radioresistance of some tumor cells
(Lynam-Lennon et al. 2014), mitochondrial bioenergetics is shown to be required to
boost cellular fuel production for repairing DNA damage and cell survival, and mito-
chondrial MKP1 is a target for therapy-resistant HER2-positive breast cancer cells (Lu
et al. 2015; Candas et al. 2014). A dynamic feature in mitochondrial bioenergetics which
has been observed suggests that CDK1 can boost mitochondrial ATP for cell cycle
progression and that cancer cells can quickly adjust cellular energy metabolic pathways
to enhance their survival under genotoxic stress conditions such as IR (Fig. 2)
(Alexandrou and Li 2014; Lu et al. 2015; Qin et al. 2015; Candas and Li 2014).
Heat-shock-protein-90 (HSP90) is involved in proper protein folding in mitochondria
that is required for cellular bioenergetics in tumor cells (Chae et al. 2012). mTOR, a
critical regulator in cell proliferation, is shown to enhance OXPHOS with reduced
glycolysis for tumor cells to survive IR. Thus the apparent “quiet” mitochondria in
tumor cells can function as a backup to boost cellular fuel supply required for crisis
conditions such as IR. Such a pathway for mitochondrial bioenergetics demonstrates the
flexibility of energy metabolism pathways in cancer cells (Lu et al. 2015). Additional
findings suggest that mitochondria in tumor cells remain functional and play a key role
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Fig. 2 Proposed mechanism causing mitochondrial bioenergetics for cell survival after radiation

in tumor cell proliferation and metastasis (Zhang et al. 2013; Park et al. 2016). The
dynamic programming of energy metabolism in tumor cells especially in CSCs and,
iIR-associated cellular energy metabolism as it relates to tumor cell survival undergoing
radiotherapy are currently being investigated. These observations are further supported
by findings that reprogramming the mitochondrial trafficking can help to fuel tumor cell
invasion (LeBleu et al. 2014; Caino et al. 2015), and that mitochondrial respiration is
activated in irradiated tumor cells for survival (Lu et al. 2015). Most importantly,
mitochondrial energy metabolism has been recently linked with the aggressive pheno-
type of triple-negative breast cancer (TNBC) (Park et al. 2016).

2.3 Metabolic Plasticity of NSCS and CSCs

Accumulating data have recently provided a clearer understanding of energy
metabolism in normal stem cells (NSCs). When NSCs divide into two daughter
cells, older mitochondria are allocated into one cell and younger ones are appor-
tioned to another daughter cell so as to maintain stemness in one cell and the other
with lineage-specific differentiation (Katajisto et al. 2015; Rossi et al. 2007). The
amount of mtDNA and mitochondrial biogenesis are gradually enhanced with the
increasing cellular energy demands of the cell during lineage differentiation (Cho
et al. 2006; Chung et al. 2010). During this process, the typical spherical and
cristae-poor mitochondria of undifferentiated stem cells are transformed into tubular
and cristae-rich mitochondria which is required to provide adequate ATP for energy
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metabolism (Chung et al. 2010). It has been noted that gene production for mito-
chondrial respiration and ROS metabolism are activated and genes related to gly-
colysis are down-regulated (Chung et al. 2010; Zhang et al. 2013; Urao and
Ushio-Fukai 2013; Armstrong et al. 2010; Yanes et al. 2010), indicating a repro-
gramming from glycolysis to mitochondrial OXPHOS in NSC differentiation
(Panopoulos et al. 2012; Lunt and Vander Heiden 2011; Wanet et al. 2014).

Fatty acid oxidation (FAO) produces one molecule of AcCoA in each cycle and
two molecule of AcCoA in the final cycle. The AcCoA-induced oxaloacetate
produce the citrate for the generation of NADPH (Carracedo et al. 2013). Thus,
FAOQ participates in maintaining sufficient levels of ATP and NADPH in metabolic
stress (Pike et al. 2011; Jeon et al. 2012). Unsaturated fatty acids impair the NSC
lineage differentiation (Yanes et al. 2010), and other amino acids and
TCA-associated metabolism has been linked with NSC self-renewal and differen-
tiation (Lu et al. 2012).

It is far from clear if energy metabolism in CSCs follow the same metabolic
adjustments during their self-renewal and/or potential cancer cell differentiation.
The question is why cancer cells as well as CSCs can survive the hostile envi-
ronment such as low nutrition and pH, and even worse situations such genotoxic IR
and/or chemotherapy. CSCs can be induced to differentiate into lingual cell pop-
ulation under normal or stress conditions (Vermeulen et al. 2008), and surprisingly,
it has been shown that non-cancer stem cells can also be induced back to the stem
like feature by radiation with altered cellular bioenergetics (Vlashi and Pajonk
2015). GSCs are found to be less glycolytic and consume less glucose and produce
less lactate while maintaining higher ATP levels than their differentiated progeny.
However, a higher mitochondrial reserve capacity is detected in GSCs that show
radioresistance (Vlashi et al. 2011). Metabolic differences are also identified in
BCSCs and differentiated progeny (Vlashi et al. 2014). The metabolic profile which
distinguishes the undifferentiated state from the differentiated state of stem cells
features a dynamic mitochondrial morphology and a shift from glycolysis to
mitochondrial OXPHOS (Westermann 2010; Ferree and Shirihai 2012; Simsek
et al. 2010; Suda et al. 2011; Takubo et al. 2013). IR activates mitochondrial
OXHPOS (Lu et al. 2015; Candas et al. 2013, 2014), suggesting that mitochondrial
bioenergetics can be activated in tumor cells when exposed to genotoxic conditions
such as a therapeutic. Thus, mitochondria in tumor cells are functional and can be
activated by IR in radioresistant cancer cells and CSCs (Lu et al. 2015; Candas et al.
2014; Candas and Li 2014). A specific population of BCSCs has been identified
from surviving breast cancer cells treated by FR (Li et al. 2001; Wang et al. 2005)
indicating that BCSCs even from HER2-negative or triple-negative breast cancer
(TNBC) cells express not only BCSCs biomarkers (Phillips et al. 2006; Al-Hajj
et al. 2004; Reya et al. 2001; Farnie et al. 2007; Cao et al. 2009) but also HER2
(Duru et al. 2012, 2014; Cao et al. 2009). Further analysis revealed that the HER2*
BCSCs are more abundant in the recurrent/metastatic lesions compared to the
primary tumors (Duru et al. 2012, 2014) (Fig. 3). All of these results suggest a
similar NSC reprogramming of energy metabolism from glycolysis to mitochon-
drial respiration when CSCs are undergoing differentiation and/or fast proliferation.
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However, the precise dynamics of cellular bioenergetics in CSCs, especially in vivo
under anti-cancer therapy conditions, needs to be further investigated.

2.4 Hypoxia as a Biomarker for Radioresistant Cancer Stem
Cells

It has long been known that there are hypoxic areas within a solid tumor and that
radiation induces re-oxygenation (another R in tumor radiobiology) (Brown and
Giaccia 1994). Accumulating data demonstrate a wide range of effects by hypoxia
which is associated with chemotherapy and radiation resistance, epithelial-mes-
enchymal transition (EMT), and tumor metastasis (Erler et al. 2006; Xing et al.
2011; Nantajit et al. 2015). The complexity in tumor metabolism is also linked with
the hypoxic and nonhypoxic regions within the tumor as well as the surrounding
stroma (Dang 2010). Higher levels of HIF-1o in tumors are associated with a poorer
prognosis and up-regulation of markers of EMT due to HIF-1a actions. CSCs are
believed to reside in a specific microenvironmental niche in the tumor which is
required to maintain the CSC characteristics as well as its potential for self-renewal,
metastasis and chemo-radioresistance (Peitzsch et al. 2014). Hypoxia-resistant
metabolism has been shown to contribute to the aggressive phenotype in ovarian
cancer stem cells (Liao et al. 2014), and GSC (Heddleston et al. 2009). Moreover,
hypoxia has been shown to induce non stem cells to acquire GSC characteristics
with increased tumorigenesis (Zanotto-Filho et al. 2012). The potential functions of
HIF-1a and ROS in cancer and pluripotent stem cells have been summarized (Saito
et al. 2015). However, there is limited clinical evidence to date to demonstrate that
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targeting hypoxic regions during conventional therapy is effective. Gene expression
signatures of BCSCs and progenitor cells do not exhibit features of Warburg
metabolism (Gordon et al. 2015) and oxygen levels do not determine BCSCs
radiation survival (Lagadec et al. 2012). Nevertheless, improved image guided
individualized hypoxia targeted therapy directed against appropriate molecular
targets may significantly enhance the RT efficacy and eliminate CSCs in the
hypoxic areas (Peitzsch et al. 2014; Sheehan et al. 2010). It is felt that if more
advanced hypoxia-imaging technologies can be developed to visualize the dynamic
events of re-oxygenation and/or de-oxygenation during RT, that this would allow
one to monitor hypoxic regions together with CSC-repopulation within the tumor
under treatment and thus may enhance the accuracy and ability to target resistant
tumor cells in the hypoxic regions.

2.5 Abscopal Effect and IR-Induced Immunoregulation

The abscopal effect, described by Nobler in 1969 (Nobler 1969), refers to the
potential inhibition of metastatic lesions at a distance from the tumor site being
irradiated. The abscopal effect has recently been further highlighted by a series of
studies reported by the Formenti’s group demonstrating the benefits of radiotherapy
with activation of the immune system by Ipilimumab which inhibits CTLA-4, and
also RT combined with granulocyte-macrophage colony-stimulating factor in
patients with metastatic solid tumors (Postow et al. 2012; Golden et al. 2013). In the
light of the recent growing interest in cancer immunotherapy, there has been
increasing interests in the role of the tumor microenvironment on tumor progression
and metastasis (Shih et al. 2010; Stefanovic et al. 2014). Although individual
immune checkpoint inhibitors have shown clinical benefit, combining these inhi-
bitors with radiation therapy has further enhanced the anti-cancer efficacy. The
potential benefits of radiotherapy combined with immunotherapy has been observed
(Demaria et al. 2006). In a Phase I clinical trial of 22 patients with metastatic
melanoma, radiation combined with inhibition of the programmed cell death protein
1 (PD1) ligand 1 (PDL1)-mediated and CTLA4-mediated immune checkpoints
enhanced the tumor responsiveness to immunotherapy. Radiotherapy with double
checkpoint blockage of CTLA-4 and PDL-1 enhances T-cell mediated anti-tumor
responses outside of the irradiated area (Twyman-Saint Victor et al. 2015). Radi-
ation enhances the diversity of the T-cell receptor (TCR) repertoire of intratumoral
T cells (Twyman-Saint Victor et al. 2015). The tumor environment after local
irradiation has been suggested to play a key role in tumor immune response after
radiation (Golden et al. 2015).

2,6 Tumor Radio-Immunogenicity

The term “tumor radio-immunogenicity” is used here to refer to the observation that
specific tumor antigens or epitopes are enhanced or induced after radiotherapy



Cancer Stem Cells and Tumor Microenvironment in Radiotherapy 203

which can then alter the local or systematic tumor immune response. It has been
shown that tumors are able to generate an immunosuppressive microenvironment
protecting them from host immune surveillance (Schreiber et al. 2011). The
selective modulation of Treg in irradiated tumors has been observed which illustrate
the immunoregulation occurring in the irradiated tumor microenvironment (Schaue
et al. 2008). Radiation induced tumor immune responses are further demonstrated
by the fact that irradiated tumors release pro-inflammatory factors such as HSP70
and CXCR6, both of which attract NK cells into the irradiated local tumor envi-
ronment (Foulds et al. 2013). Derer et al. (2015) recently proposed that increasing
the immunogenicity of cancer cells after radiation therapy should be considered as a
strategy for systemic cancer immunotherapy and have demonstrated that IR induced
tumor phenotypic and tumor microenvironment changes which rendered the cancer
cell to be more immunogenic. One of the key immunosuppressive functions of
tumor cells has been linked to the expression of CD47, which provides a survival
advantage to cancer cells, in particular in CSCs as reported in leukemia, lymphoma,
and bladder carcinoma (Chao et al. 2011; Majeti et al. 2009). CD47 is a widely
expressed transmembrane protein with multiple functions (Willingham et al. 2012),
one of which is to provide a “don’t eat me” signal to phagocytic leukocytes.
Phagocytosis by macrophages depends on macrophage recognition of
pro-phagocytic (eat me) and anti-phagocytic (don’t eat me) signals expressed on
target cells. CD47 on target cells interacts with the ligand signal regulatory protein
o (SIRPa) on macrophages (Willingham et al. 2012; Brown and Frazier 2001)
resulting in the phosphorylation of the cytoplasmic tail of SIRPa to initiate a
signaling cascade that inhibits phagocytosis (Willingham et al. 2012; Zhao et al.
2011). As expected, anti-CD47 monoclonal antibodies have been shown to enhance
macrophage-mediated phagocytosis of cells in an array of cancers including bladder
cancer, leukemia, and lymphoma (Willingham et al. 2012; Chan et al. 2009; Majeti
et al. 2009). In addition, IR-induced immunogenic cell death (ICD) is believed to
make the cells ‘visible’ to the immune system for phagocytosis and in initiating
other antitumor responses (Galluzzi et al. 2012). However, recent data have
revealed another side to this. In addition to IR induced abscopal effects, IR also
induces CD47 expression to make the tumor cell “invisible” for phagocytosis
enabling them to escape immune surveillance and thus may severely compromise
the abscopal effect. Data from the author’s lab support that NF-xB can co-regulate
CD47 and HER2. Co-expression of CD47 and HER?2 is a key feature of IR-induced
adaptive resistance (Fig. 4). Radiation combined with immunotherapy using
anti-CD47 and anti-HER2 showed the most synergy in eliminating clonogenic
cancer cells, and local tumor radiation was enhanced by application of anti-CD47
antibody (unpublished data). These results demonstrate the complexity of tumor
acquired immunotolerance due to activation of the NF-kB-HER2-CD47 pathway
which may be a dominant feature in irradiated CSCs. Thus, a dual inhibition of
CD47 and HER2 may enhance the abscopal effect. In addition to the above men-
tioned HSP70, CXCR6, CD47 and HER?2, the specific antigens or epitopes that are
enhanced or induced in tumor cells by radiation in CSCs are potential therapeutic
targets and thus need to be further explored.
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Fig. 4 Proposed co-induction of CD47 and HER?2 via NF-kb regulation due to NK-kB binding to
both promoters of CD47 and HER2. HER?2 is shown to activate NF-kB and radiation accelerates
this feed forward loop to further enhance the expression of both. Thus CD47 eqiups the breast
cancer cells with HER2-mediated intrinsic pro-survival networks, contributes to the complexity of
turn tumor resistance. Radiation combined with immune blocking of CD47 and HER2 may serve
as an effective approach to control hard-to treat breast cancer

3 Potential Targets for Radiosensitization of CSCs
3.1 DNA Repair

It has long been proposed that a balance between the degree of DNA damage and
activation of pro-survival signaling pathways determines the fate of an irradiated
cell. Gene microarray data showed that DNA repair genes are enhanced in the
radioresistant fraction of breast cancer cells that survive fractionated radiotherapy
(Li et al. 2001). Bao et al. (2006) demonstrate the enhanced DNA repair capacity in
GSCs. They also found that the mechanism of radioresistance involves the
cell-cycle regulating proteins Chk1/Chk2. Yin et al. showed that ataxia telangec-
tasia mutated (ATM) signaling contributes to radioresistance in CSCs (Frosina
2009). D’Andrea et al. (2011) demonstrated that radioresistance in mesenchymal
CSCs is likely due to N-methyltransferase (NNMT) overexpression that is associ-
ated with DNA repair mechanisms. Therefore developing small molecules that can
specifically bind to CSCs and inhibit the enhanced DNA repair capacity in CSCs
will enhance the potential of eliminating CSCs by radiotherapy.

3.2 ROS

Altered ROS metabolism and hypoxia are major features of CSCs. Similarly to
NSCs, some CSCs in tumors show lowered ROS levels with enhanced ROS



Cancer Stem Cells and Tumor Microenvironment in Radiotherapy 205

defenses compared to their non-tumorigenic cells (Diehn et al. 2009). Recent
studies demonstrate that nuclear factor-erythroid 2-related factor 2 (NRF2), a key
regulator of cellular antioxidants and ROS level, is actively involved in maintaining
the stemness feature of CSCs (Ryoo et al. 2016). NRF2 regulated ROS level is
linked with the growth and resistance of CSCs (Ryoo et al. 2016; Ding et al. 2015).
CD44 mediated redox regulation is also suggested in CD44 variant isoforms
(Nagano et al. 2013). Blazek et al. showed that Daoy medulloblastoma cells that
express CSC features with a low level of ROS can be enhanced under hypoxic
condition (Blazek et al. 2007). In agreement with this, Kim et al. (2012) indicated
that tumor cells expressing increased CD13 have reduced ROS levels which
enhanced the growth of liver CSCs via an EMT-like phenomenon. These results
show that ROS levels and redox imbalance are tightly associated with the prolif-
eration status of CSCs which may be altered by IR. Thus the dynamic features of
ROS in treated tumor environments need to be further elucidated which may
identify approaches to radiosensitization of CSCs.

3.3 MicroRNA

MicroRNA (miRNA; miR) is a small non-coding RNA molecule (containing about
22 nucleotides) involved in gene expression regulation via RNA silencing and
post-transcriptional regulation. As epigenetic gene regulators, miRNAs are asso-
ciated with tumor initiation and progression. An increasing number of reports
suggests that miRNAs are promising therapeutic targets of CSCs via epigenetic
modification. The function of miRNA in regulation of CSCs is felt to involve a
wide array of biological processes involved in CSCs and tumorigenesis (DeSano
and Xu 2009; Leal and Lleonart 2013). However, the exact mechanisms underlying
miR-regulated CSC biology and therapy-resistance remain to be elucidated. The
function of miRNA in NSCs is also linked to CSCs. In addition, miR-504
down-regulates nuclear respiratory factor 1 leading to radioresistance of nasopha-
ryngeal carcinoma (Zhao et al. 2015). It has been shown that the
miRNA-153/Nrf-2/GPx1 pathway is involved in the radioresistance and stemness
of GSCs (Yang et al. 2015); and knockdown of miR-210 suppresses the hypoxic
GSCs and radioresistance (Yang et al. 2014). A nanoparticle conjugated with
miR-200c radiosensitized three gastric cancer cell lines and suppressed CD44 and
CSCs (Cui et al. 2014).

3.4 IFN-B

Happold et al. reported that GBM cell lines and GSCs (glioma-initiating cells,
GICs) express receptors for the immune modulatory cytokine IFN-f. IFN-f treat-
ment remarkably reduced the tumor sphere formation by GSCs (Happold et al.
2014). IFN-B also sensitized GSCs to temozolomide and irradiation. Gene
expression profiling showed that IFN-B-associated proapoptotic gene cluster, but
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not stemness-associated genes were upregulated. Additional analyses revealed the
death sensitization mediated by IFN-f is unrelated to chemotherapy or irradiation,
indicating that IFN- is a potential specific GSC target that may be considered in
RT of GBM.

3.5 NF-xB and HER2 Crosstalk Pathway

NF-xB activation plays a crucial role in tumor aggressiveness and resistance to
anti-cancer therapy (Orlowski and Baldwin 2002; Karin et al. 2002; Bivona et al.
2011; Li et al. 1997). Overexpression of HER2 not only increases cell proliferation
and survival (Kurokawa and Arteaga 2001), but also causes NF-kB activation via
PI3 K/Akt pathway, which can be inhibited by the tumor suppressor phosphatase
PTEN (Pianetti et al. 2001). Radiation induced NF-kB activation can be mediated
via nuclear DNA damage through activation of the DNA damage sensor protein
ATM (Ataxia Telangiectasia Mutated) (Curry et al. 1999; Locke et al. 2002), and
blocking NF-«B inhibits the cell malignant phenotype and radiosensitizes tumor
cells (Li and Karin 1998; Brach et al. 1991; Luo et al. 2005; Fan et al. 2007; Ahmed
et al. 2006; Braunstein et al. 2008). Rinkenbaugh and Baldwin (2016) recently
summarized the NF-kB signaling network in CSCs. Breast cancer cells expressing
HER2 were shown to enhance IR-induced NF-xB activation (Guo et al. 2004) and
NF-kB in return enhances HER2 gene transcription by activation of ErbB2 pro-
moter (Cao et al. 2009), indicating a positive feedback loop between NF-xB and
HER2 (Ahmed et al. 2006; Ahmed and Li 2008). Importantly, HER2-expressing
BCSCs (HER2" BCSCs) are identified in even HER2-negative breast cancer cells
that can survive FR (Duru et al. 2012). Recently, persistent activation of NF-«xB in
BRCA1-deficient mammary progenitors is linked with aggressive phenotype (Sau
et al. 2016). In HER2-driven breast cancer mouse models NF-kB pathways con-
tribute to stemness and tumor formation. The canonical NF-kB pathway is required
for formation of luminal mammary neoplasia and is activated in the mammary
progenitor population (Pratt et al. 2009). Inhibition of NF-kB in a HER2 breast
cancer mouse model indicate alterations of gene expression profiles associated with
stem cells with NF-kB-dependent changes in the specific stem cell factors Nanog
and Sox2 (Liu et al. 2010). Knock-in of a kinase dead IKK led to decreased
self-renewal and senescence under mammary stem cell culture conditions (Cao
et al. 2007). Thus, it is highly possible that NF-xB and HER2 are mutually acti-
vated in CSCs under RT.

3.6 HER2

The HER?2 proto-oncogene is located in the long arm of human chromosome 17 and
encodes a 185 kD transmembrane glycoprotein in various tissues of epithelial,
mesenchymal, and neuronal origin (Soomro et al. 1991; Olayioye 2001). HER2
overexpression is associated with aggressive tumor growth, resistance to treatment,
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metastasis and a high risk of local relapse and recurrence resulting in poor prog-
nosis (Slamon et al. 1987; Haffty et al. 1996; Holbro et al. 2003). HER?2 is valuable
both as a prognostic marker and as a predictive factor for therapy response (Haffty
et al. 1996; Hicks et al. 2005). The stemness and progenitor cells are increased in
normal mammary epithelial cells when HER2 expression is enhanced. The
tumorgenicity is also increased with expression of HER2 and ALDH1 (Diehn et al.
2009). These data are significant given that ALDHI1 has been suggested as a CSC
marker, including in breast cancer (Diehn et al. 2009; Ginestier et al. 2007).
Therefore targeting HER?2 in breast cancer RT is a promising approach to eliminate
HER2-expressing BCSCs, especially for late phase metastatic lesions which are
usually multiple tumors and resistant to chemo and radiotherapy.

3.7 MuUCi13

MUCI13 is a transmembrane mucin glycoprotein, is enhanced in many cancers and
can activate NF-xB activation. Elevated MUC13 and NF-«xB is correlated with
colorectal cancer progression and metastases (Sheng et al. 2016). Silencing MUC13
abolished chemotherapy-induced enrichment of CD133+ CD44+ cancer stem cells,
slowed xenograft growth in mice, and synergized with 5-fluourouracil to induce
tumor regression. Therefore, these data indicate that combining chemotherapy and
MUC13 antagonism could improve the treatment of metastatic cancers.

3.8 Wnt/p-Catenin

The Wnt/beta-catenin signaling pathway is associated with the self-renewal of CSC
(Reya et al. 2001; Holland et al. 2013). Over-expression of activated B-catenin expands
the pool of stem cells (Reya et al. 2003) since it is believed that activation of Wnt leads to
the accumulation of B-catenin in cytoplasm and then nuclear translocation to regulate the
cluster of genes associated with CSC self-renewal. In a study of myelogenous leukemia,
B-catenin was found to accumulate in the nuclei of granulocyte—macrophage progenitors
enhancing self-renewal (Jamieson et al. 2004). Thus, dysregulation of Wnt/beta-catenin
signaling pathway may be one of approaches worthy of further testing in combination
with RT since the self-renewal CSC capacity is enhanced in radioresistant tumors.

3.9 CXCR4

The chemokine C-X-C motif receptor 4 (CXCR4) is found to be a prognostic marker in
various types of cancers and is linked with tumor stemness. Interaction of CXCR4 with
its ligand, the chemokine C-X-C motif ligand 12 (CXCL12) is believed to function in
regulating CSCs and tumor microenvironment. Blocking the CXCR4/CXCL12 axis in
CSC:s has been evaluated for radiosensitization of CSCs and tumor microenvironment
in response to irradiation (Trautmann et al. 2014).
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3.10 14-3-3(

14-3-3C is related to many cancer survival cellular processes. Lee et al. showed that
inhibition of 14-3-3( reduces the radioresistance of CSCs in HCC (Lee et al. 2014) with
reduced capacity of tumor sphere formation and enhanced apoptosis in liver CSCs,
indicating that 14-3-3( is a candidate CSC target to radiosensitive liver cancer.

3.11 Integrin 06

Integrin o6 which is linked with tumor aggressiveness is found to co-express with
GSC markers and enriched in the GSC population (Lathia et al. 2010). Blocking
Integrin 06 in GSCs inhibits self-renewal, proliferation, and tumorigenesis of
GSCs. These results provide evidence that Integrin o6 can serve not only as an
enrichment marker of GSCs but also as a promising radiosensitizer for GSCs.

3.12 YY1

YY1 is a zinc finger transcription factor involved in the regulation of cell growth,
development, and differentiation (Seto et al. 1991; Ye et al. 1996). It has also been
studied as a potential therapeutic target for anti-cancer therapy (de Nigris et al.
2010; He et al. 2011). YY1 expression is linked with the stemness genes including
SOX2, OCT4, BMI1, and NANOG. Proteomics data indicate that co-expression of
YY1 and SOX2 as well as SOX2 and OCT4 is regulated by NF-«B pathways
(Kaufhold et al. 2016). Therefore, it is possible that dual inhibition of YY1 and
NF-«B could be an effective approach to sensitize CSCs to RT.

3.13 Notch

The Notch signaling pathway regulates a wide range of cellular functions in organ
development and tissue renewal, and is also highlighted in cancer development due
to abnormal Notch functions (Farnie and Clarke 2007). Notch is shown to be able to
promote self-renewal and proliferation of mammary stem cells (Dontu et al. 2004)
and breast carcinogenesis (Hambardzumyan et al. 2008). Expression of Notch has
been associated with radioresistance of GSCs and a potential target for cancer stem
cells (Wang et al. 2010; Shen et al. 2015).

3.14 ALDH1A3

Kurth et al. (2013) described that ALDH activity is involved in the radioresistance
of CSCs in HNSCC and its isoform ALDHI1A3 expression in head and neck
squamous cell carcinoma (HNSCC) is suggested to be responsible for tumor relapse
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after RT. The CSCs in the radioresistant HNSCC cells (SQ20B/SP/CD44*/
ALDH-high) were found to extend G2/M arrest phase after RT. UCN-01, a
checkpoint kinase (Chkl) inhibitor, induced the relapse of G2/M arrest and
radiosensitization of SQ20B-CSCs. All-trans retinoic acid (ATRA) also resulted in
ALDH activity and radiosensitized SQ20B/SP/CD44+/ALDH-high CSCs (Kurth
et al. 2013). These results indicate that targeting ALDH together with the inhibition
of other cell proliferation factors can radiosensitize CSCs.

4 Conclusion and Perspective

In spite of remarkable advances in the precision of radiation dose delivery, the
long-term cancer control by RT remains a challenge. One of the key questions to be
addressed in tumor radiobiology is to further elucidate the dynamics of tumor
microenvironment causing tumor repopulation and resistance. Although much
insight has been gained about cancer stem cells and their resident microenviron-
ment, the complexity of the irradiated tumor microenvironment are just beginning
to be understood. The exact molecular mechanisms causing the radioresistant
phenotype of CSCs, especially the details of dynamics of cross-talking between
CSCs and their stroma cells in the microenvironment, remains to be elucidated. In
addition to the well-defined Rs in radiation biology and cancer radiotherapy, such
as Repair, Re-oxygenation, Repopulation, accumulating new “Rs” are being
defined such as Redox balancing, Reprogramming cellular metabolism, Regulation
of immuno-response, etc. With more exciting insights revealed into the biology and
radiation response of CSCs, continued efforts are expected to dissect and use the
key targets of cancer stem cells and its environment to optimize response to
radiotherapy. Further characterization of CSCs interaction with the different com-
ponents in an irradiated tumor microenvironments will shed new light on the
mechanisms underlying tumor adaptive resistance and invent more effective
radiosensitizing targets. The most promising topics would be the reprogramming of
cellular energy metabolism in cancer stem cells and their resident environment of
the “tumor society” which consists of multiple factors involved in radiation
response and the fate of irradiated tumor cells. In an era of personalized cancer care,
identification of specific tumor biomarkers before, during and after a course of
radiotherapy with and without chemotherapy, immunotherapy and other
anti-cancer approaches would be important. At this point there are few treatment
options that specifically and effectively target CSCs.
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Savita V. Dandapani

Abstract

For a biomarker to be clinically useful there must be adequate preclinical data
and have prevalence in the disease of interest. Early research focused on
molecules implicated in the cell cycle, DNA repair pathways, and apoptosis as
radiation is known to affect such pathways. More recent data has focused on big
data, i.e.—omics (genomics, proteomics, etc.) to find a molecular signature that
predicts response to radiation as well as identify those who may have increased
risk of radiation induced toxicities. While many potential biomarkers in
assessing radiation response have been researched this chapter is a start to
providing information on biomarkers used in clinical practice.

Keywords
Biomarker « EGFR - HPV - MGMT - PSA - ATM - TGF1-beta - Genomics -
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1 Introduction

A current goal in medicine is to individualize treatment to eradicate disease while
reducing toxicity and improving quality of life. Currently radiation doses are gener-
alized with consensus statements for dose tolerance of normal tissues and local control
of tumor based on histology and organ/location. Current radiation dose guidelines are
based on laboratory studies of the general radiosensitivity/radioresistance of a
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particular tumor and modeling the tumor control probability (TCP) based on growth
characteristics of a tumor. Recently molecular biomarkers allow for personalized
treatment approaches and potentially adaptive radiotherapy and or radiation dose
escalation/de-intensification. This chapter gives a review of known common
biomarkers used in clinical practice today and is sectioned by organ site. The chapter
also presents data on the more recent large scale analysis of a patient’s molecular
profile, i.e.—omics profiling of tumors (genomics SNPs, proteomics, etc.) to predict
radiation effects. The goal of biomarker research is to one-day tailor treatment based
on an individual’s genetic and molecular profile. This book chapter aims to highlight
various biomarkers in each cancer type by histology.

2 Head and Neck Cancers

HPV (human papilloma virus)/pl6: predictive biomarker. HPV is the most
well-known and reproducible predictive marker in head and neck cancer to date
(Wierzbicka et al. 2015). It is the most widely discussed marker researched in
radiation oncology today. This section focuses on head and neck biomarkers with
an emphasis on HPV. Radiation dose de-escalation trials are ongoing in patients
with HPV/p16+ head and neck cancer based on the breadth of research on this virus
(Wierzbicka et al. 2015).

Traditionally all squamous cell cancers of the head and neck were treated the
same with dose guidelines based on tumor size and surgical lymph node drainage
patterns. Historically risk factors for head and neck cancer included excessive
smoking and alcohol history. More recently there has been an increase in
non-smokers with head and neck cancer. The common thread in this subtype of
patients has been the prevalence of HPV/p16 in the tumor cells (Chau et al. 2014).
HPV is a DNA virus; there are many subtypes. The one subtype of HPV consis-
tently found to correlate with head and neck cancer is HPV/pl16. HPV positivity is
confirmed by both presence of HPV DNA using PCR and protein overexpression of
pl6 on immunohistochemical stains (Lee et al. 2015).

In patients with cancer of the oropharynx patients that have HPV p16 positivity
tend to present with more locally advanced disease (Ang et al. 2010). In spite of this
HPV pl6 expression imparts a better response to radiation both standard frac-
tionation and altered fractionation (Lassen et al. 2011, 2014). Lau et al. (2011)
demonstrated that p16+ head and neck squamous cell cancer patients had improved
overall survival, disease-free survival, and less locoregional recurrence when
compared to pl6-patients (Lau et al. 2011). Hong et al. (2010) demonstrated that
HPV-patients had 13-fold increased risk of locoregional failure and 4-fold increased
risk of death as compared to HPV+ patients (Hong et al. 2010). Lassen et al. (2014)
showed that the HPV/p16 expression only positively correlates with response in
oropharynx patients; pl6 expression did not affect outcome of non-oropharynx
patients (larynx, hypopharynx) (Lassen et al. 2014). HPV/p16 seems to be more
predictive of response to radiation over surgery; Quon et al. (2013) analyzed pl6
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expression in resectable oropharyngeal carcinoma and found no difference in sur-
gical outcomes of pl6+ and pl6-patients treated with surgery first (Quon et al.
2013). Future trials underway in head and neck cancer use radiation dose
de-escalation in HPV p16 positive oropharynx patients due to this correlation as a
predictive biomarker (Ang and Sturgis 2012).

As HPV positivity is established as a predictive biomarker of response to
radiation, there are now studies trying to delineate biomarkers that predict for
failure in the HPV+ subset (Lee et al. 2015). Inflammatory cells have been eval-
vated as a marker for predicting treatment failure in HPV+ tonsil cancer and Lee
et al. (2015) demonstrated that both overall survival and disease specific survival
was affected by high CD68+ and low CD8/CD4 T lymphocyte ratio (Lee et al.
2015). Neither T stage nor N stage were related to outcomes in this HPV+ tonsil
cohort (Lee et al. 2015). Extent of inflammation and response to radiation is a
common theme and this paper attempts to start the further subtype characterization
of HPV+ patients. Other studies have tried to identify a panel of biomarkers that
will predict treatment failure, Thibodeau et al. (2015) found that upregulation of
LCE3D (late cornified envelope 3D) and KRTDAP (keratinocyte
differentiation-associated protein) and down regulation of KRT19 (keratin 19) was
observed in posttreatment failures of HPV+ patients (Thibodeau et al. 2015). These
biomarkers haven’t been extensively studied in radiation and so future studies will
be needed to validate these results.

EGFR is another biomarker analyzed in head and neck patients. There have been
mixed reports in its ability to predict locoregional control from radiation therapy
(Lassen et al. 2013). While the signal for prediction is not as strong as HPV pl6
expression, upregulation of EGFR has been shown to correlate with tumor growth
and benefits from accelerated radiotherapy (Eriksen et al. 2004). In the DAHANCA
6 and 7 studies, low EGFR expression correlates with high HPV/p16 expression
which seems reasonable given that HPV/p16 expression patients respond better to
treatment (Lassen et al. 2013). However the signal for EGFR predicting head and
neck cancer was not as strong as HPV/pl6 expression and so is not routinely
recommended for monitoring at this time (Lassen et al. 2013). Recently EGFR was
reassessed in HPV+ and HPV-head and neck patients and again demonstrated that
EGFR expression did not affect outcomes in HPV+ patients. In HPV-patients,
EGFR expression correlated with worse locoregional failure but only in univariate
analysis with T and N stage playing more prominent role (Vainshtein et al. 2014).

Similar to EGFR, p53 mutational status has also been analyzed in head and neck
cancer patients. Alone p53 mutational status did not affect local control or overall
survival but there was a suggestion that p53 mutant head and neck cancer patients
may benefit from shortened treatment time similar to EGFR overexpressing patients
(Eriksen et al. 2005). Future studies are underway examining EGFR expression,
p53 mutational status, HPV/p16 expression, and smoking status to see if there are
further subsets of head and neck cancer patients.

Hypoxia molecules have also been studied as predictive biomarkers of radiation
resistance mostly because it is known that lack of oxygen makes tumor cells less
sensitive to radiation (Overgaard et al. 2005). Osteopontin is one such biomarker
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associated with tumor hypoxia. In studies by the DAHANCA group, Overgaard
et al. 2005demonstrated head and neck cancer patients with high levels of osteo-
pontin (>167 ug/L) had poorer responses to radiation with higher levels of
locoregional failure (Overgaard et al. 2005). In a parallel study at Stanford Petrik
et al. (2006) demonstrated that high levels of osteopontin (>450 ng/ml) correlated
with higher rates of locoregional failure (3 yr FFR was 72% for patients with
osteopontin <450 ng/ml versus 48% for patients with >450 ng/ml (Petrik et al.
2006). Other markers of hypoxia being investigated as markers of radiation resis-
tance include hypoxia inducible factor HIF-2 alpha (HIF-2) and carbonic anhydrase
CA9; CA9 is actually one indicator of HIF-lalpha (HIF-1) function. HIF-1 and
HIF-2 are thought to be two separate response pathways (Koukourakis et al. 2006).
Using data from the CHART trial (continuous hyperfractionated accelerated
radiotherapy), Koukourakis et al. (2006) demonstrated that head and neck cancer
patients with high levels of HIF-2 and CA9 had worse locoregional control
(Koukourakis et al. 2006). These studies haven’t led to routine measurement of
hypoxic markers or use of hypoxia modifiable treatments such as nimorazole but
overcoming hypoxia is still an active area of research in radiation resistance. Future
patient samples may well be tested for these hypoxic markers.

From all these various markers only HPV is used routinely in radiation oncology
clinical practice in head and neck cancers. Research studies are still underway with
these other biomarkers and it is yet to be determined which will be of clinical use in
the future.

3 Gynecologic Cancers

Gynecologic and head and neck cancers share many similar biomarkers and thus
this next section will highlight some studies of biomarkers in the gynecology
literature.

Similar to head and neck cancer, HPV has been implicated in cervical cancer as
well and is used as a biomarker. The high-risk HPV 16 and HPV 18 are the most
common HPV strains implicated in cervical cancer (Song et al. 2011; Qin et al.
2014). Currently the standard treatment of cervical cancer is concurrent
chemotherapy and radiation therapy (Qin et al. 2014). There has been suggestion
that for a subset that is radioresistant treatment intensification is needed but finding
that subset has remained elusive thus far. Some reports suggest that there is dif-
ference response to chemoradiation among the HPV strains (Ferdousi et al. 2010).
In one small study of 113 cervical cancer patients, response to radiation was better
in HPV-58 and HPV-31 versus HPV 16 and HPV-33 (Ferdousi et al. 2010). There
have been reports that persistent HPV after definitive radiation for cervical cancer
may predict worse local control of disease (Song et al. 2011). Song et al. (2011)
showed that persistent HPV DNA 24 months after radiation predicted risk of local
recurrence and HPV persistence at just 3 months alone was the earliest predictor of
local recurrence (Song et al. 2011). Testing for HPV is routinely done in clinical
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practice and this data suggests that all patients treated for cervical cancer with
radiation should have HPV testing after radiation is complete as well. Patients with
persistent HPV may need treatment intensification either in form of altered radiation
treatment regimens, or adjuvant chemotherapy. This data still needs to be validated
in multi-institutional trials before becoming routine use in clinical practice.

EGFR has also been explored as a biomarker in cervical cancer in the same
manner as it has been studied in head and neck cancer (Qin et al. 2014). Overex-
pression of EGFR has been shown to lead to more failures after definitive radiation
suggesting it is a predictive biomarker of radiation resistance (Pérez-Regadera et al.
2011). Perez-Regadera et al. (2011) examined 112 cervical cancer biopsies and
found that patients with high overexpression of EGFR on biopsy had more pelvic
relapses and decreased disease free survival with hazard ratio of 2.31 (Pér-
ez-Regadera et al. 2011). Cerciello et al. (2007) demonstrated that changing EGFR
levels during radiotherapy administration did not have any correlation with
response though they did not mention quantification of initial expression of EGFR
(Cerciello et al. 2007). Thus, EGFR may be a biomarker only of inherent radiation
resistance and from these studies it suggests that initial EGFR expression of tumor
may be more significant in predicting radiation resistance. EGFR testing in cervical
cancer is not routinely done currently but may be considered in future trials arguing
for more intensive treatment of radioresistant tumors.

Other biomarkers being tested include the bcl2 apoptotic family members such
as BAX, prostaglandin pathway molecules such as COX, and hypoxic markers such
as HIFlalpha (Qin et al. 2014). Currently only HPV is routinely screened prior to
radiation therapy in cervical cancer but these other biomarkers may become sig-
nificant as we try to individualize treatment or argue for treatment intensification in
radiation resistant cervical cancer subtypes.

4 CNS

Glioblastomas are the most aggressive brain tumor. Historically treatment was
surgery and whole brain radiation. With the advent of chemotherapy and better
imaging with MRI brain, radiation in glioblastoma is directed at the tumor.
A landmark trial demonstrated the benefit of temozolomide with limited field
radiation in improving overall survival (Stupp et al. 2009).

Current evidence has demonstrated that not all glioblastomas are the same and
survival varies widely. New reports suggest specific molecular subtypes have better
survival. In the landmark Stupp trial, subset analysis of this trial demonstrated that
patients with MGMT methylation have double the survival at 5 years (Stupp et al.
2009). The MGMT (O6-methylguanine-DNA-methyltransferase) gene encodes a
DNA repair protein. Methylation of the MGMT promoter silences the gene and
prevents DNA repair namely of damage caused by alkylating agents. Thus, this
gene is important for regulating the DNA integrity of the cell. MGMT methylation
has been shown to sensitize glioblastoma cells to temozolomide, an alkylating agent
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and is thus a predictive biomarker of the chemotherapy response. Rivera et al.
(2010) asked the question if MGMT methylation also sensitizes cells to radiation as
radiation also works primarily through DNA damage (Rivera et al. 2010). 225 pa-
tients were analyzed in their study of glioblastoma patients who received radiation
alone after maximal safe surgical resection (i.e. no chemotherapy such as temo-
zolomide) (Rivera et al. 2010). They demonstrated that patients with MGMT
methylated had better response to radiation and that unmethylated tumors were
twice as likely to progress during radiation treatment. On multivariate analysis,
methylation was independent of age, KPS, and extent of surgical resection (Rivera
et al. 2010).

MGMT is now used routinely in clinical practice as both a predictive and
prognostic biomarker for chemotherapy. New strategies in glioblastoma treatment
involve using MGMT methylation to alter upfront therapy, i.e. adding other tar-
geted agents such as everolimus, etc. that work through pathways different than
temozolomide to sensitize glioblastoma cells to radiation. The goal is more tailored
treatment for glioblastoma subtypes in an effort to more efficiently eradicate tumor
cells. Recently a Phase III randomized control study (GLARIUS trial) was pub-
lished showing that altering chemotherapy in MGMT methylated patients could
improve progression free survival (Herrlinger et al. 2016). In this study,
non-MGMT methylated (i.e. predicted temozolomide and radiation resistant)
patients with newly diagnosed glioblastoma were randomized to standard of care
temozolomide + radiation versus bevacizumab+irinotecan+radiation (Herrlinger
et al. 2016). However, the study failed to show improved overall survival as the
original Stupp trial so temozolomide and radiation is still the standard for
glioblastoma patients (Stupp et al. 2009; Herrlinger et al. 2016). Future studies may
target radiation dose escalation or altered radiation fractionation schedules such as
hypofractionation or stereotactic body radiation doses.

Recent studies by Ahmed et al. (2015) have looked into generating a
radiosensitivity index (RSI) for different cancer subtypes including glioblastoma
(Ahmed et al. 2015). The RSI described previously by the same group uses gene
expression patterns, tissue histology, and ras and p53 status when cells are treated
with radiation (Ahmed et al. 2015; Eschrich et al. 2009). The RSI index directly
correlates with tumor radioresistance (high RSI = radioresistance) (Ahmed et al.
2015; Eschrich et al. 2009). Ahmed et al. (2015) used the TCGA (the cancer
genome atlas) which has large population data based on histology and centralized at
the NIH to see if RSI could predict radiation response (Ahmed et al. 2015). RSI was
a predictor of overall survival for the glioblastoma cohort (Ahmed et al. 2015). For
radiosensitivity predictions RSI correlated with response in patients with high
MGMT expression (Ahmed et al. 2015). MGMT is already known to predict
radiation response so it will be interesting to see if the further information from RSI
can help delineate earlier which patients will need treatment intensification.

There are now known to be three subclasses of glioma: proneural, proliferative,
and mesenchymal. By using these subtypes, known biomarkers such as MGMT and
new genomic profiles such as RSI we can begin to tailor treatment for glioblastoma.
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5 GU

Prostate cancer is the second leading cause of cancer deaths. Although prognostic
factors such as clinical T stage, Gleason score and pretreatment PSA aid in prog-
nosis of prostate cancer there are still many outliers. Early risk prostate cancer can
fail localized therapy such as radiation earlier than planned and high risk prostate
cancer can remain seemingly indolent for years. Other prognostic and predictors of
radiation response in prostate radiation therapy are needed.

PSA is the single most used test in prostate cancer. It is used to screen men
though its use as a screening tool has come into question given its high sensitivity
and over-diagnosis of slow growing prostate cancers. Elevated PSA (generally >4)
prompts urological consult and prostate biopsy. PSA response after definitive
treatment (i.e. either surgery or radiation) is the most sensitive test and predicts
progression free survival long before patient develops any recurrent tumor or
metastases.

Kabarriti et al. (2014) and colleagues wanted to test if PSA can be used during
radiation treatment to predict response. Such a marker would give patients confi-
dence in radiation alone as salvage treatment and less worry about earlier need for
additional salvage treatment such as hormonal treatment (i.e. lupron) or
chemotherapy (i.e. docetaxel). Kabarriti et al. (2014) demonstrated that PSA
response during radiation is a predictive biomarker of outcome of salvage prosta-
tectomy patients (Kabarriti et al. 2014). 5 year biochemical control rate for PSA
responders was 81% compared to 37% for non-responders (Kabarriti et al. 2014).
This suggests that PSA should be used during radiation treatment to give an earlier
predictor of patient outcome. If PSA is not responding adequately during radiation
dose escalation could be considered or earlier use of additional chemotherapy may
be warranted.

Another more recent biomarker is the genome prostate cancer classifier
(GC) (Den et al. 2014). The GC score developed by Den et al. (2014) utilizes-omics
data, specifically gene expression patterns with microarrays (Den et al. 2014).
This GC score helps to predict which men would benefit from earlier adjuvant
radiation versus delayed salvage radiation when frequently PSA is higher and
radiation may be of less benefit (Den et al. 2014). The A high GC score predicted
increased biochemical failure and metastases thus suggesting these men need more
aggressive systemic therapy (i.e. long term hormones) (Den et al. 2014).

In lines with the GC score, research has focused on pretreatment molecular
characteristics of the prostate cancer to determine if radiation as localized treatment
should even be attempted or if patient should go to surgery. P53 accumulation and
high expression in prostate cancer cells seems to predict radiation treatment failure
in many prostate studies reported by independent research groups (Ritter et al.
2002; Scherr et al. 1999). Abnormal p53 expression was then analyzed in a
multi-institutional RTOG trial, RTOG 8610 (Grignon et al. 1997). In this trial, all
patients received radiation as the local treatment for prostate cancer and the phase
III randomization was for 4 addition of androgen deprivation (i.e. zoladex and
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flutamide) (Grignon et al. 1997). Abnormal p53 expression led to decreased time to
development of distant metastases and increased incidence of distant metastases
though these results must be taken with caution as they only demonstrated that p53
expression only affected response in patients who received both androgen depri-
vation and radiation and this was in an era without prostate radiation dose escalation
which is standard today (Grignon et al. 1997).

Although in general prostate cancer is thought to be slow growing and with low
proliferation index, there is a rare subtype of prostate cancer with a high prolifer-
ation index as measured by Ki-67 (Pollack et al. 2004). Pollack et al. (2004)
analyzed Ki-67 expression in prostate cancer biopsies of men enrolled in a
multi-institutional phase III randomized trial RTOG 92-02 (Pollack et al. 2004). In
this trial, prostate cancer patients with locally advanced prostate cancer (interme-
diate and high risk) where randomized to long-term or short-term androgen
deprivation concurrent with radiation therapy (Pollack et al. 2004). Pollack et al.
(2004) demonstrated that high Ki-67 (cutpoint 7.1%) in prostate predicts poor
response to treatment and these patients had higher biochemical failure, distant
metastases and cause-specific death (Pollack et al. 2004). Future studies would need
to aim at better initial treatment for this aggressive subtype of prostate cancer
maybe with upfront plan for trimodality treatment versus trying one localized
treatment and watching/waiting.

Most of these studies are looking at biomarkers that can predict response to
radiation. There have been recent efforts in prostate cancer to also see if biomarkers
can predict radiation toxicities. Genome-wide association studies have been used to
identify SNPs (single nucleotide polymorphisms) associated with a common radi-
ation toxicity from prostate cancer, erectile dysfunction (ED) (Kerns et al. 2010).
This large scare-omics project genotyped 909,000 SNPs of African-American men
treated with external beam radiation for prostate cancer (Kerns et al. 2010). The
cohort filled out the Sexual Health Inventory for Men (SHIM) questionnaire. SHIM
score of <7 was used to identify men with ED and to see which SNPs correlated.
Kerns et al. (2010) identified SNP rs2268363 which is in the follicle-stimulating
hormone receptor (FSHR) gene as correlating with ED (Kerns et al. 2010).

Overall PSA is still the main biomarker for prostate radiation. GC score and SNP
profiling which uses large scale genomic data to predict individual patient responses
to treatment may become more mainstream in the future for prostate cancer versus
trying to identify one or two biomarkers.

In terms of other GU cancers there is emerging data on biomarkers predicting
response to radiation. Koukourakis et al. (2016) examined tissue from 66 bladder
cancer patients treated with hypofractionated accelerated radiation (Koukourakis
et al. 2016). They observed that high expression of two biomarkers they analyzed,
HIF1alpha and LDHS correlated with poor response to radiation (Koukourakis et al.
2016). LDHS (lactate dehydrogenase 5) is part of the anaerobic glycolysis pathway
and does not require oxygen to function. The other, HIFlalpha, is part of the
hypoxia signaling pathway discussed above suggesting still a common thread to
predicting response to radiation. Future studies are needed to validate these findings
in a larger cohort of bladder cancer patients.
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6 Breast

It is now known that there are many subtypes of breast cancer (luminal A, luminal
B, basal type, Her2Neu subtype) (Langlands et al. 2013). Each subtype of breast
cancer has different overall survival, risk of metastases, response to chemotherapy
and radiation. Recent data discussed below suggests that the specific subtype of
breast cancer can predict radiation response (Langlands et al. 2013).

Although it is known that radiation tends to work better in cells that are
undergoing rapid cell division it has also been suggested that radiation is more
effective for luminal A and estrogen depending breast cancers in reducing risk of
relapse (Wang et al. 2011; Kyndi et al. 2008). One theory is that estrogen hastens
the cell cycle in the Gl to S transition and that could make cells with more
error-prone DNA. Radiation thus would more effectively kill these cells with
impaired DNA. For basal subtype (triple negative) breast cancers, many of which
possess DNA damage repair deficiencies by virtue of BRCA mutations, there is still
high risk of local recurrence even with radiation. There is speculation that there may
be aberrant upregulation of alternate DNA damage repair pathways intrinsic to
these BRCA mutant breast cancers that are able to overcome radiation induced
DNA damage (Langlands et al. 2013).

Triple negative breast cancer is not as responsive to treatment as hormone
positive breast cancer. Biomarkers unique to this breast cancer subtype may impart
more information as to the mechanism of radioresistance (Speers et al. 2016). From
studies of triple negative breast cancer cell lines a new potential radioresistance
marker MELK (maternal embryonic leucine zipper kinase) has shown promise
(Speers et al. 2016). MELK is overexpressed in triple negative breast cancer cell
lines and when inhibited cells become more radiation sensitive (Speers et al. 2016).
These laboratory bench studies could be translated into clinical trials assessing
MELK as a biomarker. Langlands et al. (2014) also discussed work documenting
that high expression of a proteasome subtype (PSMD9) was associated with
increased local recurrence in patients that received adjuvant radiation versus
patients that did not receive radiation suggesting some association with radiation
treatment (Langlands et al. 2014). Another study demonstrated that high levels of
peroxiredoxin-I was associated with high local recurrence after radiation (Woolston
et al. 2011). Peroxiredoxin-I is in the pathway that regulates oxidative stress and
thus may be another pathway that protects cells from radiation damage (Woolston
et al. 2011). These would all need to be validated before use in routine clinical
practice.

Known radioresponsive gene pathways have also been investigated in breast
cancer. A recent paper highlights this by investigating 22 genetic variants in 18
radioresponsive genes and their association with breast cancer radiation reactions,
specifically skin damage severity (> grade 2 toxicity by RTOG criteria) (Mum-
brekar et al. 2016). The authors found that a SNP in CD44 rs8193 with significantly
associated with radiation induced skin reactions (Mumbrekar et al. 2016). CD44
positivity has been implicated before as a potential marker of breast cancer stem
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cells; there could possibly be a link with CD44 and ability of breast cancer cells to
regenerate skin though more work is needed to justify this conclusion (Shao et al.
2016). Further work in specific radioresponsive genes is ongoing.

There has been large scale—omics studies in breast cancer patients to predict
toxicities. Ho et al. (2007) initially ran an analysis of DNA sequence alterations in
ATM (ataxia-telangiectasia) in breast cancer patients with grade 2 breast fibrosis
toxicities from radiation (Ho et al. 2007). ATM is important in regulating the cell
cycle and has been implicated in radiosensitivity for many years (Ho et al. 2007).
They discovered that a SNP variant of ATM (5557 G — A polymorphism) was
associated with increased risk of breast fibrosis ( > grade 2 late radiation response).
This SNP results in a non-conservative amino acid substitution from an aspartic
acid to an asparagine in exon 37 in the ATM protein (Andreassen et al. 2016).
While the study was small with 131 patients, it suggests that genome wide assays
may help pinpoint predictive radiation markers in breast cancer (Ho et al. 2007).
There have been many small studies exploring this SNP but no definitive data.
A more recent study again looked at ATM SNPs and toxicity in a large cohort of
5456 breast and prostate cancer patients; 2759 patients received radiation for breast
cancer and 2697 patients received radiation for prostate cancer (Andreassen et al.
2016). The same SNP discussed by Ho et al. (2007) ATM SNP rs1801516 was
associated with radiation toxicity; in this study the association was stronger with
acute toxicities (odds ratio 1.5) versus late (odds ratio 1.2) (Andreassen et al. 2016).
This study was conducted by the International Radiogenomics Consortium
(RgC) and more studies are expected on other cancers from this large
multi-institutional collaboration (Andreassen et al. 2016). The authors conclude that
such large scale studies are needed to detect weak signals in heterogeneous cohorts.
These studies will help pinpoint relevant SNPs that could then be tested in the
clinical setting.

7 Thoracic

The standard of care for locally advanced lung cancer is radiation or combination of
chemotherapy and radiation. It is already known that small cell lung cancer and
squamous cell non-small cell lung cancer respond more to chemoradiation versus
non-small cell lung cancer with adenocarcinoma histology. Beyond this it is now
known through analysis of the TCGA that lung cancer tends to carry more genetic
mutations than was previously appreciated with just histology delineation and that
mutations in lung cancer are unstable and can change over course of treatment or
after 1st line treatment complete (Kan et al. 2010; Pikor et al. 2013). Predicting
treatment response with this now appreciated wide array of non small cell lung
cancer subtypes will be helpful to individualize treatment strategies.

Due to this plethora of mutations many studies to predict treatment response now
use—omics data to find unique molecular signatures. One such study by Walker
et al. (2015) used proteomics and assessed locally advanced non small cell lung
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cancer patients that had survived <14 months versus >18 months (Walker et al.
2015). Of 650 proteins analyzed they found that two proteins, CRP (C-reactive
protein) and LRG1 (leucine-rich alpha-2-glycoprotein), were highly significant for
extended survival when tested for high expression just one week post completion of
standard radiation treatment. Less is known about LRG1 but there have been
studies suggesting role in angiogenesis and can modulate TGF-beta, a known
marker of inflammation (Walker et al. 2015). CRP is an acute phase reactant along
the same pathway as IL-6 and correlates with previous studies implicating IL-6 in
predicting survival to radiation (Walker et al. 2015). The hypothesis is that over-
expression of acute phase reactants is detrimental to radiation response probably
through excess toxicity via inflammation. This is an interesting study because it is
trying to find early predictive markers to help guide patient treatment decisions.
Generally, our first assessment of lung cancer patient’s response to radiation is
3 months after completion of treatment but this early biomarker may help in
deciding if treatment intensification is warranted (Bradley et al. 2015). Or as these
markers may be involved in acute phase inflammation if early treatment to prevent
inflammation such as pneumonitis should be initiated earlier rather than waiting to
see if patient develops clinical symptoms.

Another pathway recently implicated in response to radiation is immune system
activation especially with the advent of immunomodulator treatments concurrent
with radiation for the treatment of advanced non small cell lung cancer. In a small
study by Deng et al. (2016), the authors reported that high GM-CSF
(granulocyte-macrophage colony stimulating factor) levels during radiation corre-
lated with better overall survival and progression free survival (Deng et al. 2016).
They also described a new test called the “integrated factor” that takes into account
the degree of upregulation of GM-CSF as well as pre radiation levels of another
immune pathway molecule IFN-gamma (interferon-gamma) and found this also
correlated with prediction of better overall survival and progression free survival
(Deng et al. 2016).

The main concerns of radiation to the lung are toxicities to lung itself or other
structures of the mediastinum (esophagus, great vessels, heart). Acute pneumonitis
and subsequent lung fibrosis are two main concerns of lung damage. Early studies
assessed specific biomarkers known to be associated with inflammation. Zhao et al.
analyzed the predictive role of TGF-betal a known inflammation maker with stage
[-IIT lung cancer patients (Zhao et al. 2008). High levels of plasma TGF-betal
4 weeks during radiation treatment was significantly predictive of > grade 2
pneumonitis or fibrosis (Zhao et al. 2008). Kim et al. (2009) also observed that
TGF-betal was significantly higher 4 weeks after radiation in patients who
developed symptomatic radiation pneumonitis (Kim et al. 2009). Another more
recent study looking at esophageal patients treated with radiation who would also
have significant dose to lung also showed that plasma TGF-betal levels were
elevated in patients who developed radiation pneumonitis (Li et al. 2015). Although
these three studies suggested TGF1-beta as a biomarker, another small study could
not find a correlation between either TGF1-beta or IL-6 and radiation pneumonitis
(Riibe et al. 2008). In this negative study by Rube, the authors said that baseline
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TGF1-beta and IL-6 levels were already elevated and there was no significant
increase after radiation was complete (Riibe et al. 2008). As mentioned the
molecular signature of lung cancer is now known to be highly variable and this can
confound the data from these small studies. All these studies had small samples
sizes and thus before we could use TGF-betal in the clinic, expression of this
marker would need to be assessed in large scale lung cancer RTOG studies such as
the recently completed RTOG 0617 (Bradley et al. 2015).

The other main toxicity in lung cancer is esophagitis (Bradley et al. 2015). The
same biomarker TGF1-betal was assessed in lung cancer patients. This time Guerra
et al. (2012) assessed SNPs in TGF-betal in 97 NSCLC patients (Guerra et al.
2012). They found that the SNP rs1800469: C-509T was significantly associated
with higher risk of > grade 3 radiation induced esophageal toxicity (Guerra et al.
2012).

Novel biomarker studies in lung cancer involve assessing micro RNAs (miRNA)
(Dinh et al. 2016). miRNAs are small-non coding RNAs that are now known to
function in silencing of RNA and regulation of gene expression. A small study of
five patients with stage IIIA NSCLC at 5 different dose points during radiation was
analyzed. miR29a-3p and miR-150-5p were shown to decrease as the radiation dose
increased during course of treatment (Dinh et al. 2016). miR-150 has been shown to
decrease in plasma in animals exposed to radiation (Dinh et al. 2016). miR-29a has
already been associated with fibrosis in heart, lung and kidneys and so the authors
hypothesize that extreme outliers of levels of these specific miRNAs may help
predict toxicity to radiation (Dinh et al. 2016). Radiation dose could then be
adapted based on the individual. This theory will be exciting to test in future studies
of miRNAs because it will allow radiation oncologists to sculpt dose to tumor with
confidence.

8 Intrinsic Radiosensitivity of Tissue/Organs

To predict response to radiation and to prevent toxicities we can look for predictive
biomarkers in multiple ways either with a targeted approach of molecules impli-
cated in affecting radiation or with a large scale, large data “-omics” type approach.
The early studies focused on intrinsic cellular radiosensitivity (Williams et al.
2007). These studies formed the basis of calling some histologies radiation sensitive
and some histologies radiation resistant. These studies looked at known oncogenes
and tumor suppressor genes such as ATM and p53 and categorized cancer cell lines
based on these genetic characteristics (Williams et al. 2007). ATM (ataxia
telangiectasia mutated) was already implication in radiation sensitivity as individ-
uals with AT (ataxia telangiectasia) are highly sensitive to radiation damage (Tri-
bius et al. 2001). For radiation sensitive cancers there was less push for dose
escalation whereas for radiation resistant there was more push for dose escalation
and newer radiation techniques such as stereotactic body radiation (SBRT).
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Another focus more recently has been on aging and the fact that intrinsic cellular
radiosensitivity may actually change over time due to environmental exposures and
oxidative damage (Mishra et al. 2012). Pathways studied include IL-6, CRP,
TGF-betal, advanced glycation end products (AGE), markers of inflammation.
Telomere length is also being studied as we know that shorter telomere lengths over
time lead to chromosomal instability and thus in theory more susceptibility to
radiation damage (Mishra et al. 2012). Some of these pathways have been
researched to assess a patient’s “biological age” versus “chronological age” to aid in
treatment management decisions. Historically biological age was a variable used to
assess if radiation is warranted in certain cancers such as breast cancer. Chrono-
logical age may be more accurate in determining who best benefits from radiation.

9 Assessing Biomarkers in Clinic

Testing for biomarkers includes methods employed in the pathology laboratory
including but not limited to: immunohistochemistry, mass spectroscopy, mutational
analysis and gene expression analysis. The RTOG has a central storage for
biospecimens and is a useful tool for testing biomarkers researched in basic science
laboratories. Future assessments frequently use patient’s serum which is also being
banked in ongoing RTOG/NRG studies and validation of biomarkers with these
large multi-institutional patient sample banks is necessary before a biomarker can
be considered for routine clinical testing. As shown in sections in this chapter
patient serum is being used to detect genomic and or molecular signatures of
response to radiation through large scale—omics studies (genomics, proteomics).

10 Conclusion

While this chapter is by no means exhaustive of all biomarkers, this goal of the
chapter is to highlight some common biomarkers and or genre of biomarkers
researched to date to help guide current radiation practices. The goal of predictive
radiation biomarkers is to help with individualizing radiation therapy. It will be
exciting to see in coming years how big data, -omics, will help advance the field of
radiation biomarkers.
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Eric H. Radany

Abstract

Mutant cells that are defective for certain components of the mammalian DNA
damage response (DDR) have been shown to display hypersensitivity to killing
by ionizing radiations; these findings have prompted the idea that drugs that
emulate these DDR deficiencies might serve as clinically useful radiosensitizers
for improving results in cancer therapy. In this chapter, the ways in which several
agents now established as radiosensitizers do in fact function by inhibiting parts
of the DDR are first presented. The various subsystems of the DDR are next
reviewed, and several potential molecular targets for discovery or design of
chemical modifiers that could lead novel radiosensitizing drugs are discussed.

Keywords

DNA Damage Response (DDR) - DNA Repair - Double Strand Break (DSB) -
Homologous Recombination Repair (HR) - Non-homologous End Joining Repair
(NHEJ) - Radiation therapy (XRT) - Radiosensitizer - Therapeutic Ratio (TR)

1 The Challenge of Continuing to Improve
the Therapeutic Ratio for Radiation Therapy
in Human Oncology

Radiation therapy (XRT) continues to be a key modality in modern cancer medicine
for both curative and palliative management of a variety of malignant diseases. It
has been suggested that the role radiation therapy plays in obtaining local-regional
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control of tumors might in fact become increasingly important in the coming years
as innovative systemic therapies, such as molecularly targeted agents and immune
checkpoint modulators, improve our ability to eradicate microscopic metastatic
disease for some patients (Citrin and Mitchell 2014). The recent 1-2 decades have
witnessed impressive technical advances in the planning and delivery of XRT
including multiple imaging modality simulation, 4-dimensional treatment planning
and delivery, practical multibeam intensity modulated XRT, and daily image
guidance for target positioning verification; several of these have supported
development of effective new XRT approaches such as stereotactic body radio-
therapy. Improving the conformality of XRT dose delivery in both space and time
through these approaches is expected to improve the therapeutic ratio (TR) for XRT
by minimizing normal tissue toxicity (Citrin and Mitchell 2014).

An improved TR for XRT can also be achieved by selectively enhancing the
lethal effects of ionizing radiation (IR) on tumor versus normal tissues (Citrin and
Mitchell 2014; Jekimovs et al. 2014; Gavande et al. 2016). Such an outcome might
be obtainable by targeting certain features of malignant disease such as intratumoral
hypoxia or host antitumor immune responses for example, but much current interest
is centered upon manipulating biological IR responses at the level of individual
malignant cells (Citrin and Mitchell 2014; Jekimovs et al. 2014; Gavande et al.
2016; Higgins et al. 2015; Raleigh and Haas-Kogan 2013). The term radiosensitizer
properly refers to a chemical that increases cell death in response to a given dose of
IR while being completely innocuous to cells in the absence of IR treatment (Citrin
and Mitchell 2014; Higgins et al. 2015), although the term is often informally
applied to agents such a chemotherapeutic drugs that can themselves be toxic to
cells at sufficient doses; the latter are instead properly called chemical modifiers of
cellular radiation response (Citrin and Mitchell 2014; Higgins et al. 2015). Drugs
that usefully enhance tumor responses to IR are already extremely important in the
clinic. Recent large gains in our understanding of the molecular genetics of cancer,
along with ever-improving approaches to protein structure-based drug design, point
to the strong likelihood that new, potent chemical modifiers for use with XRT will
contribute to advances in human cancer medicine. This brief chapter will update
and expand upon several recent excellent reviews of this topic (Citrin and Mitchell
2014; Jekimovs et al. 2014; Gavande et al. 2016; Higgins et al. 2015; Raleigh and
Haas-Kogan 2013; Begg et al. 2011).

2 Radiosensitizing Agents Targeting the DNA Damage
Response: Established Radiosensitizing Agents

2.1 Overview
Formation of DNA double strand breaks (DSB) at sufficient levels in human and

other mammalian genomes, as by IR or certain chemotherapeutic agents, activates a
complex signal transduction cascade—the DNA Damage Response (DDR)—that
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culminates in a range of cellular outcomes including repair of the DNA damage,
cell cycle arrest at specific checkpoints, and programmed cell death; the DDR and
these various endpoints have been reviewed extensively (Begg et al. 2011;
Goodarzi and Jeggo 2013; Ceccaldi et al. 2016; Jeggo and Lobrich 2015; Waters
et al. 2014; Jackson 2009) and will be covered here only briefly. Natural and
engineered mammalian cells and animals that have gene mutations causing func-
tional defects for components of the DDR are commonly IR hypersensitive to
varying degrees, along with displaying “genomic instability” (see later). Human
patients and mutant mouse strains with germline DDR gene defects often display
increased susceptibility to various malignancies; some also have immunodeficiency
related to a failure to repair the programmed DSB formed during the course of
immunoglobulin and T-cell receptor gene maturation (Goodarzi and Jeggo 2013;
Jackson 2009; Curtin 2012; Weinberg and Hanahan 2011). The finding that DDR
gene mutations can cause mammalian cell IR hypersensitivity has given the impetus
in recent years for discovery of chemical compounds that could inhibit the functions
of various DDR proteins and emulate the effects of such gene defects (sometimes
called “pharmacological phenocopy”); these agents would be expected to be can-
didate preclinical cellular radio- and chemo-sensitizers that might ultimately lead to
useful drugs for human cancer medicine (Citrin and Mitchell 2014; Jekimovs et al.
2014; Gavande et al. 2016; Higgins et al. 2015; Raleigh and Haas-Kogan 2013).
The finding that inhibition of different facets of the DDR is in fact the molecular
mechanism of action for some radiosensitizers now used clinically, as detailed next,
serves to validate this strategy.

2.2 Targeting DNA Damage Sensing/Signaling Pathways

Following induction of DSB in human nuclear DNA, their presence is sensed by the
Mrel1/Rad50/NBS1 (MRN) protein complex, which is recruited to the break ends
by the human single stranded binding protein 1 (hSSB1); MRN then promotes
association of the key damage signaling kinase Ataxia Telangiectasia Mutated
(ATM) with the DSB (Begg et al. 2011; Goodarzi and Jeggo 2013; Ceccaldi et al.
2016). ATM kinase is thereby activated toward phosphorylation of itself, of the
components of the MRN complex, and of the variant histone H2AX (thereby
generating YH2AX) (Begg et al. 2011; Goodarzi and Jeggo 2013; Ceccaldi et al.
2016). YH2AX formation then propagates for many thousands of base pairs from
the DSB ends into the DNA strands, and initiates assembly of an array of additional
DDR proteins to form a molecular macrostructure, the ionizing radiation induced
focus (IRIF) (Goodarzi and Jeggo 2013). ATM signaling is amplified by interac-
tions within the IRIF and then transduced to downstream effectors such as the
CHK2 kinase-pS53 axis to initiate cell cycle arrest or apoptosis (Begg et al. 2011;
Goodarzi and Jeggo 2013; Ceccaldi et al. 2016). Cells with deficient MRN function
show severely impaired ATM signaling (Begg et al. 2011; Goodarzi and Jeggo
2013; Ceccaldi et al. 2016). The MRN complex (in particular, the Mrel 1 nuclease)
plays an additional key role in the cellular “choice” between utilization of
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homologous recombination (HR) versus non-homologous end joining (NHEJ)
mechanisms for the repair of DSB in the late-S and G2 phases of the cell cycle
((Begg et al. 2011; Goodarzi and Jeggo 2013; Ceccaldi et al. 2016) and see below).
The observed IR sensitivity of MRN function-deficient cells thus makes sense.

Heat treatment of sufficient temperature and duration very potently sensitizes
malignant human cells to killing by IR, a phenomenon termed hyperthermic
radiosensitization (HtRs) (Dewey 2009). Given the magnitude of this effect, clinical
application of HtRs has been of interest for decades, but implementation of this has
been hindered previously by the engineering challenges connected with heating
deep tumors in situ; this obstacle might now be overcome, however, with the
development of MR-guided focused ultrasound technology (see Chapter XX of this
text). The molecular basis of HtRs has been elucidated using a genetic approach
termed epistasis analysis; this strategy is predicated on the fact that two separate
functional defects (“hits”) in the same mechanistic pathway should have no more
consequence than either single hit alone does. In contrast, hits to separate pathways
that function in parallel in a complementary fashion (for example, the NHEJ and
HR mechanisms for DSB repair; see below) typically have a greater impact on cell
physiology than either hit alone. Previous work had implicated one or more of the
MRN complex protein components in HtRs, possibly via active export of these
proteins out of the nucleus in response to heat treatment (Seno and Dynlacht 2004).
The effect heating on clonogenic inactivation by IR was next investigated using
cells having natural (cells derived from Mrell- or Nbsl-defective patients) or
engineered (siRNA knockdown) deficiencies of Mrell, Nbsl, or Rad50 function
(Dynlacht et al. 2011). For Nbs1 and Rad50, unheated cells were hypersensitive to
killing by IR compared to normal cells, but that sensitivity was increased still
further by the heat treatment. In contrast, heating of the Mrel1 cells did not alter
their already marked sensitivity to IR (Dynlacht et al. 2011). Purified Mrel1 protein
was also found to be unusually sensitive to heat denaturation in vitro (Dynlacht
et al. 2011). The interpretation of these findings is that the Mrel 1-mutant cells are
already maximally deficient for MRN-ATM signaling after DNA damage so that
heat denaturation of any residual Mrell protein has no consequence. In contrast,
low levels of Nbsl or Rad50 activity in the respective mutant cells did support
some MRN-ATM signaling after IR, and this was abolished by total heat inacti-
vation of cellular Mrel 1. In keeping with these findings, recently developed small
molecule inhibitors of the Mrell endo- and exonuclease activities are radiosensi-
tizing agents in vitro (Shibata et al. 2014).

2.3 Targeting DSB Repair Pathways

Repair of DNA DSB in eukaryotic cell relies on two fundamentally distinct
mechanisms, nonhomologous end joining (NHEJ) and homologous recombination
(HR) repair (sometimes called homology directed repair) (Begg et al. 2011;
Goodarzi and Jeggo 2013; Ceccaldi et al. 2016; Waters et al. 2014; Pannunzio et al.
2014; Moynahan and Jasin 2010). NHEJ entails the nucleolytic processing and
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direct ligation of DSB ends that may approximately restore the original configu-
ration of a stretch of DNA (typically with loss of some of the nucleotides adjacent
to the strand breaks). Alternatively, DNA ends from remote parts of the genome
might be brought together by NHEJ repair, forming a chromosomal translocation or
inversion (Begg et al. 2011; Goodarzi and Jeggo 2013; Ceccaldi et al. 2016).
The kinetics of end joining by this mechanism is determined by the chemistry of the
DNA termini and by the chromatin configuration of the DNA within which the
DSB occurs; chemically complex ends produced by relatively high LET radiations,
and the compacted chromatin associated with heterochromatic chromosomal
regions lead to slower end rejoining (Begg et al. 2011; Goodarzi and Jeggo 2013;
Ceccaldi et al. 2016). Quite recently, it has been possible to distinguish between
so-called canonical NHEJ (the mechanism identified first) and one or more “al-
ternative” NHEJ pathways (Begg et al. 2011; Goodarzi and Jeggo 2013; Ceccaldi
et al. 2016; Pannunzio et al. 2014); these differ with respect to the specific proteins
involved and the precise molecular details of DNA end synapsis during DSB end
rejoining (Begg et al. 2011; Goodarzi and Jeggo 2013; Ceccaldi et al. 2016; Pan-
nunzio et al. 2014). How these various NHEJ processes might be differently tar-
geted for achieving radiosensitization remains to be seen.

HR repair of DSB is initiated by quite extensive exonucleolytic degradation of
DNA, starting at the break ends and proceeding in the 5’ — 3’ direction, thereby
forming long single strands having 3’ hydroxyl termini (Begg et al. 2011; Goodarzi
and Jeggo 2013; Ceccaldi et al. 2016; Moynahan and Jasin 2010). Those strands
invade nearby intact homologous DNA (this is typically afforded by the adjacent
sister chromatid following replication) and prime the synthesis of new DNA cor-
responding to the regions surrounding the DSB, using the intact complementary
strands as templates. The new DNA strands are then extracted from the sister
chromatid and reannealed; ligation of the new DNA 3’ ends to 5’ ends of the broken
chromatid completes repair of the DSB (Begg et al. 2011; Goodarzi and Jeggo
2013; Ceccaldi et al. 2016; Moynahan and Jasin 2010).

HR contrasts with NHEJ in that the latter has no mechanistic requirement for the
presence intact homologous DNA nearby (Begg et al. 2011; Goodarzi and Jeggo
2013; Ceccaldi et al. 2016). For this reason, NHEJ is practicable throughout the cell
cycle, while HR is confined to the G2 phase and to those genomic regions that have
already undergone replication during S phase (Begg et al. 2011; Goodarzi and
Jeggo 2013; Ceccaldi et al. 2016). NHEJ appears to be responsible for the majority
of DSB repair throughout the cell cycle in mammalian cells, this despite it being
much more “error prone” than HR, given the likelihood of small DNA sequence
changes in the vicinity of the DSB and the potential to form gross chromosomal
aberrations (Begg et al. 2011; Goodarzi and Jeggo 2013; Ceccaldi et al. 2016;
Pannunzio et al. 2014). The mechanistic basis for the cellular “decision” between
use of NHEJ versus HR for the repair of a given DSB during G2 or S phase is at
present poorly understood and is the subject of much research activity, although the
MRN complex appears to be intimately involved (Begg et al. 2011; Goodarzi and
Jeggo 2013; Ceccaldi et al. 2016; Shibata et al. 2014).
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2.3.1 Targeting the NHEJ Pathway

Curative-intent treatment programs combining XRT and a platinum-containing
chemotherapeutic drug such as cisplatin (CDDP) are widely used in human
oncology, and have led to improved clinical outcomes for different forms of lung
cancer, head and neck cancer, and carcinoma of the uterine cervix among other
malignancies (Sears et al. 2016). The mechanistic basis for radiosensitization by
platinum-containing drugs has been investigated in vitro. An epistasis analysis
showed that CDDP treatment did not sensitize the killing of NHEJ-deficient cells by
IR, while HR-defective were markedly sensitized (Raaphorst et al. 2005); this result
indicates that NHEJ does not function properly in CDDP-treated cells. NHEJ can be
assayed in vitro in mammalian cells extracts by following ligation of linear sub-
strate DNA molecules (Sears and Turchi 2012; Diggle et al. 2005). The presence of
CDDP damage in the substrate molecules inhibited NHEJ in vitro (Sears and Turchi
2012; Diggle et al. 2005), while extracts prepared from CDDP-treated cells were
NHEJ-competent for repair of undamaged substrate DNA molecules (Sears and
Turchi 2012); these results support the model that it is CDDP adducts in DNA near
DSB are a block to repair by NHEJ. In keeping with this model, so-call host
reactivation of transfected substrate DNA molecules by NHEJ is proficient for
undamaged substrates transfected into CDDP-treated cells, but deficient for
CDDP-damaged substrates transfected into untreated cells (Sears and Turchi 2012).

2.3.2 Targeting the HR Pathway

The HR pathway for DSB repair depends upon synthesis of long stretches of new
DNA using an undamaged sister chromatid as the template (Begg et al. 2011;
Goodarzi and Jeggo 2013; Ceccaldi et al. 2016; Moynahan and Jasin 2010); it
might thus be anticipated that antimetabolite chemotherapy drugs which deprive
mammalian cells of DNA synthetic precursors might serve as effective HR repair
inhibitors. Gemcitabine is an antimetabolite chemotherapeutic agent that inhibits
ribonucleotide reductase and the de novo synthesis of deoxynucleotide DNA pre-
cursors. Gemcitabine is also a potent radiosensitizers (Shewach and Lawrence
1995; Van Putten et al. 2001; Wachters et al. 2001). Using epistasis analysis, the
mechanism of gemcitabine radiosensitization was investigated in mammalian cells
deficient in NHEJ and HR (Van Putten et al. 2001; Wachters et al. 2001). Following
treatment with gemcitabine, radiosensitization was observed in the NHEJ-deficient
cells, but this was markedly decreased in the HR-deficient cell, demonstrating that
this drug blocks the latter pathway (Van Putten et al. 2001; Wachters et al. 2001).
Investigation of the mechanism of radiosensitization by various fluoropyrimidine
family drugs, another class of clinically useful antimetabolite chemotherapeutic
radiosensitizers, has proven to be more complex (Canman et al. 1994). This may be
because, while these agents inhibit thymidine (TdR) DNA precursor synthesis, the
simultaneously promote incorporation of deoxyuridine (UdR) into nascent DNA in
place of TdR (Canman et al. 1994).
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2.4 Targeting Prosurvival/Anti-apoptotic Signaling Pathways

Following DNA damage and several other cellular stresses, many normal cells and
certain malignant cells undergo a process of programmed cell death termed apop-
tosis (Balcer-Kubiczek 2012). For cells exposed to IR, DDR signaling through
ATM ultimately impinges upon the tumor suppressor protein p53 and activates it as
a transcription factor (Begg et al. 2011; Goodarzi and Jeggo 2013; Ceccaldi et al.
2016; Balcer-Kubiczek 2012). Depending upon cellular context, pS53 activation
promotes either apoptosis or cell cycle arrest in G1 phase by transcriptional regu-
lation of specific genes (Balcer-Kubiczek 2012). In the checks and balances of
cellular governance, pro-apoptotic influences are countered by pro-survival sig-
naling; the Akt serine/threonine kinases are key mediators of the latter process
(Balcer-Kubiczek 2012; Toulany and Roderman 2015). Loss of proper apoptotic
response to cellular stress appears to be an essential component of carcinogenesis
for many cell types (Weinberg and Hanahan 2011); enhanced Akt signaling by
several different mechanisms has been found to be one means by which malignant
cells can achieve this abrogation of apoptosis (Cengel et al. 2007; Mckenna et al.
2003; Cheung and Testa 2013). Akt activation in tumors is associated with
chemotherapy and radiotherapy treatment resistance (Cengel et al. 2007; Mckenna
et al. 2003; Cheung and Testa 2013; Sekhar et al. 2011; Kao et al. 2007; Misale
et al. 2012; Garrido-Laguna et al. 2012), and down regulation of Akt signaling by
dominant negative inhibition or drug targeting of its upstream signaling partner PI3
kinase (PI3K) has been shown in some cases to cause radiosensitization (Tanno
et al. 2004). These finding are believed to reflect, at least in some cells, mitigation
of the killing effects of IR by pro-survival Akt signaling by these inhibitory
interventions (Toulany and Roderman 2015; Tanno et al. 2004; Brognard et al.
2001). Importantly, however, more recent results indicate that activated Akt also
plays significant, directs role in cellular responses to IR including DNA DSB
sensing/signaling and regulation of NHEJ; targeting activated Akt may thus instead
(or in addition) radiosensitize some cells by inhibiting DSB repair (Toulany et al.
2008, 2012; Park et al. 2009).

Akt is a downstream effector of several mitogenic (pro-growth) signaling cas-
cades that are frequently found to be corrupted in tumor cells (Toulany and
Roderman 2015; Cheung and Testa 2013); prominent among these are activating
mutations and amplification of genes encoding cell surface receptor tyrosine kinases
(RTKs) such as EGFR (Weinberg and Hanahan 2011; Toulany and Roderman
2015; Cheung and Testa 2013). One target of deregulated EGFR signaling in
tumors, via PI3K, is Akt (Toulany and Roderman 2015; Cheung and Testa 2013).
Significant correlations have been found for many tumors between EGFR activation
and Akt activation (Cheung and Testa 2013; Nijkamp et al. 2011), and between
EGFR activation and chemo/radiation resistance (Ang et al. 2002; Nakamura 2007);
findings such as these have made EGFR signaling an attractive target for cancer
therapy (Seshacharyulu et al. 2012; Dassonville et al. 2007). Cetuximab, a
recombinant monoclonal antibody therapeutic that down regulates EGFR signaling
has been investigated in combination with XRT patients with colon cancer,



246 E.H. Radany

non-small cell lung cancer, and head and neck cancers (Seshacharyulu et al. 2012),
and is now in routine use for the latter given its efficacy as a radiosensitizer (Bobber
et al. 2010). Erlotinib, a small molecule EGFR TK inhibitor also shows radiosen-
sitizing activity for some malignant cells, and has shown this activity in the clinic in
a promising way for patients with brain metastases of non-small cell lung cancer
(Zheng et al. 2016).

3 DNA Damage Response: Recent Results
for Radiosensitizing Agents

3.1 Targeting DNA Damage Sensing/Signaling Pathways

The ataxia telangiectasia-mutated (ATM) protein is defective in that disease and is a
pivotal player in the early steps of DSB detection (Jekimovs et al. 2014; Begg et al.
2011; Goodarzi and Jeggo 2013; Ceccaldi et al. 2016; Jeggo and Lobrich 2015).
A-T patients inherit two defective germline copies of the ATM gene, and are
characteristically both cancer-prone and hypersensitive to IR (Jekimovs et al. 2014;
Begg et al. 2011; Goodarzi and Jeggo 2013; Ceccaldi et al. 2016; Jeggo and
Lobrich 2015). ATM inactivation by somatic mutation is a common finding in
many tumors, and is thought to be a mechanism for the genomic instability that is
believed to be required of carcinogenesis (Jekimovs et al. 2014; Jeggo and Lobrich
2015). ATM is a member of the PI3K-like kinase (PIKK) family that also includes
ATR (for ATM-mutated and Rad3-related), DNA-PKcs (DNA-dependent protein
kinase catalytic subunit, a core component of the canonical NHEJ pathway), and
PI3K itself, along with multiple other proteins (Jeggo and Lobrich 2015). The
kinase ATP binding pocket has been a common target for discovery of numerous
kinase-inhibiting drugs such as erlotinib; this approach has been problematic for the
PIKK family proteins due to difficulty in achieving sufficient target specificity to
allow clinical use, however (Jekimovs et al. 2014; Gavande et al. 2016; Higgins
et al. 2015; Raleigh and Haas-Kogan 2013). Sufficient success in this regard has
been obtained to date for the ATR kinase (Jekimovs et al. 2014; Gavande et al.
2016; Higgins et al. 2015; Raleigh and Haas-Kogan 2013; Jeggo and Lobrich 2015;
Sanjiv et al. 2016) to allow inhibitory drugs to enter clinical trials, some in com-
bination with XRT.

As is the case for ATM, ATR contributes to maintaining genomic integrity after
various genotoxic insults. ATR appears to be activated primarily by single stranded
DNA associated with replication forks during periods of replicative stress (Jeggo
and Lobrich 2015; Waters et al. 2014; Jackson 2009), such as DNA synthesis using
damaged template strands following IR exposure (Jeggo and Lobrich 2015; Waters
et al. 2014; Jackson 2009). Like for ATM, ATR activation leads to cell cycle arrest
at a specific checkpoint, in this case S/G2 phase. It has been hypothesized that the
loss of G1 checkpoint in ATM-deficient tumor cells renders them more dependent
upon integrity of the ATR-mediated S/G2 checkpoint after genotoxic insults such as
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IR exposure (Sanjiv et al. 2016). The specific ATR kinase inhibitor VX-970 has
been shown to sensitize adenocarcinoma cells to IR and to several chemothera-
peutic drugs that cause replication stress (Sanjiv et al. 2016). Based on these
findings, VX-970 is currently being investigated in combination with whole brain
XRT in patients with brain metastases from non-small cell lung cancer (NCI trial
designation NCT02589522).

3.2 Targeting DSB Repair Pathways

3.2.1 Targeting the NHEJ Pathway

The Ku70 protein is a core component, along with Ku80 protein and DNA-PKcs, of
the DNA-PK complex that mediates the initial steps of canonical NHEJ (Goodarzi
and Jeggo 2013; Waters et al. 2014). Ku70 protein was found to interact with the
androgen receptor in prostate carcinoma (CaP) cells (Al-Ubaidi et al. 2013), an
observation that motivated study of Ku70 levels and endogenous NHEJ activity in
biopsies of CaP in patients, both before and after surgical or pharmacological
(GnRH treatment) castration (Al-Ubaidi et al. 2013). Ku70 levels were found to be
reduced, and spontaneous YH2AX foci (this is a measure of persisting DSB formed
during replication, an indication of reduced NHEJ) were increased following cas-
tration (Al-Ubaidi et al. 2013). The remarkable result of these findings was the
prediction that initial (“neoadjuvant”) androgen deprivation, via surgical or phar-
macological means, might be a radiosensitizer for subsequent prostate XRT. To test
this hypothesis, 48 patients in a small pilot trial were randomly assigned to
neoadjuvant androgen deprivation or not prior to receiving XRT as 2 Gy x 5
fractions; biopsies were obtained prior to any intervention or after the 10 Gy XRT
(Tarish et al. 2015). Autophosphorylation of DNA-PKcs, a measure of canonical
NHEIJ activity (Jeggo and Lobrich 2015; Toulany and Roderman 2015), was
strongly upregulated following XRT without prior androgen deprivation, but
completely abolished with the androgen deprivation (Tarish et al. 2015). An
increased number of persisting nuclear YH2AX foci were observed in the trial
castration arm, a finding also consistent with failure of DSB repair in the setting of
neoadjuvant androgen deprivation (Tarish et al. 2015). Studies with long term
follow up and larger patient numbers will be required to determine whether the
putative NHEJ inhibition and radiosensitization in this setting leads to superior
local control of CaP.

3.2.2 Targeting the HR Pathway

Protein acetylation on lysine residues is a post-translational protein modification
that is increasingly appreciated to be a mode of intracellular signaling comparable
to protein phosphorylation (Ceccacci and Minucci 2016; West and Johnstone
2014). This modification was first described for chromatin histone proteins, and the
enzymes that add and remove these acetyl groups are called histone acetyl trans-
ferases (HATs) and histone deacetylases (HDACS), respectively; many non-histone
proteins are clearly substrates for HATs and HDACs as well, however (Ceccacci
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and Minucci 2016; West and Johnstone 2014; Elia et al. 2015). Signaling via
protein acetylation/deacetylation has recently been found to play an important role
in the mammalian cellular DNA damage response (Elia et al. 2015). A number of
HDAC-inhibiting drugs are showing interesting activity as anti-cancer agents,
particularly for hematolymphoid malignancies (Ceccacci and Minucci 2016; West
and Johnstone 2014). Several HDAC inhibitors have also been shown to act as
radiosensitizers (Camphausen et al. 2004; Chinnaiyan et al. 2008; Chen et al. 2012).
Although effects on histone modification and chromatin configuration were sug-
gested to be the mechanistic basis for these findings, persisting acetylation of
non-histone proteins clearly also plays a role. For example, we and others have
shown that HDAC inhibitors reduce DSB repair via the HR pathway (Chen et al.
2012; Adimoolam et al. 2007). In the case of potent and clinically approved drug
SAHA, treatment of multiple myeloma cells at low, non-toxic concentrations led to
significant radiosensitization, specifically by inhibiting the HR pathway for DSB
repair (Chen et al. 2012). This effect is apparently caused by blocking upregulation
of the key HR pathway protein Rad51, and inhibiting normal Rad51 association
with chromatin, following IR exposure (Chen et al. 2012; Adimoolam et al. 2007).
It is not yet known what protein(s) experiences persistent acetylation in the presence
of the drug to mediate these events. Concurrent SAHA treatment would thus be a
rational approach to enhancing efficacy of XRT for this disease.

The findings noted here support the ideas that small molecule inhibitors of the
NHEJ and HR repair pathways may be useful clinically as cytotoxins and
radiosensitizers. As regards the former, an inhibitor of DNA-PKcs and the PIKK
m-TOR (mammalian target of rapamycin), CC-115 has shown activity as a single
agent in chronic lymphocytic leukemia (Thijssen et al. 2016), and is being char-
acterized with respect to dosing and tolerability in a Phase I trial of advanced solid
malignancies (NCI trial designation NCT01353625). Use of this agent along with
XRT in patients has not yet been reported. Small molecule inhibitors of HR have
been reported, and are in the preclinical phase of development (Huang et al. 2011;
Budke et al. 2013; Zhu et al. 2013).

3.3 Targeting Pro-apoptotic Signaling

In addition to transcriptional activation of pro-apoptotic nuclear genes
(Balcer-Kubiczek 2012), the p53 tumor suppressor protein can also activate
apoptosis as a DDR endpoint through processes mediated at the outer mitochondrial
membrane (Chipuk et al. 2002; Chen et al. 2011; Sykes et al. 2006). Treatment with
the HDAC inhibitor drug Valproic Acid (VPA) was shown to promote radiosen-
sitization via apoptosis after IR exposure—a response not typically displayed—in
two CaP cell lines, but not a third one (Chen et al. 2011). The CaP line showing no
radiosensitization did not contain any p53 protein, while the other two lines did,
perhaps implicating p53 in the radiosensitization mechanism. However, one of the
two CaP lines that did display radiosensitization contained only mutant forms of
p53 protein having no activity as a transcription factor (Chen et al. 2011); this fact
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would argue against the model for p53 involvement in the radiosensitization (at
least with respect to its best known function as an regulator of nuclear gene
expression).

p53 is a substrate for the HAT Tip60, which acetylates a specific p5S3 lysine
residue in response to DNA damage and other pro-apoptotic stresses (Sykes et al.
2006); this modification activates p53 transcription factor activity toward
pro-apoptotic gene targets specifically (Sykes et al. 2006). We and others showed
that this modification also activates p53 toward its pro-apoptotic interactions at the
mitochondrial membrane, and that some mutant forms of p53 that are inactive as
transcription factors are proficient for this process (Chen et al. 2011; Mellert et al.
2011). Following IR, p53 in untreated CaP cells is acetylated by Tip60, but it is
then promptly deacetylated (by HDAC1 (Mellert et al. 2011)) and an apoptotic
response does not ensue. With VPA treatment, p53 acetylation persists and a suf-
ficient quantity of this modified form of the protein accumulates at the mitochon-
drial membrane to trigger apoptosis (Chen et al. 2011; Mellert et al. 2011). This
adds to amount of cell killing produced by a given dose of IR—the definition of
radiosensitization. This mechanism appears to be operative in colorectal carcinoma
cells as well (Chen et al. 2009).

4 Future Directions and Promise

Statistical analyses and in vitro studies have led to the conclusion that multiple
independent mutational genetic changes are required to convert a fully normal
human cell into a fully malignant one (Hahn et al. 1999). Loeb was first to rec-
ognized that the fidelity of mammalian genomic replication is sufficiently good that
this number of mutations could never accumulate in a human cell during a human
lifetime and cause a malignant tumor, a conclusion clearly inconsistent with the
clinical problem of cancer. Based on this, Loeb proposed the Mutator Phenotype
hypothesis (Loeb 2016), which states the premalignant cells must somehow lose
mechanisms of replicative fidelity early in the course of neoplastic transformation
and thereby become able to acquire the required mutation burden. A number of
observations have shown this idea to be correct, notably the findings of recurrent
DNA repair pathway defects in a wide range of human tumor types (Jeggo and
Lobrich 2015; Waters et al. 2014; Jackson 2009; Curtin 2012; Weinberg and
Hanahan 2011). Malignant cells having a mutator phenotype are often said to have
developed “genomic instability”.

Mutational inactivation of components of the DNA Damage Response is a
frequent cause of genomic instability in tumors (Jeggo and Lobrich 2015; Waters
et al. 2014; Jackson 2009; Curtin 2012; Weinberg and Hanahan 2011). It has
become clear that, in some cases, such mutational events create in malignant cells
an absolute dependence upon the integrity of other DDR components for cell
survival, a situation termed “synthetic lethality” (Gavande et al. 2016; Sanjiv et al.
2016; Morgan and Lawrecne 2015). The now classic example of this is the
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dependence of HR pathway-deficient BRCA1/2 tumor cells on integrity of the
DNA Base Excision Repair (BER) system (Jackson 2009; Morgan and Lawrecne
2015). The BER system deals with DNA single strand breaks (SSB) that arise in
nascent DNA during replication (Jackson 2009; Morgan and Lawrecne 2015) and it
is regulated by poly-ADP ribose polymerase (PARP). If nascent strand SSB are left
unrepaired, they will be present in some of the template DNA strands during the
next round of replication, and cause replication fork collapse. Rescue of collapsed
replication forks depends in turn upon function of the HR pathway. If BER is
blocked in BRCA1/2 cells by inhibiting PARP with the drug olaparib, cell death
results from breakdown of DNA replication (Jackson 2009; Morgan and Lawrecne
2015). Conversely, malignant cells having BER defects resulting from loss of DNA
polymerase B (Morgan and Lawrecne 2015) would be expected to experience
synthetic lethality with HR pathway inhibition.

As noted before, IR exposure is capable of provoking synthetic lethal interac-
tions: ATR inhibition with VX-970 in malignant cells is tolerated in unstressed
cells, but it is lethal in combination with replicative stress provoked by certain
chemotherapeutic agents and IR (Sanjiv et al. 2016). It seems likely that other cases
of synthetic lethality in tumor cells, in the context of combined IR and DDR
inhibitor treatment, will be found, given the enormous range of genotoxic damages
that IR causes (Citrin and Mitchell 2014; Jekimovs et al. 2014; Gavande et al. 2016;
Higgins et al. 2015; Raleigh and Haas-Kogan 2013; Begg et al. 2011; Goodarzi and
Jeggo 2013; Ceccaldi et al. 2016; Jeggo and Lobrich 2015; Waters et al. 2014). This
prospect is an exciting one, given the remarkable ability to localize IR dose
deposition with modern radiation therapy technology.
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Abstract

The goal of precision medicine is to tailor treatments to the individual patient’s
disease. In radiation oncology, this means tailoring the dose to the boundaries of
the tumor, but also to the unique biology of the patient’s disease. In recent years,
mathematical modeling has made inroads toward achieving these goals, through
the optimization of radiation dose based on radiobiological parameters for
individual patients. In this chapter, we review recent literature of mathematical
models of tumor growth and response to radiation therapy (RT) and discuss the
clinical utility of mathematical models, as well as provide a forward-looking

perspective into how mathematical models may enhance
through well-designed clinical trials.
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DBCRT Dynamic biologically conformal radiation therapy
IMRT Intensity modulated radiation therapy

LQ Linear-quadratic

MOEA  Multi-objective evolutionary algorithm
MRI Magnetic resonance imaging

OAR Organ at risk

PET Positron emission tomography

RT Radiation therapy

SF Surviving fraction

TCP Tumor control probability

1 Introduction: Rationale for Mathematical Models
in Radiation Oncology

Mathematics has played a pivotal role in radiobiology ever since the inception of
the field (Hall and Giaccia 2011). Fowler provides an excellent historical account of
the trials, tribulations, and challenges of translating laboratory-based radiobiology
into the clinic in his 2006 perspective piece published in Physics in Medicine and
Biology (Fowler 2006). Over the past 50 years, many experiments have been
performed to understand and predict the biological effects of radiation in various
dose and fraction schemes. Along with these experiments have come mathematical
models of biological response that attempt to provide a mechanistic and predictive
component to the observed data.

Despite the enormous variability in experimental conditions and mathematical
models, consistent patterns between radiation dose and biological responses have
emerged. A critical paradigm in the field is the finding that when the surviving
fraction of cells is plotted on a log scale against radiation dose, the trend can be
reliably predicted by a quadratic model. This observation led Brenner et al. to
demonstrate that several mathematical descriptions (e.g., radiation damage, repair,
and response to RT) result in predictions of dose-response relationships similar to
this central paradigm (Brenner et al. 1998). Thus, the fundamental linear-quadratic
(LQ) dose-response relationship has endured and continues to provide the bench-
mark assessment of biological response to radiation. The LQ model states that the
surviving fraction (SF) of cells after a dose (D) of radiation is given by

SF = exp(—aD — fD?)
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where o (1/Gy) and B (1/Gy?) are parameters that determine the shape of the curve.
Indeed, a vast literature exists on the mechanistic and empirical history of this
famous equation, and entire books have been written about the mathematics of
radiobiology (Hall and Giaccia 2011; Dale and Jones 2007).

To underscore the contemporary relevance of mathematical modeling in the
spatial and biological optimization of RT, a point-counterpoint piece published in
Medical Physics in 2016 (Kim et al. 2016) contends that, “With newly available
tools such as functional imaging and mathematical models to better estimate the
patient-specific, radiobiological parameters ... spatiotemporal optimization will
enhance current efforts to find more effective treatment schedules to improve patient
outcome.” The argument against the contention only questions the degree of the
potential gains with RT optimization alone; suggests that increased use of
RT + chemotherapy or RT + radiosensitizers will achieve larger gains; and laments
that progress will take at least five years, partially due to the need for validated
mathematical models. Both of these arguments are likely true, and both are actually
encouraging for the broader view on the role of mathematical modeling in the
optimization of RT-based therapies.

Similarly, several authors have previously discussed the clinical and translational
relevance of mathematical models to predict tumor growth and response to RT
(Yankeelov et al. 2013; Jackson et al. 2014; Baldock et al. 2013; Gallasch et al.
2013). Mathematical models can inform clinical practice in a number of ways: via
patient-specific models of tumor growth and response to RT, by guiding the design
of preclinical studies to predict radiation sensitivity, by helping select patients for
definitive clinical trials on these mathematically-driven treatment enhancements,
and ultimately by optimizing radiation dose and treatment planning. The challenges
involved with the inter-disciplinary, iterative cycle between development, testing,
and application of mathematical models in collaboration with clinicians and
experimental biologists, as well as some recent successful examples, are summa-
rized by Michor and Beal (2015).

2 Illlustrative Mathematical Models of Cellular-
and Tissue-Scale Responses to Radiation

Here we summarize a few tenets and principles of mathematical modeling in
radiation oncology. As the intended audience of this review is the clinical radiation
oncologist, we omit gratuitous mathematical detail in favor of a more heuristic
view, and point the reader to excellent reviews as well as more technical literature
for the mathematical details of the models. A schematic overview of mathematical
modeling in RT is provided in Fig. 1.
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Fig. 1 Mathematical models provide a path to precision medicine in radiation oncology through
prediction and optimization of response to RT based on an individual patient’s tumor biology.
Mathematical models are used to predict cell growth and response to RT, to optimize RT dose, and
may also provide biomarkers (metrics) that can be used to identify and predict which patients will
respond to a given treatment course

Ultimately, a mathematical model aims to predict response to RT, although the
endpoints defining a response may vary from shrinkage in tumor size, to surviving
fraction of cells (Powathil et al. 2013; Prokopiou et al. 2015; Rockne et al. 2010), to
predictions of overall survival and similar clinical endpoints (Zaw et al. 2014;
Baldock et al. 2012). In this section, we survey increasingly complex mathematical
models of cellular- and tissue-scale tumor growth and response to RT.

Starting with simple dose-equivalence and dose-response models, the biologi-
cally effective dose (BED) and similar concepts date back to the earliest forms of
ionizing radiation as a treatment for human maladies. Since then, many mathe-
matical formalisms have been proposed to incorporate additional variables (e.g.,
cell proliferation, DNA damage, repair, and ultimately the surviving fraction of
cells) into a variety of radiation doses and energies. Mathematically, these models
tend to take the form of ordinary differential equations that describe the rate of
change of the tumor population with and without the effects of radiation, which is
described as a negative rate of change. Tumor doubling time (td), which is nomi-
nally incorporated in the basic LQ model, is a simplistic interpretation of these
concepts. The concept of tumor control, and tumor control probability (TCP), given
by

TCP = exp(—N - SF)

where N is the number of tumor cells, and SF is the surviving fraction, can be used
as a simple measure to evaluate the success of a given treatment protocol. Several
different formalisms for evaluating TCP have been proposed, which vary in com-
plexity (Gong et al. 2013).
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2.1 Tumor Growth Laws

Tumor cell growth laws often come in variations of a few archetypes: exponential
growth, volume-limited logistic growth, or growth rate-limited Gompertzian
growth. One or more of these growth models are then paired with mathematical
models of response to RT, often based on the LQ model; this subject is thoroughly
reviewed with mathematical details by Enderling et al. (2010) and O’Rourke et al.
(2009). However, it is debated whether the LQ model is appropriate to describe
biological responses to high dose per fraction treatments such as radiosurgery,
which can involve doses of up to 20 Gy in a single fraction (Kirkpatrick et al.
2009). As a result, more complex mathematical models have been proposed to
account for potentially different biological effects of high dose RT, which include
mechanisms of DNA damage and repair kinetics (Siam et al. 2016; Tariq et al.
2015; Watanabe et al. 2016).

2.2 More Complex Multiscale Models

Mathematical models can also include multiple scales in space and time. Models
that include cell motility, surrounding tissues, and spatial variations in radiation
dose, for example, often take the form of partial differential equations (Stamatakos
et al. 2006; Ribba et al. 2006; Powathil et al. 2007) or agent-based models (Scott
et al. 2016). These spatial models may include biophysical forces between the
tumor and the surrounding tissue, which may influence cell response to
radiation-induced damage (Angeli and Stylianopoulos 2016). In addition, envi-
ronmental factors that influence response to RT can be included in mathematical
models. For example, hypoxia, or lack of oxygen, mediates production of
DNA-damaging oxygen free radical species in response to radiation. Thus, changes
in the spatial and temporal distribution of hypoxia within the tissue can affect cell
kill. A number of groups have incorporated hypoxia into both tumor growth and
response to RT models (Scott et al. 2016; Malinen et al. 2006; Titz and Jeraj 2008;
Jeong et al. 2013; Rockne et al. 2015).

2.3 Pros and Cons of Model Complexity

Although a variety of mathematical models of tumor growth and response to RT
exist, a philosophical argument must be considered regarding model complexity
and the ability of the model to be parameterized, and to reasonably provide pre-
dictive value. In this way, the number of parameters, often a measure of a model’s
complexity, is weighed relative to the biological assumptions in the model. For
instance, models that include environmental factors such as hypoxia tend to be
more complex, and involve more equations, more parameters, and more specific
assumptions. In contrast, simpler models often involve fewer, but broader,
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assumptions, and also fewer parameters. Such models can more easily be adapted to
individual patient data to make patient-specific models and predictions.

Considering the spectrum of model complexity, along with ease-of-use, and
evaluating potential utility in the clinical setting, is a challenge for several reasons.
One reason is that complex models are difficult to communicate to
non-mathematicians, and are difficult to interpret, even by the mathematicians who
craft them. An additional concern is that metrics used for decision-making derived
from complex models may be sensitive to small changes in the model’s parameters,
making the decision-making less robust to variations seen in real data. Finally, more
complicated models are not necessarily more effective, as many complicated
models make predictions similar to simple models, as shown by Gong et al. (2013).

Simple models, on the other hand, may not include mechanisms or biological
detail satisfying to a biologist or clinician, and may miss important features that
determine optimal treatment planning, but have the value of being relatively clear to
communicate. This highlights just some of the hurdles that support the earlier
contention that, even with the ongoing effort in the field, definitive studies on the
use of these more complex mathematical models that customize RT to the patient
and the patient’s disease will most likely not be completed within five years.

3 Personalized Models

Patient-specific mathematical models provide one means of approaching the ulti-
mate goal of precision medicine: to tailor the treatment to the individual patient’s
disease. Baldock et al. provide a roadmap for translating patient-specific models
into precision medicine (Baldock et al. 2013), and describe the application of
mathematical models to address a variety of clinical questions, such as prediction of
surgical outcomes and response to RT. These applications of patient-specific
mathematical modeling are connected to the goals of precision medicine, in that
biological characteristics of each patient’s disease are incorporated into a
tailor-made mathematical model that can provide predictions of response for that
individual patient. These predictions can then be used to both better select patients
for clinical trials of novel approaches and define cases in which treatment can be
rationally modified. In settings with a high cure rate, such as head and neck sar-
coma, conventional RT approaches with mathematical models may have a limited
value. However, in settings in which the response rate is low or highly variable,
personalized mathematical models may provide a means to select patients for a
clinical trial, or perhaps modify the treatment plan.

Several methods have been proposed to personalize mathematical models for
individual patients. The most common approach is to fit a model to patient data by
adjusting parameters in a fixed model. This can be done through a variety of
methods, with Bayesian inference (Hawkins-Daarud et al. 2013; Tariq et al. 2016)
and model-data fitting procedures (Rockne et al. 2010; Hathout et al. 2015a;
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Colombo et al. 2015) being two of the most prevalent methods in recent years. For
model-fitting algorithms, the most common forms of input are tumor volume and
shape characteristics obtained from magnetic resonance imaging (MRI) (Rockne
et al. 2010; Neal et al. 2013; Hathout et al. 2015b), positron emission tomography
(PET) (Rockne et al. 2015; Mz et al. 2013), or computed tomography
(CT) (Prokopiou et al. 2015; Belfatto et al. 2015). These approaches estimate
parameters in the model(s) that correspond to biological characteristics of the
tumor, such as cell doubling time, proliferation rate, and rate of migration into the
surrounding tissue.

3.1 Proliferation Saturation Index

Prokopiou et al. (2015) have derived a proliferation saturation index (PSI) from a
model of tumor cell growth and response to RT with a simple logistic growth law,
given by

dv
— = AV(1 — PSI

o ( )

where PSI is the tumor volume-to-carrying capacity ratio (V/K). Radiation response
is determined by the LQ model and is given by

Vv
Vposikr =V — VDV<1 - E>7 7p =1 —exp(—aD — ﬁDz)-

The authors provide a novel perspective on the famous logistic growth equation
by using the PSI as a predictive variable for RT response. The patient-specific
parameter, PSI, is estimated using regression to fit the logistic growth equation,
using data derived from two pre-treatment CT scans. The authors show that PSI
correlates with RT response, defined by the post-treatment CT scan, and use their
model to simulate different treatment and fractionation schemes that show improved
response and tumor control for the individual patient.

3.2 Estimating Radiobiological Parameters

A popular formalism for modeling tumor proliferation, migration, and response to
RT takes the form of a partial differential equation to incorporate spatial and
temporal variations in the tumor growth, radiation delivery, and radiation response.
Although many other models have been proposed, the following model for
glioblastoma response to RT provides a means to estimate the LQ radiobiological
parameters for individual patients using tumor volume data before and after treat-
ment (Rockne et al. 2009, 2010). The model is given by
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% = ®V2c+ pe(l —¢) — R(c,1,D)

where the tumor cell density (c(x, t)) is a function of space (x) and time (t), and its
rate of change is determined by random Brownian motion in the form of diffusion,
with migration rate @, and logistic growth with proliferation rate p. The parameters
of this model can be estimated using serial MRI data prior to treatment (Rockne
et al. 2010). The delivery and response to RT is given by the term R(c, ¢, D), where
D is the dose of radiation, and the instantaneous rate of cell kill from radiation is
given by (1 — SF), where SF is the surviving fraction determined by the LQ model,
as follows:

R(c,t,D) = (1 — SF)c(1 —¢), SF = exp(—a(D+ (a/B)D?)).

Holding the o/p ratio constant, this model may be fitted to tumor volume data to
obtain patient-specific estimates of radiation sensitivity, quantified by the LQ
parameter o, as we have shown in Rockne et al. (2010). Moreover, a positive
correlation is found between the tumor proliferation rate and radiation sensitivity.
This correlation provides a prediction of response to RT, since the proliferation rate
is calculated with pre-treatment imaging data. This approach enables
patient-specific simulations of alternate RT plans that use response to conventional
treatment as a reference. Although approaches for estimating patient-specific
radiobiological parameters from imaging data have been criticized for being
ill-posed (Chvetsov et al. 2015), the technique is formally no different than a
parameter estimation algorithm. In this case, the patient-specific radiobiological
parameter oo may be used to identify patients likely to respond to RT and that may
also be validated in observational studies, used in optimization algorithms, and
used to select patients for clinical trials, all of which can potentially lead to
advances in patient outcome.

4 Treatment Optimization

A logical extension of personalized models of tumor growth and response to RT is
optimization of treatment for the patient. Model-based biomarkers may be included
along with dose constraints as inputs to algorithms that can maximize response
while minimizing dose to normal tissue. Despite the development of patient-specific
cell lines and preclinical animal studies, translating in vitro cell survival curves
parameterized by the LQ or other mathematical models into optimized RT for
individual patients remains problematic. To overcome this, recent literature in
radiation treatment optimization has focused on themes of optimizing radiation dose
distributions, biological response, and target volume delineation.
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4,1 Spatial Dose and Fractionation Optimization

In order to optimize radiation dose, in addition to existing clinical treatment planning
which conforms the dose to the target volume, organs at risk (OARSs) are identified,
and dose to normal tissue is constrained. These spatial optimizations are incremental
advances over the routine conformal or intensity-modulated radiation therapy
(IMRT) practices currently standard in clinical radiation oncology. Multi-objective
evolutionary algorithms (MOEAs) take OARs and normal tissue doses as constraints
into the clinical problem of dosimetry, while also maximizing TCP to the target
volume (Holdsworth et al. 2010; Kim et al. 2012). These algorithms can also include
objectives to be maximized, such as tumor size or cell kill (Corwin et al. 2013).
Groups have already demonstrated the feasibility of implementing spatial opti-
mization of dose using multi-objective evolutionary algorithm methods into a clinical
workflow (Kim et al. 2015; Smith et al. 2016). The incorporation of patient-specific
tumor growth and response models into this paradigm is a reasonable goal.

The temporal optimization of RT through fractionation attempts to minimize
normal tissue complications and incorporate cell repair from radiation damage into the
mathematical models. Fractionation schemes are often compared with dose equiva-
lence calculations that are typically based upon the LQ model (Holloway and Dale
2013). In addition to BED- and LQ-based calculations of dose equivalence, tumor
growth models can be incorporated into optimization algorithms that explicitly model
changes in tumor volume. This enables adaptive fractionation schemes that are tai-
lored to the response of the tumor (Unkelbach et al. 2014b) or that include dose to
multiple normal tissues (Saberian et al. 2016). Badri et al. (2015) have taken this
approach to apply a mathematical optimization for glioblastoma and demonstrate
improved tumor control after mathematical model-predicted improved response to an
alternative treatment regime in which the treatment fractions were temporally opti-
mized to minimize toxicity to early and late responding normal tissues. The treatment
plans suggested by Badri et al. were also constrained by the 8 a.m.—5 p.m. clinical
workday, to provide a practical dosing schedule that could be performed in the clinic.

4.2 Tumor Biology Optimization

Perhaps an obvious goal of RT optimization is to maximize tumor cell kill (Zaider
and Hanin 2011). In order to tailor optimized RT treatment plans to the biology of
the individual patient’s tumor, whether that be a genomically adjusted dose as
suggested by Alomari et al. (2014), or dynamic biologically conformal radiation
therapy (DBCRT) (Kim et al. 2012), one must identify appropriate biological tar-
gets. A systems oncology perspective incorporates multiple scales of tumor biology,
including proliferation rate, cell signaling, DNA damage repair rate, and organ-level
responses as biological targets for optimization (Powathil et al. 2015). Cell pheno-
types within the tumor, such as cancer stem cells, and their associated differential
responses to RT have also been incorporated into mathematical models and used as
biological endpoints for optimization (Leder et al. 2014; Gao et al. 2013).
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4.3 Target Volume Delineation

CT imaging is used for dose planning and target volume delineation. However,
many cancers are locally invasive, and a portion of the cells beyond the frank lesion
are not identified on imaging. This is a particular challenge in glioblastoma, a
highly invasive primary brain tumor. In this setting, mathematical models have
been used to predict tumor cell invasion not visible with CT or MRI, and have thus
improved target delineation (Unkelbach et al. 2014a; Hathout et al. 2016) by
including this invisible portion of disease. Mathematical models have also been
proposed to adjust target volumes, based on hypoxia predicted within and around
the tumor by models and/or inferred from PET imaging (Rockne et al. 2015;
Moghaddasi et al. 2016).

4.4 Patient-Specific Optimization

The penultimate optimization is a combination of each of the previously described
aspects of RT endpoints—spatial dose distribution, temporal fractionation, normal
tissue toxicity, tumor biology, and target volume delineation—on a patient-specific
basis. Only a few groups have achieved this penultimate combination of mathe-
matical modeling that incorporates tumor growth rates derived from individual
patient’s clinical data and adapted to exploit tumor response and treatment. For
example, our own work (Rockne) leverages multi-objective optimization, tumor
growth and response models, and personalization of model parameters. We use
these criteria to suggest, and test, optimal treatment plans for individual patients,
and then compare these plans to the standard of care using mathematical model
simulations (Corwin et al. 2013). This work demonstrates an improved therapeutic
ratio and tumor burden (volume) reduction compared to conventional 2 Gy/day
treatment plans. Although these results are purely in silico, they give hope for the
continued pursuit of mathematical models to reach the ultimate goal of personalized
medicine. In order to translate these studies into patients, the model must be tested
in animal systems and in observational clinical trials.

5 Future Directions

Most of the mathematical approaches described in this chapter are focused on the
cell and tissue level, with some multi-scale models. An enormous literature in the
systems biology field applies mathematical modeling to describe subcellular pro-
cesses, including cell signaling (McMahon et al. 2013) and DNA repair kinetics
(Carlson et al. 2008). Indeed, Craft argues that a more comprehensive, multiscale
(subcellular, cell, and tissue level) understanding of radiation response is needed to
fully optimize and personalize RT (Kim et al. 2016).
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5.1 Combination Therapy and Novel Radiotherapies

The synergy of combining RT with novel therapies, particularly anti-angiogenic
therapies, which may impact the tumor microenvironmental variables of hypoxia
and blood perfusion, has shown mixed effects in patients. Mathematical models
provide a means to interrogate and characterize the hypothetical subset of patients
that may benefit from the combination therapy (Hawkins-Daarud et al. 2015).
Mathematical models incorporating tumor growth and normal tissue toxicity-related
side effects also predict patients that could most benefit from novel RT modalities,
such as proton irradiation (Langendijk et al. 2013), particularly for “kill painting” of
dose in hypoxic tumors (Tinganelli et al. 2015).

Mathematical models also show promise as tools to investigate the potential
roles of phenomena that may be difficult to quantify in a clinical setting, such as the
bystander and abscopal effects, in which cells in tissues not directly exposed to
ionizing radiation demonstrate behaviours similar to cells that are directly irradiated
(Powathil et al. 2016; Poleszczuk et al. 2016). In these cases, mathematical models
and simulations can provide novel hypotheses and insights that could be investi-
gated in controlled settings. In this way, models may also provide a bridge between
preclinical studies and clinical observations, by providing a mechanistic and general
explanation for observations.

5.2 Computational Trials

Mathematical models have also been used to perform “computational trials” which
interrogate the impact that varying biological parameters may have in determining
outcomes for a given treatment regimen (Raman et al. 2016). In particular, Raman
et al. use a mathematical model of glioblastoma growth and response to treatment to
quantify motility phenotypes, patterns of progression, and treatment scenarios for
various in silico patients that are hypothetically treated. This “phase i’ style com-
putational trial—a phrase coined by Jacob G. Scott in the Lancet in 2012 (Scott
2012)—offers a potential application for mathematical models to optimize the
efficiency of RT-based clinical trials before they even begin.

5.3 Testing Mathematical Model-Based Biomarkers
in Clinical Trials

Although we are not aware of any ongoing prospective clinical studies predicated
on mathematical models other than the LQ model (Jones and Dale 2000), these
applications are on the horizon. For mathematical models to truly make inroads
toward clinical adaptation, a convincing demonstration of the model’s utility is
needed. Ultimately, there are two ways mathematical models in RT can enhance
patient outcomes, the direct and the indirect. The direct means is the simplest to test.
A select subset of patients who are eligible for RT in some setting (alone or in
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combination) are randomized to standard RT planning versus RT planning guided
by the addition of a new mathematical model that likely incorporates individual
patient and tumor differences obtained from a variety of pre-treatment assessments,
and may suggest changes during RT as well. Successful demonstration of utility
would be based on outcomes such as response, local disease-free survival,
progression-free survival, or overall survival, with the latter being more convincing.
If patient benefit is associated with the use of a mathematical model, this would be
the clearest and most direct demonstration of the utility of a new mathematical
approach. There are, however, other ways in which mathematical models can
demonstrate clinical utility. These indirect methods include (1) enhancing our
understanding of biology through testing mathematical models that capture our
current understanding, and (2) providing a risk stratification of patients. For the
latter, there is a large literature on the use of risk scoring and nomograms to help
select patients for more aggressive therapy, or to qualify for a clinical trial. These
mathematical models can be used in such a scoring system to help characterize
patient responsiveness to the standard of care RT-based therapy. This type of
biomarker development and use is established by both retrospective and prospective
studies, and can lead to innovative prospective studies such as the TAILORx study
(clinicaltrials.gov identifier NCT00310180), a Trial Assigning IndividualLized
Options for treatment (Rx).

6 Summary

Mathematical modeling has played an important role in radiation biology and
physics for decades. Similarly, mathematical models have been used to study tumor
growth and response to cancer treatments for over a century. Recent advancements
in mathematical models have brought these fields together to optimize and improve
RT. As summarized in this chapter, models that allow for personalization of tumor
growth and response predictions, along with methods to incorporate novel
approaches into radiation treatment optimization algorithms, have advanced the role
and increased the value of mathematical modeling in clinical radiation oncology.
Indeed, as predictive models allow us to to tailor treatments to the individual
patient’s disease, and provide model-derived biomarkers that may be tested in
clinical trials, we move closer to the goal of precision medicine. In radiation
oncology, this means not only tailoring the dose to the boundaries of the tumor, but
also to the unique biology and stage of the patient’s disease. Thus, we believe that
mathematical modeling will continue to be a critical element that enables the goal of
designing the majority of RT schedules using spatiotemporal optimization “within
the next five years ...” (2016) (Kim et al. 2016).
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