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PREFACE

Individualized hypo/hyperfractionated radiotherapy for

non-small cell lung cancer

Radical radiotherapy has a crucial role in the management of non-small cell lung cancer (NSCLC). Stereotactic ablative radiotherapy
[SABR, also known as stereotactic body radiotherapy (SBRT)], which involves the administration of biologically effective doses
(BEDs) in excess of 100 Gy in a few large radiation doses in a short overall treatment time, for stage I NSCLC has produced local
control rates in excess of 90% and survival comparable to that after lobectomy. Indeed, SABR has become standard treatment for
medically inoperable stage I NSCLC. For locally advanced inoperable NSCLC, the standard treatment in the Unites States and Europe
is concurrent chemoradiotherapy, with the radiation delivered in 2-Gy fractions. However, the optimal radiation dose and fractionation
remain controversial. Retrospective and phase II clinical studies have shown that radiation doses with higher BEDs are associated with
improved local control and potentially with better survival. Unfortunately, a recent phase III randomized study [Radiation Therapy
Oncology Group (RTOG) 0617] indicated that a high radiation dose (74 Gy, BED 88.8 Gy) given with concurrent carboplatin-
paclitaxel chemotherapy was associated with poorer local control and survival than the conventional 60-Gy dose (BED 72 Gy) in that
study. Underreported severe toxicity of high radiation doses, especially given concurrently with carboplatin-paclitaxel chemotherapy,
could be the main reason for the poor survival, as well as the prolonged treatment time (37 fractions) and the lack of adequate image-
guided radiotherapy and quality assurance in this study could explain the poor local control. On the other side, the nearly 29 months of
overall survival in the 60 Gy arm is the best ever achieved in a multi-centre phase III trial and should be regarded as a benchmark result.

Advances in radiotherapy technologies allow the radiation dose to be precisely focused to the target while minimizing the
inadvertent dose to nearby organs at risk, which may translate into improved local control and reduced toxicity. Thus, although 60 Gy
with concurrent chemotherapy remains the “standard of care” for inoperable stage III NSCLC at this time, issues of dose escalation
and acceleration should continue to be explored as new techniques and technologies emerge. In addition, not all cases of NSCLC will
need radiation dose escalation. Moreover, some patients may not be able to tolerate dose escalation or acceleration. Individualized
radiotherapy dose escalation, acceleration, or both that is based on the biological and physical features of tumors and normal tissues
should be considered in future studies.

Altered radiotherapy fractionation schedules including hyperfractionated or hypofractionated accelerated radiotherapy regimens
have been used for NSCLC in Europe and have shown promising clinical outcomes. In addition to potential reductions in cost (from
shortening the treatment period), altered fractionation and image-guided hyper/hypofractionated radiotherapy can be used to safely
increase the BED and thereby potentially improve local control and survival for selected patients. However, the greater risk of late toxic
effects when higher BEDs are delivered to critical structures remains a concern. Also unknown is how these regimens are best combined
with chemotherapy or molecular targeted therapy.

In this special issue of the Journal of Thoracic Disease, experts from around the world discuss the potential role of, and associated
challenges with, the use of hyper/hypofrationated accelerated radiotherapy for the treatment of lung cancer. This special issue addresses
the unique biological, physical, and clinical aspects of altered radiotherapy fractionation regimens for early-stage disease, locally
advanced disease, and metastatic NSCLC. The biological rationale underlying the use of altered fractionation and molecular marker-
based personalized targeted therapy is discussed as well. Cutting-edge technologies to improve local control while reducing normal-
tissue toxicity through the use of 4D CT-based motion management and radiotherapy planning, and image-guided radiotherapy
delivery with intensity-modulated radiotherapy, stereotactic ablative radiotherapy, and proton therapy are presented. The novel concept
of using radical radiotherapy as a component of systemic treatment, particularly for tumors that are resistant to chemotherapy or
targeted therapies, and the potential of synergizing immunotherapy and radiotherapy are also explored.

The challenges of financial constraints and upcoming “bundled” reimbursements for oncologic care, both in the United States,
Europe and elsewhere, underscore the urgency of the need to evaluate, verify, and consider adopting these strategies for treating
some patients with lung cancer, if hyper/hypofrationated radiotherapy can be shown to improve or at least maintain the efficacy of
conventional radiotherapy while minimizing toxic effects to normal tissues.
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Exploiting sensitization windows of opportunity in hyper and hypo-

fractionated radiation therapy
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ABSTRACT

KEYWORDS

In contrast to the conventional radiotherapy/chemoradiotherapy paradigms used in the treatment of majority of cancer types,
this review will describe two areas of radiobiology, hyperfractionated and hypofractionated radiation therapy, for cancer
treatment focusing on application of novel concepts underlying these treatment modalities. The initial part of the review
discusses the phenomenon of hyper-radiation sensitivity (HRS) at lower doses (0.1 to 0.6 Gy), describing the underlying
mechanisms and how this could enhance the effects of chemotherapy, particularly, in hyperfractionated settings. The second
part examines the radiobiological/physiological mechanisms underlying the effects of high-dose hypofractionated radiation
therapy that can be exploited for tumor cure. These include abscopal/bystander effects, activation of immune system,
endothelial cell death and effect of hypoxia with re-oxygenation. These biological properties along with targeted dose delivery
and distribution to reduce normal tissue toxicity may make high-dose hypofractionation more effective than conventional
radiation therapy for treatment of advanced cancers. The novel radiation physics based methods that take into consideration
the tumor volume to be irradiated and normal tissue avoidance/tolerance can further improve treatment outcome and
post-treatment quality of life. In conclusion, there is enough evidence to further explore novel avenues to exploit biological
mechanisms from hyper-fractionation by enhancing the efficacy of chemotherapy and hypo-fractionated radiation therapy that
could enhance tumor control and use imaging and technological advances to reduce toxicity.

Low Doses Fractionated Radiation Therapy (LDFRT); hyper-radiation sensitivity (HRS); induced radiation resistance (IRR);
hyperfractionation; chemopotentiation; stereotactic body radiation therapy (SBRT); stereotactic ablative radiosurgery (SARS);
stereotactic ablative radiotherapy (SABR); stereotactic radiosurgery (SRS); spatially fractionated GRID radiotherapy (SFGRT);

lattice

Introduction

Approximately 60% of patients with solid tumors are treated

with radiation therapy, which highlights its importance in cancer

J Thorac Dis 2014;6(4):287-302. doi: 10.3978)j.issn.2072-1439.2014.01.14

treatment. For 15% of patients radiation therapy is the only form
of treatment and the remaining 45% are treated with radiation
combined with chemotherapy. The latter includes breast,
lung, prostate, head & neck, bladder, gynecological, pancreas,

colorectal and anal cancers and brain tumors (1). The efficacy of

radiation therapy, whether treated alone or in combination, can
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be further improved by adopting recent technological advances
and biological approaches. These advances in technology include
improved dose distribution with intensity modulated and image
guided radiotherapy (IMRT and IGRT), dose escalation (higher
dose) and dose intensification (higher and more focused dose).
Biological approaches include (I) adopting time-honored,
“classical” concepts such as DNA damage repair, tumor cell
repopulation and cell cycle distribution; (II) exploiting tumor

microenvironmental changes such as hypoxia, reoxygenation,
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vasculature, etc.; (III) use of different types of particles (e.g.,
protons and carbon ions), which may have a high-linear energy
transfer for improved radiobiological effectiveness; (IV) use of
altered dose and schedule such as hyper- and hypo-fractionation;
and (V) use of radiation protectors and sensitizers including
concurrent chemotherapy. In this paper, we define standard
fractionation as conventional 1.8 to 2.2 Gy (one fraction per day,
five days a week continuing for 3-7 weeks), hyperfractionation as
0.5 to 2.2 (two fractions per day, 2-S days a week, for 2-4 weeks),
and hypofractionation as doses of 3-20 Gy (one fraction a day
given for 1-3 days for doses 8-20 Gy).

As with cancer treatment in general, progress in radiation
therapy has been steady with much more organ preservation (e.g.,
head & neck cancer, anal and rectal cancer, esophageal cancer)
because of (I) patient selection based on improved clinical
parameters, mostly of tumor stage but some with biomarkers
such as proliferation and metabolism (e.g., PET scanning); (II)
modified surgical/radio-surgical approaches; and (III) use of
chemo/hormonal therapy based on pathological and molecular
subtype (e.g., breast cancer). Progress is likely to accelerate with
the incorporation of emerging new knowledge in cancer biology
including tumor classification by molecular characterization
and precision medicine, i.e., providing right treatment to right
patient. Key to progress relies on well done randomized clinical
trials that need to be based on improved preclinical models and
careful post-trial analysis because well-conceived hypotheses
may not be confirmed for a variety of reasons (2).

It is always wise to exploit what can be exploited based on
careful clinical observation—some of which may have been
hypothesis driven but much of it may be hypothesis generating
based on thorough observations and innovative analyses.
Examples from clinical treatments based on so-called “classical”
radiation biology includes modifying radiation dose and
treatment volume based on the shape of the survival curve (alpha
and beta components of the linear-quadratic curve) but it would
be preferable to understand the benefits of a particular dose size
at the molecular, cellular, and tissue levels. Understanding what
happens in various tumor types and relevant normal tissues at
the clinically relevant dose fractions of 2 Gy is important, as
there are extensive historical clinical-outcome data over many
decades. This may help identify targets such as radiation-induced
pro-survival factors that can confer induced radiation resistance
(IRR). Were those the situation, one could use a particular
radiation dose window (below threshold IRR dose) and
schedule it in such a way that it does not activate pro-survival
events. Resistance to treatment could relate more to factors
within the heterogeneous tumor microenvironment niche or to

other factors that might benefit from the use of chemotherapy

as part of the regimen. The first part of the review will focus on
low-dose hyperfractionation (below IRR dose or HRS-inducing
dose) and chemopotentiation providing evidence both at
pre-clinical and clinical level. In the second part, we provide data
that support the contention that high-dose radiation has the
potency to induce a robust bystander effect, as well as abscopal
(distant) effects (3). Since high-dose hypofractionation regimens
are now commonly adopted in the clinic (such as stereotactic
radiation surgery), is there a defined dose/fractionation window
to exploit certain potential sensitization avenues initiated
by abscopal factors that can be potentially combined with
agents (including immune modulating agents) or subsequent

radiotherapy?

Low-dose hyperfractionation and

chemopotentiation

In the past 100 years, the biological effects of various size doses of
low-LET radiation have been examined in the clinic as well as by
in vitro clonogenic assay since first reported by Puck and Marcus
in 1955. Radiation hormesis or an effect of radiation at very low
doses which can stimulate the repair mechanisms on the cellular
level and thereby potentially protect cells from future exposure,
are known to be induced at 0.1 to 0.2 Gy (100 to 200 mGy) (4).
There is controversy as to what is the lowest radiation dose that
can produce radiation-inducible cancer however, at doses above
0.10 Gy there is a risk of radiation-induced carcinogenesis, which
increases with dose (5). Generally, at doses above 1 Gy growth
arrest occurs and cell killing predominates above 2 Gy. A daily
dose size in the range of 2-3 Gy and multiple dose schedules had
been empirically selected over the years based on both normal
tissue sparing from fractionation and evidence of clinical efficacy.
However, as the biological effects of dose have been examined,
novel regimens are being explored.

Low dose hyper-radiosensitivity (HRS) and induced radiation
resistance (IRR)

Although, there is an understanding of the mechanism of cell
death by radiation at conventional doses (1.5-2.2 Gy per fraction),
the mechanism of radiation effects at lower doses (<1 Gy)
is still emerging (6). The initial slope of the radiation cell-
survival curve (doses of 0.1-1 Gy) was presumed to be ineffective
for human tumor therapy, however, with dynamic microscopic
imaging to study the effects of low dose radiation on individual
cells within a larger cell population, it was demonstrated that
X-rays are effective at cell killing at very low doses, around

0.1 Gy, then become less effective as the dose increased with
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Table 1. Potential underlying mechanisms in HRS and IRR doses an

d in chemopotentiation settings.

Treatments

Mechanisms

Normal cells

Tumor cells

HRS LDFRT (<0.6 Gy) ATM activation and DNA repair
programs initiated.
IRR dose (> | Gy) ATM activation and DNA repair
programs initiated.

LDFRT + chemotherapy  No data

IRR dose + chemotherapy No data

Bax upregulation with bcl-2 down regulation; pro-apoptotic proteins
upregulated

ATM activation, pro-survival transcription factors (NFxB and NF-Y)
upregulated, MDR- | upregulated

Bax upregulation with bcl-2 down regulation, cytochrome C release;
several pro-apoptotic proteins are upregulated

XIAP was downregulated, but upregulated in LDFRT-resistant cells
Bcl-2 and MDRI protein increased; increase in NFxB and NF-Y activity
XIAP is significantly upregulated

IRR, induced radiation resistance; HRS, hyper-radiation sensitivity; LDFRT, Low Doses Fractionated Radiation Therapy.

minimal effectiveness at about 0.6 Gy, and then becoming more
effective again as the dose increased to 1.5 Gy and above. This
phenomenon is referred to as hyper radiation sensitivity (HRS)
(6,7). At doses <1 Gy, many cell lines show low dose HRS (8-10).
Interestingly, the HRS is most pronounced in radio-resistant
cells, defined in this case as those with mutant pS3 expression
(11,12). Enns et al. (13) examining the response of human A549
lung carcinoma, T98G glioma, and MCF7 breast carcinoma
cell lines to gamma radiation in the dose range 0 to 2 Gy,
showed marked HRS at doses below 0.5 Gy. It was further
determined that low dose hypersensitivity is possibly related to
p53-dependent apoptosis, as treatment of cells with Pifithrin,
an inhibitor of pS3 function, completely ablated HRS. Thus, the
role of pS3 function in HRS is still unclear and requires further
investigation using pS3 knockout cell lines and validation in
GEMMs.

HRS is evident in murine models (14), but it appears to be
an underexplored phenomenon in humans. Since development
of resistance is a major cause of treatment failure, circumventing
resistance by exploiting HRS would greatly benefit in the
treatment of many cancer types. Further, as seen in vitro HRS
does not involve activation of pro-survival pathways [found at
higher doses (15)] (16), providing a mechanism to explain the
efficacy of radiation at these low doses. However, as Short and
Joiner have pointed out, in order to benefit from low dose-per-
fraction radiation in the clinical setting, therapy needs to be
extended over 7-12 weeks for sufficient total dose to be delivered.
During this prolonged period of treatment, tumor proliferation
can occur, which would abate the gain due to enhanced cell
killing at HRS radiation doses (17). Prolonged treatment in
clinic, lasting 7-12 weeks, will result in several logistic issues as
well as increasing cost. Hence, it is logical to combine a radiation

dose that results in HRS with chemotherapy to potentiate the
effects of chemotherapy and also shorten the treatment time.

In summary, there is a functional evidence for the existence of
HRS in vitro and its exploitation in the clinic can be challenging.
One possibility is to benefit in the clinic from HRS is by using
Low Doses Fractionated Radiation Therapy (LDFRT) as a
potentiator of systemic chemotherapy that would not trigger the
activation of pro-survival pathways in the tumors. Here below,
we describe the preclinical evidence to this end.

HRS-inducing LDFRT as a potentiator of chemotherapy:
preclinical evidence

Extensive data are available on the HRS/IRR phenomenon
observed in more than 40 tumor cell lines in response to single low
dose radiation (18,19). HRS occurs after fractionated low doses
in in vitro (18,19). Pretreatment with paclitaxel followed by multi-
fractionated low dose radiation (0.5- or 1-Gy fractions for a total
dose of 2 Gy) significantly enhanced the radiosensitizing effect in
both HCT-116 and HT-29 cells when compared to single fraction
2 Gy dose (12). LDFRT was found to potentiate the effects of
taxanes in head and neck cancer cell lines in vitro (15,20) as well
as cisplatin in lung cancer cells in vitro (21).

The molecular mechanisms underlying the process of
chemopotentiation by LDFRT are shown in Table 1. In brief,
there is involvement of NF«xB, NF-Y, bcl-2, XIAP and MDRI in
IRR and at the same time p53, bax, and pro-apoptotic effectors
such as cytochrome C seems to be involved (Figure 1). Further,
in a recent meeting presentation, HDAC inhibitor SAHA
(Vorinostat) was combined with LDFRT in GBM cells lines D54
and U118. Findings of this study demonstrated that LDFRT
potentiated the effect of Vorinostat in p53 dependent manner
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Figure 1. Reported molecular events in IRR and LDFRT. IRR is achieved similarly as DNA damage repair programs such as by activation of ATM,

inefficient DNA repair, increase in NFxB, Bcl-2 and MDR1 (purple arrows); along with minimal extrinsic apoptotic induction via TNFa (orange arrows).

In LDFRT settings in tumor cells (not in normal cells), ATM kinase is not activated and hence no DNA-repair, lack of increase in NF«B activity as well as

in Bcl-2 and MDR1 proteins (green dashed lines). LDFRT activates directly bax to induce an intrinsic apoptotic killing (green dashed lines).

with the requirement of PTEN (22). It is important to note that
at doses of approximately 0.5 Gy, ATM autophosphorylation
occurs in normal cells such as skin fibroblast (23) and peripheral
blood lymphocytes (24) resulting in activation of DNA
repair programs, but in cancer cells the dose to activate ATM
pathways is >1 Gy (25). Thus, it appears that HRS is due to a
lack of activation of ATM autophosphorylation pro-survival
pathways (Figure 1) (modification of apoptosis, NFxB). Thus,
these mechanistic data from cell culture studies indicate that
chemopotentiation by LDFRT is primarily due to cell killing,
thus leading to further studies in vivo.

HRS inducing doses in fractionation setting were tested alone
or with combination of chemotherapy in several mouse models
and the results have not always been reflective of data obtained
using cell cultures. For example one study, compared the effect
of low dose ultra-fractionation schedule (0.4 Gy/fraction—126

fractions in six weeks; an approach to exploit the HRS) with
the conventional fractionation schedule (1.68 Gy/fraction,
30 fractions in six weeks) of a total dose of 50.4 Gy for
inhibiting A7 tumor growth in nude mice (26). Although,
ultrafractionation resulted in a significant decrease in tumor
growth delay, it also showed a significant increase of the top-up
TCDy, dose (the dose needed to cure 50% of animals) compared
with conventional fractionation dose, but failed to prove the
existence of HRS in in vivo (26). Thus, despite a pronounced
HRS phenomenon observed in vitro, ultrafractionation appeared
to be significantly less effective than conventional fractionation
in the above nude mice xenograft model. The results from this
study simply indicate that extrapolation of such data on single
dose exposure or a few fractionated doses in in vivo is not always
predictive of in vitro data and does not exclude the potential
clinical value (27).
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Low dose fractionation allows the delivery of a higher total
radiation dose to the tumor for a better result as indicated in
the studies below. In a mouse glioma tumor xenograft model,
repeated irradiation with low dose (0.8 Gy 3 times/day x 4 days/
wk x 2 wks, total dose of 19.2 Gy) was markedly more effective
compared to a conventional fractionated dose schedule (2 Gy/
day x 4 days/wk x 2 wks; total dose of 16 Gy) in inhibiting
tumor growth (28). Similarly, Spring ef al. (29) showed that
LDFRT (0.5 Gy 2 times/day x 2 days/wk x 6 wks; total dose
of 12 Gy) significantly prolonged tumor re-growth delay
compared to a conventional fractionation dose schedule (2 Gy
one fraction/day x 1 wk x 6 wks) in a SCCHN xenograft mouse
model (29).

Recently, Tyagi et al. demonstrated the capability to deliver
ten 0.2 Gy pulses in 8 mins [referred to as Pulsed Low-Dose
Radiation (PLRT)] (30). This approach of dose-escalated PLRT
was compared with standard radiation therapy (Std-RT), where
2 Gy fractions were delivered continuously in a single fraction in
eight minutes, in an intracranial U87MG GBM nude mice tumor
model (31). Both PLRT and Std-RT groups received treatments
for § days/wk. One cohort of mice was treated with 20 Gy Std-RT
or 20 Gy PLRT; a second cohort was treated with 30 Gy. Results
showed that the mean survival was significantly better with
34.2 days for 30 Gy PLRT compared to 29 days with Std-RT,
although there was no tumor cure in either of the groups.

Even though these results imply a minimally a better outcome
when radiation is used alone as LDFRT in preclinical models,
because of the existence of HRS at lower radiation doses as
described above, there exists potential to benefit from the
effects of chemotherapy when LDFRT is used in conjunction
with chemotherapy. However, demonstration of efficacy of
combination of chemotherapy with LDFRT in animal model(s)
optimizing dose, time, and sequence is a critical prerequisite for
a successful clinical translation.

Below we discuss three such studies in which combination
of LDFRT or PLRT with chemotherapy has been used that
substantiate potential opportunities for enhancing chemotherapy
effects for better treatment outcome. (I) Complete tumor cure
was demonstrated in the studies by Spring et al. (29), that
evaluated the efficacy of LDFRT in potentiating tumoricidal
properties of taxotere in SCCHN tumor xenograft animal
model. Tumor regression was significant in all LDFRT groups.
Mechanistic studies involving molecular analyses of resected
tumor specimens showed an increase in Bax levels with an
increase in cytochrome c release suggesting an apoptotic
mode of cell death in LDFRT chemopotentiation of taxotere
effects rather than clonogenic inhibition, albeit G2M cell cycle

arrest by taxotere also appears to be an important sequencing

component of chemopotentiation. (II) PLRT in combination
with Temozolamide (TMZ) was more effective in reducing
tumor volume and normal tissue damage and improving
survival compared to standard fractionation RT with TMZ in an
orthotopic GBM xenograft murine model (32). Increased and
differential vascularization and significantly fewer degenerating
neurons were seen in normal brain after PLRT with TMZ
compared to standard RT with TMZ. (III) Similarly, in an
on-going study in a mouse ovarian cancer model, combination of
LDFRT with paclitaxel showed significantly improved survival
over paclitaxel alone or LDRFT alone. A similar trend was noted
when cisplatin was combined with LDFRT in the treatment
of ovarian cancer (33) as well as when TMZ was used with
LDFRT in the treatment of GBM in mouse models (unpublished
observations).

The above preclinical in vivo studies assessing the benefit of
combining LDFRT or PLRT with chemotherapy demonstrating
improved efficacy and survival as well as reducing normal
tissue toxicity together with supporting mechanistic evidences
provided adequate rationale for conducting safety and efficacy
trials in the clinic as these studies might unlock novel treatment
avenues for radio-resistant and/or aggressive tumors with poor
clinical outcome (e.g.,, GBM and ovarian cancers). LDFRT
can be exploited to potentiate the effect of chemotherapy
for achieving maximum tumor cell killing with significantly
reduced toxicity and a favorable clinical translation of the HRS
phenomenon observed at low radiation doses to help overcome
IRR at radiation doses above 0.6 Gy seen in standard fractionated
chemo-radiotherapy regimen. In summary, there is strong pre-
clinical evidence and mechanistic reasoning for using HRS low-
doses of radiation to potentiate the effects of chemotherapy

particularly in hyperfractionated settings.

HRS-inducing LDFRT as a potentiator of chemotherapy:
clinical evidence

Several clinical trials have been conducted to assess the benefit
of combining LDFRT with standard chemotherapeutic agents
for improved outcome (Table 2). Arnold et al. (34) studied
LDEFRT as a chemopotentiator of paclitaxel and carboplatin in
40 patients with locally advanced SCCHN. LDFRT was given
in two doses of 0.80 Gy (based on the average dose that yielded
maximal HRS in four SCCHN cell lines each on days 1 and 2,
administered 4-6 hours apart, and the sequence was repeated
on days 22 and 23. Definitive RT began three weeks after the
last dose of chemotherapy and LDFRT. The combinations of
LDEFRT, carboplatin and paclitaxel were extremely well-tolerated,

with toxicity comparable to that of carboplatin and paclitaxel
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Table 2. Reported clinical trials combining LDFRT with chemotherapy in solid tumors.
Clinical trial Induction
. Phase | Phase Il
parameters regimen
Site Locally Recurrent Locally advanced = Stage Ill/IV Recurrent/ Stage IIA/B-IlIA  Recurrent
advanced ovarian fallopian  pancreatic or endometrial progressive breast cancer = NSCLC
SCCHN tube/peritoneal  small bowel carcinoma GBM
cancers adenocarcinoma
Design Paclitaxel One of three Gemcitabine Six weekly cycles LDFRT 0.3 Gy LDFRT 0.4 Gy/ Pemetrexed
(225 mg/m’), doselevelsof 1,250 mg/m’at of FD-CDDP  twice daily with per fraction, ~ (500mg/m’ IV)
carboplatin  docetaxel (20, 10 mg/m*/minon (40 mg/m’, cisplatin and 2 fractions per  and concurrent
(areaunder  25,0r30mgm’)  days | and8of  maximum 70 mg fotemustineif  day, for 2 days, LDFRT (40cGy
the curve weekly with a3-week cycle.  IV) + LDFRT progressingon  every 2| days for bid on days | and
of 6), and concurrent LDFRT at two at 0.5 Gy/fx temozolomide, 6-8 cycles) with 2) was repeated
four 80-cGy LDFRT givenas dose levels: (total 3 Gy)and or 0.4 Gy twice non-pegylated fourfold every
fractions of 60 cGy bid 60 cGy per 0.75 Gy/fx (total  daily with liposomal 2| days
radiotherapy 2 days weekly for fraction and 4.5 Gy) temozolomide if doxorubicin and
(two eachon 6 weeks 70 cGy per recurrent docetaxel
days | and 2). fraction on days |,
This sequence 2,8, and 9 for
was repeated 4 weeks
on days 22
and 23
Duration 5 years 2 years 37 months 27 months 20 months 2 years
Recruitment 40 13 10 26 10 19
References  Amoldetal.  Kunosetal. Regine et al. Wrenn et al. Balducci et al. Nardoneetal.  Mantinietal.
(34); Gleason  (36) (37) (38) (39) (40) 1)
Jretal. (35)
LDFRT, Low Doses Fractionated Radiation Therapy.

alone in a similar patient cohort.

Recently, the Arnold group reported S-year results of the
above prospective Phase II SCCHN trial (35). After a median
follow-up of 83 months, LRC was 80% and distant control was
77%. Out of 39 evaluable patients, S-year OS, diseases specific
survival (DSS), and PES were 62%, 66%, and 58%, respectively.
These data strongly indicate a favorable outcome compared
to historical controls and excellent compliance with definitive
therapy.

In the above trial, the status of p16 was evaluated, which is
a validated marker for HPV status and an important predictor
of response to various treatment modalities for SCCHN (42).
Immunohistochemistry analysis of available 42 pre-treatment
specimens showed 15 HPV positive (ten were oropharynx sub
group) and 27 (seven were oropharynx subgroup) were negative.
Of 15 patients with p16 positive tumors CR, PR, SD and SD
were S (33.3%), 8 (53.3%) 1 (6.7%), and 1 (6.7%) respectively,

compared to 2 (7.4%), 18 (66.7%), 6 (22.2%) and no PD among
27 patients with p16 negative tumors (P=0.0616), respectively.
Similar results were also found in HPV positive oropharynx
sub-group. Two-year OS was 93.3% for p16 positive patients
compared to 73.08% in p16 negative patients (P=0.0252);
two-year PFS was 80% (p16 + ve) and 69.23% (p16 — ve). In
oropharyngeal subgroup, the 2-year OS was 100% (p16 + ve)
and 42.86% (p16 — ve) tumors respectively (P=0.001). These
results stress the point that p16 status can be an important
predictor of response to LDFRT mediated chemopotentiation
induction treatment similar to that seen in standard of care,
in head and neck cancer treatment an observation recently
described (43,44).

Based on the pre-clinical data (33), the Gynecology
Oncology Group (GOG) conducted a feasibility study (36), of
whole abdomen LDFRT for patients with recurrent epithelial

ovarian fallopian tube, or peritoneal cancers along with weekly
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Phase I

Recurrent and Recurrent Unresectable Locally Advanced

Inoperable SCCHN

SCCHN

No description Erbitux 400 mg/m” as a loading dose one

available week prior to radiation and taxotere,

and then at 250 mg/m” given weekly on
Mondays. Taxotere 20 mg/m’ IV once a
week on Mondays on weeks 2 to 7. LDFRT
0.5 Gy per fraction BID at least 6 hours apart
on Tuesday and Wednesday of weeks 2 to 7
for a total dose of 12 Gy

3.5 years

38 35

NCTO01820312 NCTO1794845

Not available

Table 3. Open clinical trials combining LDFRT with chemotherapy in solid tumors.

Clinical trial parameters

Site Recurrent Anaplastic Astrocytoma
and Glioblastoma Multiforme

Design Temozolomide (150 to 200 mg
per square meter for 5 days
during each 28-day cycle). LDFRT
0.5 Gy of radiation therapy twice
daily with the first six 28-day
cycles of temozolomide

Duration | year

Recruitment 49

ClinicalTrials.gov identifier NCTO01466686

LDFRT, Low Doses Fractionated Radiation Therapy.

treatment of docetaxel 25 mg/m* LDFRT was delivered in
60 cGy fractions, twice daily for two days, with a minimum of 4 hr
inter-fraction interval, starting on day 1 of each chemotherapy
cycle. Three out of four patients completed therapy and none
of the toxicities were dose limiting. Another phase I study (38),
delivering once a week for six consecutive weeks of morning
cisplatin followed 6-8 hours later by afternoon low dose-whole
abdomen radiation therapy (LD-WART), enrolled 12 patients
with optimally debulked Stage III/IV endometrial cancer.
The results suggested feasibility of using LD-WART as a novel
chemopotentiator to cisplatin in combination therapy as an
adjuvant regimen (38). This trial showed no dose-limiting
toxicities with follow-up that ranged from 4-36 months (median:
14 months). These data as well as the data from the GOG trial
does indicate that 0.60 Gy/fraction was well tolerated.

Regine et al. (37) studied upper abdominal LDFRT given
as a chemopotentiator for gemcitabine in patients with locally
advanced pancreatic or small bowel adenocarcinoma. Gemcitabine
was given at 1,250 mg/m” at 10 mg/m”/min on days 1 and 8 of a
3-week cycle. Low-dose fractionated radiotherapy was tested at
two dose levels: 0.6 Gy and 0.7 Gy/fraction. Radiotherapy was
given b.i.d. on days 1, 2, 8, and 9. Two of the four patients at dose
level 0.7 Gy/fraction experienced dose-limiting toxicity, therefore
0.6 Gy/fraction was deemed the MTD.

Balducci et al. (39) reported a study of LDFRT and
chemotherapy for recurrent or progressive GBM in 17 patients
who had previously received radiotheraqpy and recurred: they
received total LDFRT dose of 7.2 Gy in 0.3 Gy fractions with
concomitant chemotherapy (TMZ and Fotemustine). LDFRT

regimen was well tolerated. In reality, a robust randomized
clinical is warranted to establish as a new treatment modality for
GBM patients with poor prognosis.

In recurrent NSCLC, Mantini et al. (41) found that LDFRT
was safe when added to 500 mg/m2 Pemetrexed as a 10-minute
intravenous infusion on day 1 of a 21-day cycle, concurrent with
LDFRT on days 1 and 2 at 0.4 Gy twice daily with each faction
given 5-6 hrs apart, and the median total dose was 6.40 Gy. LDFRT
was also tested in combination with liposomal doxorubicin
and docetaxel in stage IIA/B-IIIA breast cancer that led to
higher histological response rates compared to the sequential
application of the same two drugs (40).

There are three more clinical trials ongoing (http://
www.clinicaltrials.gov), which are summarized in Table 3.
Unfortunately, as with the trials discussed above, none of them
is randomized for evaluating the efficacy of LDFRT using robust

end-points such as survival or quality of life.
Summary of hyperfractionation

e Over the years clear evidence has emerged from the cell
culture studies on the existence of HRS and IRR phenomena
that have provided adequate mechanistic rationale for using
radiation dose in the HRS range to potentiate the effects of
chemotherapy.

e Preclinical in vivo animal studies using mouse xenograft
tumor models, as discussed above, assessing the benefit
of combining LDFRT or PLRT with chemotherapy

demonstrate improved efficacy and survival as well as a
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reduction in normal tissue toxicity and have helped optimize
dose, time, and sequence schedule in experimental setting
and lead to clinical trials.

o Several Phase I/II clinical trials conducted in different
cancer organ sites, such as SCCHN, GBM, ovarian,
pancreatic, breast and lung cancers, are in process for an
optimized LDFRT dose and schedule in order to potentiate
the effects of chemotherapeutic drugs such as cisplatin,
taxanes, TMZ, and also demonstrated improved efficacy.

e More randomized clinical trials are warranted to study the
role of LDFRT as an adjuvant for chemotherapy in definite
settings rather than induction regimen.

In conclusion, LDFRT has some very intriguing preclinical
data, however, despite the fact that about ten clinical trials have
been or are being performed, at present, it can be concluded
that this technique appears to be relatively safe. Based on the
reported as well as on-going clinical trials, it still remains unclear
whether the patients can be benefited from the addition of
LDEFRT to chemotherapy and hence better designed prospective
trials (randomized against chemotherapy-only controls, and
with more robust endpoints such as survival and quality of
life) must be conducted to ascertain the value of LDFRT in the

management of solid tumors.

Hypofractionation: novel windows of opportunity

To take advantage of the technological ability to deliver precision
radiation therapy and to utilize the biological effects of a large
dose per fraction as well as the smaller dose per fraction just
described, hypofractionated radiation therapy can provide
a different pathway of biological effects either used alone or
combined with chemoradiotherapy. A potential advantage of
hypofractionated radiation therapy, which makes it an attractive
approach for the management of advanced cancers, is the
reduction in treatment time and cost and reduced burden of
frequent and numerous radiotherapy sessions.

Hypofractionated radiation therapy can be approached in two
different ways: (I) is to consider a/ ratio and Biologically Effective
Dose (BED), where the “classical” concepts of repair, re-assortment,
re-oxygenation and re-population (4-Rs) are applicable. This is a
categorical approach for hypofractionated radiotherapy that uses
3 to 6 Gy dose fractions; (II) Hypofractionation schedule that uses
above 8 Gy doses/fraction in radiotherapy, in which the biological
changes different than the “classical” 4-Rs are felt to be applicable,
generally known as high-dose hypofractionation radiation therapy
(HDHRT). This section of the review will focus HDHRT with
more detailed understanding of new radiobiology.

There are data to suggest that the use of HDHRT radiation

is effective as an alternative means of dose escalation with
conventional fractionation treatment schedule. The results with
HDHRT in the early-stage lung cancer population have thus far
been very encouraging with local control rates up to 90% (45,46),
being superior to the control rates obtained with conventionally
fractionated radiation. Biologically, new mechanistic insights
suggest that HDHRT may cause four unique effects that can
be further exploited for sensitization. HDHRT can (I) cause
non-targeted pharmacodynamics effects (such as intra-tumoral
bystander as well as abscopal effects) mediated by TNF-a,
TRAIL, PAR-4 and ceramide (47-49); (II) robustly induce
tumor endothelial death at doses above 8-11 Gy (50); (III)
increase host immune recognition of radiation-induced enhanced
antigen presentation, such that a single fraction may incite an
immune response that enhances the effects of radiation (51);
and (IV) result in a better response of that tumors that are
heterogeneous with different cell populations, whose clonal
radiosensitivity considerably differ (52).

The interaction between HDHRT and hypoxia needs to
more fully understood. The effects would depend in part on the
initial hypoxic fraction, the dose size used and fractionation, as
reoxygenation could occur. Brown et al. (53), Song et al. (54),
suggest the need for drugs to treat the hypoxic fraction whereas
Meyer et al. (55) suggest that reoxygenation and the selection of
a dose at the “hypoxia transition zone” could overcome hypoxia.
With other potential mechanism of action of HDHRT, as noted
above, studies that determine changes in hypoxia including
imaging and biomarkers of hypoxia, as well as studies to modify
hypoxia and or use cytotoxic agents would be needed to dissect
out the complexity of the effect of hypoxia. Another interesting
consideration could be the use of conventional radiation therapy
following single high dose or high dose in combination with
chemotherapeutic drugs to improve the response of tumors to
treatment. There are strong biological data to suggest that a large
induction dose of radiation preceding conventional fractionated
radiation therapy results in significantly greater tumor regression
(56,57). However, high doses of radiation prescribed uniformly
to large tumor volumes are generally associated with significant
side effects and potentially serious late toxicity, which can take
many years to be manifest. At this point in time, there is limited
use of high-dose-per-fraction radiation to smaller targets, as
in the case of SABR for T1-2NO lung cancer. In patients with
stage III lung cancer, high-dose-per-fraction radiation to the
entire target volume is precluded due to normal tissue tolerance.
Therefore, future approaches could combine the capability of
new imaging and treatment technology for target selection,
including novel approaches described next, including HDHRT

and its biological properties.
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Technical aspects of hypofractionated radiation therapy

The challenges of hypofractionated radiotherapy for better
treatment outcome primarily include development of optimal
radiation dose delivery techniques. We provide a very brief
account of technical development of SRS, SBRT and 3D lattice
radiotherapy (LRT), with the understanding that high-dose rate
brachytherapy with radionuclides or miniature X-ray source can
also be an effective way of delivering highly localized radiation.

Traditionally SRS refers to single fraction stereotactic delivery
of an intended ablative dose (58). The first full-scale successful
radiosurgery system, Leksell Gamma Knife, was developed in
the late 1960s. Since then its successful clinical utilization has
established the foundations for intracranial radiosurgery and
radiosurgery, in general. Following its success, a number of
LINAC-based systems were developed since 1980s (59) and
protons beams are also being used (60).

The concept of intracranial radiosurgery was first applied to
other body sites in the early 1990s using modified conventional
LINACs. The introduction of dedicated radiosurgery systems
has widened the application, most noticeably from the early
2000s and clinical efficacy has been well demonstrated (61). In
current terminology, SBRT refers to stereotactic body radiation
treatments delivered in more than one fraction. While the
term SBRT has been widely adopted, it is noteworthy that the
difference between radiotherapy and radiosurgery is in the
fractional-dose size that ostensibly leads to their differences
in therapeutic effects—as a result of different radiobiological
effects. The term stereotactic only indicates the method of target
localization.

The goal of SABR is to administer a markedly higher dose to
the treatment target volume without damaging the surrounding
normal tissue thereby achieving enhanced local control and less
normal tissue toxicity compared to conventional radiotherapy.
The unique physical characteristics of traditional SRS are: high
precision (sub-millimeter), highly-focused dose distribution
(about a 10% dose fall-off per millimeter outside the treatment
margin) and high dose (10 Gy and higher) (58).

In traditional SRS or SBRT, the coverage of prescribed dose
to the treatment target volume is to be maximized. In contrast,
the spatially fractionated high dose radiation therapy delivered
in forms of spatially fractionated GRID radiotherapy (SFGRT)
technique covers only partial tumor volume with the prescribed
dose (48,49,62).

In the last decade, improvements in GRID design, ability to
deliver higher tumor dose by improved target penetration along
with reduced normal tissue damage as well as superior dosimetry

have resulted in dramatic improvements in clinical responses

(62-67). Unnecessary high dose exposure of the surrounding
normal tissue can be significantly reduced by reconfiguring the
GRID treatment into a 3D GRID dose in form of LATTICE. We
now define 3D GRID as LATTICE which is a new approach to
spatially fractionated radiation that takes advantage of modern-
era technology of SABR systems in a safer and efficient way (68).
The difference in the dose delivery is shown at the URL (http://
assets.cureus.com/uploads/figure/file/538/13figl.png)
published by Wu et al. (68). Using this technique, high doses of
radiation are concentrated at vertices within the tumor volume,
with drastically lower dose between vertices (peak-to-valley
effect) and leaving anything outside of tumor volume minimally
exposed. Because more pronounced radiation dose peaks and
valleys are generated using LATTICE technique compared to
2D-GRID, it may be more radio-biologically effective, with lower
radiation dose to adjacent normal tissues resulting in a reduction

in normal tissue toxicity.
Hypofractionation and normal tissue toxicity

The a/p ratios derived from linear quadratic model of the
radiation survival curve describes the effectiveness of the dose
and is used to model cell survival at different conventional
doses used in radiation therapy (69). A similar approach has
also been adapted to model cell survival with the large doses
for hypofractionation studies (70,71). However, this approach
may overestimate tumor control. Because of the improvements
in radiotherapy planning and delivery, targeting accuracy of
radiation to the tumor is also improved with a reduction in
surrounding normal tissue damage. It is feasible to use higher
doses of radiation per fraction without inducing significant
acute and late radiation induced toxicity with SABR. However,
concerns still remain on the late toxicity with high dose
hypofractionation and it must be emphasized that these may
take many years or a decade or more to be seen. An intriguing
concept for both technological limitations and capabilities and
also for biological advantages is to consider irradiating only
limited portions of the tumor and still achieve similar or better
outcomes with SABR as discussed next.

When large doses of radiation are delivered to only a fraction
of the target volume, scaling back on the irradiated tumor
volume invariably results in a reduction of dose to the adjacent
normal tissues. Such scaling back of target treatment volume
may not compromise the benefits of high dose per fraction for
better control because underlying radiobiological mechanisms
of damage by large dose per fractions remain the same. SEGRT
(2D-Grid) and now LATTICE (3D-Grid), results in a better

dose distribution in tumor spatially rather than temporally,
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which results in significantly improved sparing of normal tissue
achieving a better tumor control.

Next we discuss the role of three underlying radiobiological
mechanisms of bystander/abscopal effects, activation of immune
system, and damage to endothelial cells, that might contributing
to a better tumor control with SFGRT and LATTICE in salvage
settings, however, needs randomized trials for definitive

treatment practices.

High dose radiation-induces factors leading to bystander/
abscopal effects

Brooks et al. reported the first observation of radiation-induced
non-targeted effects in a hamster model (72). Although evidences
for these effects have accumulated over time, the exact mechanisms
by which they cause tumor regression distant to site of irradiation
remains somewhat speculative. A few major mechanistic
categories have been proposed to account for abscopal effects
based on studies involving different malignancies: immune system,
cytokines and pseudo-abscopal effect (73).

Cell-cell communication appears to play an important
role in mediating the bystander effect, and there may also be
contributions from the transfers of soluble mediators generated
in irradiated medium. It is most likely that multiple mechanisms
are involved in bystander effects. The presence of gap junctions is
not essential. Transfer of radiation-conditioned medium (RCM)
from confluent cell culture is more effective, a phenomenon
that is termed as “indirect radiation effects” (74-77). Irradiated
cells may release clastogenic factors into serum that will induce
chromosomal damage when transferred to cultured cells from
unirradiated donors (78-80). In a study in rats, for example,
clastogenic activity persisted in circulating plasma of irradiated
animals for the 10-week duration of the study, and was not
abrogated by diluting with non-irradiated serum. Serum
irradiated in vitro was not clastogenic suggesting that these
factors were released from the irradiated cells (81).

Although evidence for the presence of these factors has been
accumulating over past decades, their exact nature as well as the
mechanisms by which they cause the distant bystander effects (more
of an abscopal effect) has proven elusive. One such mechanism
might be through radiation-induced early genes and induction
of cytokines. Indeed, TNF-¢ and TRAIL are directly involved
in apoptosis and are induced by ionizing radiation (82-86).
There is a demonstrated correlation of therapeutic efficacy
following SEGRT with TNF-a induction in the serum obtained
from these patients as well as ceramide production (48,49).

For SFGRT, the “bystander effect” is within the GRID
irradiated tumor volume that falls directly under shielded regions

(low-dose regions) of the GRID. Bystander factors, such as

TNF-a shown by Sathishkumar et al. (49) and Shareef et al. (47);
TRAIL shown by Shareef et al. (47) and ceramide shown by
Sathishkumar et al. (48) are induced in cells that are under the
open field of the high-dose GRID areas and are hypothesized to
be responsible for initiating the cell death cascade both in the
epithelial and endothelial compartments of the tumor micro-
environment. Recent reports have demonstrated the presence of
radiation-induce signal transduction leading to significant DNA
damage and cellular stress (87,88). In addition to the bystander
effect within the GRID-irradiated tumor, Peters et al. (3)
reported that there is robust “abscopal effect” in distant tumors
or metastatic lesions that are not irradiated or treated and has
been reported clinically with the use of large doses (89).

In this respect, recently using SFGRT we found both
bystander and abscopal effects in mice bearing A549 lung
adenocarcinoma xenograft contra-lateral tumors (90). Maximal
abscopal effect was observed in unirradiated right tumor when
mice was exposed to 15 Gy SFGRT followed by S fractions
of 2 Gy to the left tumor suggesting that the abscopal effect
can be amplified by sequential combination of SEGRT with
conventional fractionation. More recently, using LATTICE
therapy we obtained similar results in mice bearing syngenic
Lewis Lung Carcinoma (LLC) contra-lateral tumors (91).
These findings strongly suggest that SFGRT is more potent in
eliciting evident abscopal effect in the un-irradiated tumor than

conventional dosimetric approaches.

High dose radiation activates immune system

There are quite a few reports that support the important role of
immune factors in mediating the abscopal effects (92,93). In
contrast to the generally believed notion that radiation therapy
is immunosuppressive, recent reports indicate ablative high dose
radiation therapy could activate immune system and reduce
the primary tumor burden as well as distant metastasis (51,94).
These effects were mediated by radiation therapy induced
disruption of physical and immunologic barriers, stimulation
of danger signaling pathways, increase in dendritic cells cross-
presentation of tumor antigen, and possibly reversal of T-cell
unresponsiveness in tumor-bearing hosts, leading to a rejection
of local and distant tumors (51). Subsequently these authors
demonstrated that IFN-a/f produced by tumor-infiltrating
myeloid cells in an autocrine fashion is required to endow tumor-
infiltrating dendritic cells with T-cell cross-priming capacity
following local RT; however, T cells do not need to bear the
type I IFN receptor to mediate tumor rejection (94). Together,
these results score the importance of cytotoxic T-cell mediated
antitumor immunity that mediates tumor regression. Our
unpublished results show that RCM obtained from lymphoblasts
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is able to induce killing of lung cancer (A549) cells, suggesting
that the immune factors in addition to cytokines and ceramide
pathway may be involved. However, in our contra-lateral tumor
xenograft athymic nude mice, we observed significant bystander
and abscopal effects indicating that not only the T-cell mediated
immune factors but also humoral immunity may play an
important role in the radiation-induced abscopal effects. These
observations suggest potential therapeutic role for immune
factors.

Lee et al. (51) reported that reduction of tumor burden
after ablative radiation depends largely on T-cell responses as
it dramatically increases T-cell priming in draining lymphoid
tissues, leading to reduction/eradication of the primary tumor
or distant metastasis in a CD8(+) T cell-dependent fashion.
Interestingly, this study observed that ablative radiation-
initiated immune responses and tumor reduction are abrogated
by conventional fractionated RT or adjuvant chemotherapy (if
given after a week of single ablative dose) but greatly amplified by
local immunotherapy. However, in SEGRT settings we observed
significant enhanced response when the high dose radiation
was followed by fractionated 2 Gy fractions (given after 24 hrs),
implying that spatial fractionation of radiation delivery might
activate immune factors that can synergize with the conventional
fractionated radiation. These results strongly argue for more
detailed investigations to elucidate the role of immune factors in

radiation therapy.

High dose radiation induces damage to endothelium

Engagement of the vascular component in tumor response to
radiation therapy has been a topic of interest in recent literature.
However, in addition to release of cytokines, impaired blood
vessel formation and induction of endothelial cell death in
tumors not exposed to radiation have been demonstrated to
play a role in abscopal effect (95). Endothelial cells generate
20-fold more of a unique form of acid sphingomyelinase
(ASMase), termed Secretory ASMase, than any other cell type
in the body. Secretory ASMase activation is required for ionizing
radiation to kill endothelium (96), as endothelium in lung, gut,
and brain are totally resistant to radiation-induced apoptotic
death in the absence of ASMase. Garcia-Barros et al. (50) have
postulated that high dose radiation-induced damage (15 Gy) to
the endothelial cells could convert Potentially Lethal Damage
(PLD) in tumor cells and cancer stem cells to lethal damage
resulting in tumor cell death. Animal studies have shown
that radiation at doses higher than 10 Gy induces endothelial
apoptosis by activation of acid sphingomyelinase (ASMase)
and ceramide generation (50,96-99); these effects that are

not observed with conventional radiation doses. Findings

by Garcia-Barros et al. (50) suggest that high-dose radiation-
induced tumor regression can be entirely dependent on tumor
endothelium apoptosis since these effects were abolished in
ASMase knockout animals implanted with functional ASMase
MCA/129 fibrosarcomas and B16F1 melanomas and restored
upon bone marrow transplantation of ASMase functional stem
cells. Further, elevated sphingomyelinase activity and ceramide
concentration in the serum of patients undergoing high dose
spatially fractionated radiation treatment were observed (48).
Our unpublished findings in A549 xenografts showed increased
elevation of ceramide in the serum of nude mice treated with
SEGRT (90).

Although direct killing effect of tumor cells with SEFGRT
occurs, it cannot completely account for tumor regression
observed after treatment. Recently, we demonstrated that
treatment of 11 patients with various types of cancer with 15 Gy
SFGRT therapy followed by multiple consecutive doses of 2 Gy
each led to an increase in the activity of ASMase in serum and a
corresponding elevation in the concentration of LDL-enriched
ceramide. These changes correlated with the clinical outcome
of the treatment, as they were found only in the 76% of patients
with CR or PR and not in non-responders (48). It is evident that
there is a biologic/therapeutic consequence of this response,
whereby high single dose radiotherapy requires ceramide-driven
endothelial apoptosis for tumor cure (50,100). This observation
has broad implications for cancer treatment and is a subject of
active debate in the field, as it is generally believed that radiation
therapy works by partly targeting tumor stem cells and it is
unclear which components of tumor microenvironment play
important role in radiation cure.

There exists data on ceramide production, its relation to
endothelial apoptosis and induction of abscopal regression of
distant tumor with radiation exposure, however, there is little or
any information available on the impact of negative regulators
of ceramide pathway in radioresistance/radiosensitivity, their
association with release of cytokines, and finally any possible
cross-talks during cellular events associated with abscopal

phenomena.
Hypofractionation and hypoxia

Tumor hypoxia has been observed in many human cancers and
has been a major impediment for the success of radiotherapy.
Generally, the phenomenon of re-oxygenation of hypoxic
cells between several fractions of conventionally fractionated
radiation therapy is considered to increase the sensitivity of
the cells that were previously hypoxic. With the encouraging
results using SABR or other hypofractionation strategies, this
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is a point of considerable debate whether the issue of hypoxia
under such therapy settings. Taking into account several factors
such as the potential over-estimation of cell killing and tumor
control by the linear quadratic model at large doses, high dose
hypofractionation has actually resulted in greater than expected
tumor control. It is possible that single dose hypofractionation
induced specific mechanisms abate hypoxia, or that the extreme
ablative doses currently used in many SABR protocols are
already high enough to overcome hypoxic radioresistance or
both. The latter hypothesis implies that concurrent strategies
(such as hypoxic cytotoxin) targeted directly at hypoxic cells
might improve the therapeutic ratio of SABR and allow clinicians
to treat with a larger fraction in the patient population.

Fractional doses in hypofractionation schemes vary
significantly in clinical practice, from 3 Gy/fraction to 20 Gy/
fraction. There are a number of processes that will be effected
by dose size and fractionation that could be exploited, including
changes in the “4-R’s” (repair, repopulation, redistribution and
reoxygenation), consequence of endothelial damage (which
could worsen hypoxia) or tumor shrinkage (which could lessen
hypoxia) and impact of the high dose on factors secreted by the
tumor.

An example of the latter comes from our unpublished
results (101). In two lung cancer cell lines, we observed that
conditioned media collected from 10 Gy-irradiated hypoxic
AS549 cells (H-RCM) showed highly reduced cell proliferation
effect on normoxic A549 cells when compared to media collected
from irradiated normoxic AS49 cells (N-RCM). Interestingly,
with H-RCM obtained from 10 Gy irradiated hypoxic H-460
cells showed a significantly decreased cell proliferation in H460
cells but such reduced cell proliferation was absent with H-RCM
obtained from 2 Gy irradiated hypoxic H-460 cells (101). This
suggests that oxygen may potentially negate bystander effect.
Nonetheless more data are needed, including modeling that would
help define the potential complexities, for example, one recently
published that aims to account for intercellular signaling (102).

How to best take advantage of the high dose effect but also
not damage normal tissue remains to be established. This could
include partial treatment of the tumor to high dose using a
variety of technique such as the high-dose LATTICE approach.
That might have positive effects on damaging the endothelial
compartment and/or immune activation. Another important
aspect that is not discussed in detail could be differential effect of
hypofractionation on cancer stem cells.

Summary of new biology of hypofractionation

e Hypofractionated radiotherapy (>12 Gy) is an attractive

approach in the management of cancer although long-

term toxicity in patients with curative tumors remains to be

evaluated as series mature.

e Success of hypofractionated radiotherapy is dependent on
its ability to deliver a markedly higher dose to the target
volume without damage to surrounding normal tissue.
Over the last decade, technological improvement in terms
of dose delivery and intra-tumoral spatial distribution of
dose seems to have been achieved, with long-term data
needed to see if the spatial distribution of dose can reduce
normal tissue injury and maintain or even improve tumor
control.

e The underlying radiobiological mechanisms for improved
outcome obtained by high dose hypofractionated radiation
therapy could be multifactorial, which include differential
endothelial and cancer stem cell killing, overcoming hypoxic
radioresistance, activation of complex immunological
pathways, and bystander/abscopal tumoricidal effects,
resulting in improved treatment outcome (Figure 2).

e There appears to be opportunities to achieve better
response of tumors to high dose fractionated radiotherapy
by the use of chemotherapeutic drugs or hypoxic cell
radiosensitizers.

e While speculative, the use of spatial fractionation in the
form of 2D SFGRT and 3D LATTICE in combination
with conventional fractionated radiation therapy or
chemotherapeutic drugs or hypoxic cytotoxins might
be able to counteract the effects of hypoxia with
simultaneous normal tissue sparing. In conclusion,
ablative hypofractionation schemes are effective in certain
solid tumors that may take advantage of new aspects of
radiation biology by involving certain components of
tumor microenvironment such as effects on vasculature
as well as immunologic modulation.SEGRT provided
some mechanistic insights pre-clinically as well as from
patients (who received SEFGRT as salvage therapy),
however, to bring SEFGRT in the mainstream needs more
well designed trials Lattice (3D-Grid) has some promise
in the main realm of definitive treatment, however, this
approach warrants robust randomized trials. Overall, it is
the ablative dose (delivery approaches may differ with or
without homogenous dose distribution) that needs further
exploration based on clinical observation of its efficacy and

preclinical studies.

Overall conclusions

While hyper- and hypo-fractionation are presented as distinctly
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Figure 2. Impact of high-dose ablative RT on tumor micro-environment components. High-dose ablative RT given in lattice (2 vertices) to the tumor

induces bystander/abscopal factors, endothelial cell death coupled with immune activation. The underlying radiobiological mechanisms for improved

outcome obtained by high dose hypofractionated radiation therapy could be multifactorial. The differential effects on tumor endothelium and cancer

stem cells could be responsible for this enhanced response. Further, complex immunological pathways could be linked to high dose radiation-induced

mechanisms. All of these pathways could be affected by the bystander/abscopal factors released from the tumor following spatially fractionated
radiation therapy. An animation of these events can be found at URL: http://youtu.be/KvQ8z91J6A8.

different, a key point to emphasize is that radiation fraction
size and schedule have properties that can be exploited using
radiation alone and in combination with immunotherapy,
molecular target treatment and cytotoxic chemotherapy.
Improvements in imaging and technology of treatment delivery
can allow improvement in anatomical targeting and also in
treating based on the physiological and biological processes as
they present and evolve. New techniques such as LATTICE may
be able to take advantage of heterogeneous dose delivery.

While there is a good deal of new and exciting data there is
much research to do and, of course, the ultimate proof will be
from well-designed clinical trials. Radiation therapy and radiation
biology are far from static and with the ability for precision
targeting and dose delivery, radiation “as a drug” can have a major

impact in multi-modality cancer treatment.
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In the United States, more than half of all new invasive cancers diagnosed are non-small cell lung cancer, with a significant
number of these cases presenting at locally advanced stages, resulting in about one-third of all cancer deaths. While the
advent of stereotactic ablative radiation therapy (SABR, also known as stereotactic body radiotherapy, or SBRT) for early-
staged patients has improved local tumor control to >90%, survival results for locally advanced stage lung cancer remain grim.
Significant challenges exist in lung cancer radiation therapy including tumor motion, accurate dose calculation in low
density media, limiting dose to nearby organs at risk, and changing anatomy over the treatment course. However, many
recent technological advancements have been introduced that can meet these challenges, including four-dimensional
computed tomography (4DCT) and volumetric cone-beam computed tomography (CBCT) to enable more accurate target
definition and precise tumor localization during radiation, respectively. In addition, advances in dose calculation algorithms
have allowed for more accurate dosimetry in heterogeneous media, and intensity modulated and arc delivery techniques can
help spare organs at risk. New delivery approaches, such as tumor tracking and gating, offer additional potential for further
reducing target margins. Image-guided adaptive radiation therapy (IGART) introduces the potential for individualized
plan adaptation based on imaging feedback, including bulky residual disease, tumor progression, and physiological changes
that occur during the treatment course. This review provides an overview of the current state of the art technology for lung
cancer volume definition, treatment planning, localization, and treatment plan adaptation.
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that low-dose computed tomography (CT) for lung cancer

Introduction

In the United States, lung cancer constitutes 56% of all new
invasive cancers diagnosed, accounting for ~30% of deaths
resulting from all cancers (1). Non-small cell lung cancers
(NSCLC) account for 80-85% of all lung cancers (2), with
locally advanced, stage III disease representing about 40% of the
total cases. The prognosis of these patients, even with aggressive
chemoradiation techniques, is quite poor, with 5-year overall

survival rates of only 10-15% (3). Given the recent seminal finding

Correspondence to: Indrin |. Chetty. Henry Ford Health Systems, Detroit, MI, USA.
Email: ichetty | @hfhs.org.

Submitted Sep 12, 2013. Accepted for publication Nov 07, 2013.

Available at www.jthoracdis.com

ISSN: 2072-1439

© Pioneer Bioscience Publishing Company. All rights reserved.

screening reduces lung cancer mortality ~20% when compared
to radiography (4), with widespread acceptance, it may be
postulated that lung cancers will be found more frequently, and
at earlier stages. For early-stage, medically inoperable NSCLC,
stereotactic ablative radiation therapy (SABR, also known as
stereotactic body radiotherapy, SBRT) has shown remarkable
promise, yielding ~90% local tumor control and, in one study,
~55% overall survival at a time point of three years (5).

Recent retrospective research has shown a dose-effect
correlation for lung tumors (6-8), however safe radiation dose
escalation is complicated by the close proximity of critical
organs, and is further complicated by respiration-induced tumor
displacement. However, interim analysis of Radiation Therapy
Oncology Group (RTOG) 0617, comparing high dose (74 Gy)
versus standard dose (60 Gy) radiation therapy (RT) with and
without Cetuximab for Stage IIl NSCLC patients (9), revealed
that the high dose arm did not improve overall survival, with no
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Figure 1. 4DCT images of an early-stage lung cancer patient at end-inhalation (A); end exhalation (B); and contours from all 10 phases of the 4DCT

combined (C). Abbreviation: 4DCT, four-dimensional computed tomography.

significant differences in toxicity between treatment arms (10).
While mature results are still lacking, the results of this clinical
trial prompted a considerable amount of uncertainty in the
Radiation Oncology community (11). It has been suggested
that requiring the use of technical advances such as image-
guided radiation therapy (IGRT), patient-specific dose levels
based on nearby organs at risk (i.e., healthy lung tissue and
heart), and motion management may be advantageous in future
trials (11,12). Motion management is currently recommended
on a patient-specific basis for tumor excursions greater than
S mm in any direction (13). To further facilitate dose escalation
and increase local control, considerable effort has been made
to characterize patient-specific tumor motion using the tumor
(14-16), the organ in which it is embedded (17), implanted
fiducial markers (18,19), or another part of the anatomy
presumed to be related to tumor motion (i.e., diaphragm or
abdomen surface) (20-22).

Advances in imaging, including four-dimensional computed
tomography (4DCT) and volumetric cone-beam computed
tomography (CBCT) have enabled more accurate target definition
and precise tumor localization for both advanced stage lung cancer
treatment and SBRT to further support dose escalation efforts
while sparing nearby organs at risk. In addition, advances in dose
calculation algorithms have allowed for more accurate dosimetry
in heterogeneous media, thereby providing a clearer picture of
dose distributions. Finally, new delivery approaches, such as tumor
tracking or gating, offer additional mechanisms to reduce target
margins. This work will provide an overview of the current state
of the art for lung cancer volume definition, treatment planning,

localization, and treatment plan adaptation.

Internal target volume (ITV)

In 1999, ICRU Report 62 introduced the concept of the “internal
margin’, which is meant to incorporate uncertainties arising from
physiological variations, such as respiratory motion (23). When
the internal margin is combined with the clinical target volume,
or CTV, the ITV is formed, which represents the “envelope”
encompassing tumor movement determined during the
simulation 4D-CT acquisition. The internal margin is expanded
to form the planning target volume (PTV), which accounts for
geometric variation in the CTV due to day-to-day (interfraction)
uncertainties in the patient setup. A margin (planning risk
volume, PRV) should also be added to an organ-at-risk to
account for interfraction variation in the OAR position (23).
Margins for the PTV must be designed with an understanding
of the random and systematic errors associated with patient
setup (24). For locally advanced stage NSCLC, typical margins
for the PTV are on the order of 5-10 mm if an ITV is used for
motion compensation and daily IGRT is often employed during
treatment. In the absence of motion compensation or IGRT,
margins should be much larger (10-20 mm) to minimize the
chance of missing the target as a result of motion.

The American Association of Physicists in Medicine
(AAPM) Task Group Report No. 76 (13) recommends a variety
of approaches to account for respiratory motion. One such
example is respiratory-correlated or 4DCT (14,25-27), where
organ and tumor motion are both inherently provided during
different phases of the respiratory cycle, often sampling data over
10-20 breathing cycles. Figure 1A and 1B illustrate the end-inhale
and end-exhale phases of respiratory motion, respectively,
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Figure 2. (A) Positional differences between the tumor position on the free-breathing CT; (B) maximum intensity projection (MIP); and (C) AVG-
CT, indicating that the FBCT was acquired at an extreme phase of the breathing cycle. Contours show the ITV and PTV. Abbreviations: AVG-CT,

average computed tomography; ITV, internal target volume; PTV, planning target volume.

for a highly mobile lung tumor. Tumors can be delineated
on all 4DCT phases, and a union can be derived to generate
the ITV as shown in Figure 1C. By contrast, conventional
free-breathing CTs (FBCTs) are acquired at arbitrary states
of the breathing cycle, during which tumors, nearby critical
structures, and corresponding tissue densities are not static,
as shown in Figure 2. Furthermore, due to the fast acquisition
time of FBCT, it is possible to acquire imaging data at an extreme
phase of the breathing cycle (i.e., end-inhale or end-exhale).
Typically, conventional CT-simulator software employs
retrospective temporal (i.e., phase-based) 4DCT sorting into
2-10 different phases, although artifact reduction has been realized
through the use of amplitude-based 4DCT binning, particularly
for irregular breathing patterns (28). Ten-phase 4DCTs often
contain >1,000 CT slices, and may result in reconstruction and
sorting artifacts introduced by varied respiratory patterns during a
single 4DCT acquisition. This is of particular consequence in lung
cancer radiotherapy due to patients presenting with compromised
pulmonary function. 4DCT artifacts can lead to discrepancies
in target and critical structure delineation, as well as impact the
accuracy of dose calculation.

Furthermore, the vast amount of data generated via 4DCT
may substantially increase the time needed for image review
and target/critical structure delineation. Therefore, a problem
arises in how to fully exploit 4DCT data for treatment planning
with an emphasis on clinical efficiency without compromising

accuracy. To reduce the workload of contouring multiple

target volumes in 4DCT, post-processing can be conducted to
generate derivative datasets such as the average CT (AVG-CT)
and maximum intensity projection (MIP). The AVG-CT data
set provides a 3DCT scan with voxels equal to the arithmetic
mean of the 4DCT, while the MIP image corresponds to the
greatest voxel intensity values throughout the 4DCT. Another
commonly used dataset is the mid-ventilation CT scan,
corresponding to the specific 4DCT phase with the tumor
center of mass closely representing the time-averaged position
over the respiratory cycle (29). To further address large 4DCT
datasets, several groups have worked toward developing
automated contour delineation (30,31), deformable image
registration (DIR) techniques (32-34), treatment planning on
fewer breathing phases (35), the mid-ventilation phase (29,36),
or AVG-CT over the entire breathing cycle (37,38). If 4DCT is
not available, end-inspiration and end-exhalation images can be
acquired to assess tumor excursion, or the tumor can be observed

under fluoroscopy, such as with a conventional simulator.

Dose calculation

Dose calculation accuracy is of paramount importance in the
clinical treatment process. The AAPM Report No. 85 (39) on
Tissue Inhomogeneity Corrections for Megavoltage (MV)
Beams notes that a 5% change in dose may result in a 10% to
20% change in tumor control probability (TCP) at 50%, and
20% to 30% impact on normal tissue complication probabilities
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Figure 3. Geometry of an “island-like” lung tumor where electrons
scatter laterally into lower density lung tissue, carrying dose away from
the tumor. Electrons “stopping” within the tumor deposit dose over a
finite range, resulting in an underdosage at the periphery of the tumor.
Dose algorithms incorporating 3D scatter corrections, including the
effects of electron scattering, must be used to properly characterize
dose deposition within the tumor and surrounding healthy lung tissue.
Abbreviation: 3D, three-dimensional.

Figure 4. Comparison of 100 % isodose line in a treatment plan for a
patient with locally advanced stage non-small cell lung cancer, shown in
the axial (A) and sagittal (B) views. Dose calculations performed using
a pencil-beam-type algorithm (dashed line) and the Monte Carlo (MC)
method (solid line). Significant underdosage of the PTV (solid line) is
noted with the MC algorithm using UMPlan (University of Michigan)
treatment planning system.

(NTCP). The report further cites two examples where a 7%
difference in dose delivered to different groups of patients
was discovered by a radiation oncologist through clinical
observations (39).

Dosimetric considerations

The presence of low-density lung tissue surrounding thoracic
tumors complicates radiation dose computation in lung cancer
treatment planning. Conditions of loss of charged-particle
equilibrium (CPE) are produced when the field size is reduced
such that the lateral ranges of the secondary electrons become
comparable to (or greater than) the field size; such conditions
occur for larger field sizes in lung than in water-equivalent
tissues due to the increased electron range in lung. Under such
circumstances, the dose to the target is determined primarily by
secondary electron interactions and dose deposition. Because
conventional dose algorithms do not explicitly account for
transport of secondary electrons, they can be severely limited
in accuracy under non-equilibrium conditions. In low density,
lung-equivalent tissues, the reduction of dose due to electron
scattering in the lung and the “re-buildup” of dose in the tumor
at the lung-tumor interface, as electrons begin to stop in the
tumor over a finite range, can produce significant underdosage
at the tumor periphery (Figure 3). The reduction of dose at the
tumor periphery is also exacerbated at higher beam energies,
due to the increased electron range. Based on these dosimetric
considerations, the RTOG No. 0236 (40) excluded the use of
radiation field sizes less than 3.5 cm and restricted the use of
beam energies above 10 MV. The article by Reynaert et al. (41)
and the AAPM Task Group No. 105 (42) provide examples of
numerous studies reported on the inaccuracies associated with
conventional algorithms for dose calculations in the lung. For
lung cancer treatment planning, and especially when dealing with
smaller tumors with field sizes <55 cm’, algorithms including
three-dimensional (3D) scatter integration such as convolution/
superposition, or the Monte Carlo (MC) method are necessary-
the latter accounts explicitly for electron transport (43,44).

The AAPM TG Report No. 101 (43) and other articles (45)
recommend that pencil-beam algorithms not be utilized for
SBRT-based lung dose calculations. The report also states that
for the most complex situations, involving small, peripheral lung
tumors, surrounded entirely by lung (“island-like” lesions), the
MC method is ideal (43). Figure 4 provides a comparison of the
100% isodose line in a treatment plan for a patient with locally
advanced stage NSCLC. Dose calculations were performed
using a pencil-beam-type algorithm (dashed line) and the MC
method (solid line). Whereas the pencil-beam-based calculation
shows good dose coverage of the PTV, significant underdosage is
noted with the MC algorithm. This example illustrates that PB-
based algorithms are relatively insensitive to the presence of low-
density lung tissue and do not account for electron scattering

within the surrounding lung tissues. Consequently dose to the
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Figure 5. Dose volume histograms (DVHs) for the planning target
volume (PTV) for a peripherally located lung tumor with PTV
dimensions of ~4.5 cm planned with 6 MV photons. Algorithms include
pencil beam-type (1D-PB and 3D-PB), convolution/superposition type
(AAA and CCC) and Monte Carlo (MC). All calculations were done
using treatment planning systems at the Henry Ford Hospital. Figure
adapted from reference 46.

tumor is overestimated using PB algorithms, and the “actual”
dose delivered, as properly predicted with the MC method, is
much lower.

Figure S shows dose volume histograms (DVHs) for the PTV
for a peripherally located lung tumor with PTV dimensions
of ~4.5 cm planned with six MV photons. The prescription
dose was 48 Gy (delivered in four 12 Gy fractions) to the 95%
line. The initial 3D conformal (3D-CRT) treatment plan was
computed with the 1-D PB algorithm. When re-computed with
the convolution/superposition and MC-type algorithms, the
“actual” dose to the PTV was much lower than that predicted
with the PB algorithm. Both the MC and CCC algorithms show
underdosage of the minimum PTV dose of 75% relative to PB
(27 vs. 48 Gy). Differences in the minimum PTV dose of 25% were
noted between MC or CCC and the AAA algorithm; the former
which were lower. The substantial differences observed between
pencil beam and convolution/superposition or MC-based
algorithms for this particular case can be attributed to several
factors, including “island-like” geometry (where the tumor is
surrounded entirely by lung), relatively small tumor size, and
beam arrangements/trajectories. Such conditions amplify the
effects of electron scattering and the importance of electron
transport; differences are therefore not unexpected.

Table 1 provides the results of a retrospective dose calculation
study consisting of 135 patients with early stage NSCLC treated
with SBRT (46). As in the example provided in Figure S, doses
were planned initially using a 1D-PB algorithm to a total dose
of 48 Gy (in 12 Gy fractions); treatment plans were recomputed

using convolution/superposition type and MC-based
algorithms. A recently available algorithm, AcurosXB, uses a
discrete-ordinates approach to solve the radiation transport
equation. It is similar to the MC method but is deterministic
in nature. Results in Table 1 show that the convolution/
superposition, MC and discrete ordinates algorithms predict
differences of ~~10% and ~-20% in the PTV mean and dose to
95% of the volume (D95) values relative to the 1D-PB algorithm.
1D and 3D PB algorithms are generally within 5% agreement.
Differences in mean lung dose (MLD) are not significant, in part
because the MLD values are low (~3 Gy). These results confirm
that pencil-beam type algorithms should be avoided for thoracic

cancer treatment planning, particularly for SBRT.
Treatment planning considerations

Beam arrangements for treatment planning of lung cancers
can range from simple two-field, parallel opposed fields (e.g.,
anterior-posterior, opposed, AP/PA) for late stage NSCLC
to complex multiple gantry angle, intensity modulated beams
for local or locally advanced disease. Beams are shaped with
a multileaf collimator (MLC) which enables conformation of
radiation to the target. Treatment plans should be designed
to minimize dose to surrounding normal organs and thereby
limit the risk of treatment toxicity, implying sharp gradients in
the dose fall-off outside the target (43). AP/PA fields may be
considered with more extensive, centrally located disease to help
reduce dose to the unaffected lung volume. The goal in such
cases is to produce a homogeneous dose distribution across the
treated volume to encompass the extent of the disease. However,
AP/PA beams can only be used for cumulative PTV doses in
the range of 45-50 Gy (in 1.8-2 Gy per fraction) due to spinal
cord tolerance. “Off-cord” fields are required beyond 45-50 Gy.
When treating large volumes of lung, it is especially important
to design treatment plans that adhere to normal lung tolerance
doses. Dose indices, such as V20, V5 and MLD must be closely
observed to avoid radiation pneumonitis and other catastrophic
consequences (47,48). For treatment planning of local or
locally advanced NSCLC, more conformal dose distributions
employing multiple beam angles are warranted. Treatment
plans can be developed using 3D-CRT or intensity modulated
radiation therapy (IMRT) techniques and must include beams
from multiple gantry angles (five or more beams), particularly in
the context of SBRT (43), to limit normal tissue sequelae, such
as skin erythema, which has been observed clinically.

For IMRT-based planning, one must bear in mind the
interplay effect, which describes the interplay between a given

MLC position and instance of radiation delivery with the
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Table 1. Absolute dose values (in Gy) of the PTV mean (Dmean), D9S, and MLD early stage NSCLC treatment plans treated with SBRT.

. Dmean (Gy) D95 (Gy) MLD (Gy)

Algorithm

Avg. Range Avg. Range Avg. Range
EPL-ID 49.2 46.8-53.6 48.0 38.5-51.8 3.0 0.6-10.3
EPL-3D 47.9 44.3-53.4 45.9 38.7-51.4 3.0 0.4-10.6
AAA 44.7 37.9-52.5 40.8 31.5-48.7 2.8 0.5-9.7
CCC 45.1 37.4-52.8 40.9 30.0-48.6 29 0.5-10.1
AcurosXB 443 34.2-52.1 39.8 29.8-47.6 3.0 0.5-10.4
MC 45.0 36.2-52.4 40.9 30.5-49.0 2.9 0.5-10.6

Abbreviations: PTV, planning target volume; D95, dose corresponding to 95% of the volume; MLD, mean lung dose. Both average dose and the range
are presented for the EPL-1D (pencil beam 1D), EPL-3D (pencil beam 3D), AAA (convolution/superposition type), CCC (convolution/superposition
type), AcurosXB (discrete ordinates-type), and Monte Carlo (MC) algorithms. The dose prescription was 48 Gy (in 12 Gy per fraction) to the 95% line,
computed initially using the 1D-PB algorithm. The same monitor units and plan parameters as in the 1D-PB plan were used for computation with all other
algorithms. All calculations were done using treatment planning systems at the Henry Ford Hospital, adapted from Reference (46).

position of the tumor in the respiratory-induced motion cycle
at the same instance (49). For conventional 3D treatment, small
dose gradients can be expected and moving anatomy within the
treatment field will blur the dose distribution, effectively increasing
the beam penumbra (13). Conversely, for IMRT, this effect is more
marked due to the interplay between the MLC leaf motions and the
target motion perpendicular to the treatment beam. To account for
this, the dose deposited for each respiratory phase can be computed
by the subset of MLC sequences delivered to that specific phase,
rather than by the entire MLC sequence delivered in aggregate. The
interplay effect has been evaluated for intra-fraction cumulative
dose and while the interplay effect was significant for individual
phases, it “washed out” in dose accumulation over ten phases. The
interplay effect caused less than 1% discrepancy in the PTV and
ITV minimum doses using an energy mapping algorithm (50).
Similarly, the interplay effect averages out over 30 or more
treatment fractions (49,51). However, in the SBRT setting, where
3-5 dose fractions are delivered, it is not clear how the interplay
will impact dose distributions.

Treatment planning for SBRT must be done with an
understanding of the dose gradients so as to develop dose
distributions with sharp gradients. This is typically achieved
using multiple non-overlapping, and non-coplanar beams as
necessary, and a MLC with S mm or smaller leaf width (43). The
dose prescription line can be low (e.g,, 80%) with much smaller
margins for beam penumbra (“block edge”) than conventional
radiotherapy; the motivation is to produce a faster dose falloff
and thereby improve sparing of surrounding healthy tissues (43).
AAPM Task Group No. 101 discourages the use of calculation grid
sizes greater than 3 mm for SBRT planning (43).

Recently, volumetric modulated arc therapies (VMAT)
have become available for SBRT-based treatments. The delivery

of radiation in significantly less time with VMAT is likely to
substantially mitigate patient movement on the treatment table
as a result of discomfort during a long treatment procedure, and
thereby improve delivery quality (52). Another advantage of
VMAT is the ability to deliver multiple beams in different directions
and preferentially spare neighboring critical structures. However,
one must be cognizant of “low-dose” spread with VMAT, which
may be higher than IMRT due to the rotational delivery. As such,
parameters such as V5 to the healthy lung tissue must be carefully
assessed when using VMAT. Nevertheless, comparisons of VMAT
and 3DCRT have revealed no early clinical or radiographic changes
in the lung post-treatment (53). Also, as with conventional IMRT,
VMAT-based plans are subject to the interplay effect, which must be
considered depending on the mobility of the tumor and the degree
of modulation of the MLC fields.

4D dose accumulation

With widespread 4DCT implementation, a natural progression
has been made to estimating the delivered dose during
respiration through the use of 4D treatment planning and dose
accumulation (32,54,55). Because the tumor and nearby organs
at risk change in density and shape during the different phases
of respiration, it is advantageous to calculate dose on each, or
a subset, of breathing phases, and accumulate the dose to a
reference phase. To accomplish this, DIR is necessary to generate
the displacement vector field (DVF) between the source and
reference images. DVFs describe the voxel-by-voxel correlation
across multiple CT sets, and can be used to map the doses
deposited during other phases back to the reference phase. The
most straightforward, although not efficient, implementation of
4D dose accumulation is to perform a full 4D dose calculation
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Figure 6. Dose volume histogram (A) and coronal 4DCT data set (B) demonstrating the close association between deformable image registration

coupled with full 4D dose summation or using the AVG-CT as an approximation for a patient with 2 cm superior-inferior tumor excursion. Isodose

washes represent the AVG-CT approximation while the black isodose lines represent the corresponding full 4D dose summation. Figure adapted from

Ref (56). Abbreviations: 4DCT, four-dimensional computed tomography; AVG-CT, average computed tomography; 4D, four-dimensional.

and calculate the weighted average over the breathing
course (35). In an effort to simplify 4D dose calculation and
computational expense, reduction in datasets have been proposed
such as coupling the DVFs with the AVG-CT to estimate
cumulative dose (56), using fewer breathing phases (35),
or using the midventilation phase (54,57). All of these
approaches have revealed close approximations to a full 4D dose
accumulation, thereby supporting integration of cumulative dose
into clinical treatment planning. For example, in a patient case that
was considered to be the worst-case scenario (tumor abutted the
diaphragm with ~2 cm of superior-inferior motion), the largest
deviation observed between DIR coupled with full 4D dose
accumulation or the AVG-CT was 2% for the maximum dose and
dose to 1% of the gross target volume (56) as shown in Figure 6.

Another method that has been proposed is to determine the
actual energy and mass transferred to that voxel, and then divide
the energy by mass to get the dose (termed energy/mass transfer
mapping) (58-61). A comparison of direct dose mapping and
energy/mass transfer mapping in ten patients with demonstrable
tumor excursion revealed similar cumulative doses to the ITV
and PTYV, although minimum dose differences of up to 11% in
the PTV and 4% in the ITV minimum doses were observed
between the two dose mapping algorithms with treatment plans
computed with AAA (62).

While DIR facilitates cumulative dose estimation, propagated
DIR errors will lead to irregularities in automatic contouring,

dose warping, and overall dose accumulation. However,

verification of DIR is challenging due to the absence of “ground
truth”. Commonly, visual assessment of the DIR results is
conducted, sometimes evaluating propagated contours or
the deformed image set (63,64). Others have evaluated DIR
performance against physician delineations or noted landmarks
(65,66). However, large registration errors are often observed
in regions of uniform intensity, and errors estimated by feature-
guided evaluation methods may not represent voxel registration
accuracy away from those landmarks. Approaches such as
evaluating the curl vector (67) or warping images with known
DVFs and evaluate the recovered deformations have been
implemented (64). Stanley et al. benchmarked and evaluated
DIR algorithms using patient-specific finite element models
(FEM) and a physical deformable phantom (68). Figure 7A
shows a programmable deformable phantom that contains a
heterogeneous sponge with average density equivalent to lung
(Figure 7B) that can be deformed. The modular phantom can be
disassembled to insert film or thermoluminescent dosimeters for

4D dose verification.

On-line IGRT

On-line IGRT verifies the target volume and organ at risk
locations before daily treatment (inter-fraction) and can also
be used to monitor the target during treatment (intra-fraction).
Daily IGRT-based setup has been shown to significantly reduce
residual errors, and consequently planning margins (69,70). For
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Figure 7. In-house developed deformable lung phantom (A) and coronal cross section (B) showing implanted tumor embedded in the lung material

(Courtesy of Hualiang Zhong, Henry Ford Health System).

SBRT-based treatments, where motion management and IGRT
are the recommended standard-of-care (43), PTV margins can
range from 3-6 mm (69,71-73). On-board imaging can include
a kilovoltage (kV) source and flat-panel detector mounted
orthogonal to the MV therapy beam axis on the linear accelerator
gantry. Image acquisition includes planar radiographic (i.e.,
kV images), fluoroscopic (cine loops of triggered planar kV
images), and volumetric (series of angular projection images
reconstructed to generate CBCT datasets (74-78). A chief
advantage of kV imaging, particularly CBCT, is the soft tissue
visibility, which has been a key component of implementing lung
SBRT (70,79,80). Furthermore, because CBCTs are acquired
over ~1 minute, the 3D volume represents a time-averaged scan,
often indicating the average position of the tumor. Most linear
accelerators are also equipped with MV electronic portal imaging
devices (EPIDs) mounted at the exit of the treatment beam,
which can be used to verify bony landmarks. MV CBCT is also
available using an EPID mounted on the treatment beam axis,
allowing for volumetric MV imaging.

At Henry Ford Hospital, volumetric CBCT-based imaging is
employed to visualize the tumor with respect to organs at risk, for
lung SBRT cases. The localization procedure includes setting the
patient to tattoos, acquiring a CBCT image, and using automatic
image registration tools to align the CBCT to the reference CT.
Bony alignment is first verified by the physicist, and manually
adjusted if deemed necessary. The physician and physicist then
review the registration using soft-tissue window/level and verify
that the ITV contour encompasses the lesion. If the lesion falls

outside the ITV contour, the physician will manually adjust the

registration until the targets are aligned. The image registration is
then approved by the physician, and resulting couch corrections
are applied. Verification imaging is performed via an orthogonal
pair of MV/KV images that are automatically registered to the
digitally reconstructed radiograph (DRR). MV/kV matching
ensures the proper couch shift has been applied and the patient
has not moved between the original CBCT acquisition and
treatment. If the registration result is <2 mm/1 degree (not
including shifts made for soft tissue matching in the previous
step), treatment commences at the CBCT position. Otherwise,
another CBCT is performed and the process is repeated.

Ideally, respiratory-correlated CBCT (or 4D-CBCT) would be
implemented to mitigate breathing artifacts while providing the
tumor mean position, trajectory, and shape over respiration (81).
While the feasibility of 4D-CBCT has been demonstrated on
different linear accelerators (82,83), scan times can be on the
order of four minutes, yielding ~700 projections of data for
sorting, and delivering 2-4 cGy/scan depending on area of
interest evaluated (81). Another solution that has been integrated
into some clinical workflows include a multiple breath-hold
CBCT, often called the “stop and go” CBCT (84,85). Here,
CBCT acquisition is paused over multiple breath-holds and the
resulting datasets are combined into one final reconstruction.

Tumor tracking

Lung tumor motion can be measured and monitored using
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Figure 8. AP fluoroscopy images of an advanced stage lung cancer patient with the tumor (A) and diaphragm (B) tracked using automated in-house

software [Courtesy of Jian Liang, William Beaumont Hospital, adapted from Reference (86)].

techniques such as fluoroscopy (15,86), real-time tumor tracking
radiotherapy (RT-RT) (18,19), or using implanted fiducials. An
example of an in-house analysis program designed to track the
tumor and diaphragm in fluoroscopy frames is shown in Figure 8A
and B, respectively. Details and validation can be found elsewhere
(20,36), but briefly, a region of interest (ROI) is contoured on a
single frame, and a template-matching technique using rigid-body
registration and nearest-neighbor interpolation propagated the
ROI to all other frames. For patients, ROIs can include the tumor
or nearby ROI, apex of the diaphragm, or any other anatomy
of interest. Centroids of the propagated contours can then be
exported to generate the tumor or surrogate trajectories over
fluoroscopic frames.

The fluoroscopic real-time tumor-tracking system (RTRT
system) (Mitsubishi Electronics Co. Ltd., Tokyo, Japan) uses four
sets of diagnostic X-ray systems oriented with the central axis
at isocenter to track gold markers implanted at or near moving
tumors (15,87-90). 3D marker positioning is determined via a
template-matching algorithm applied to the digital images, and
if the measured and expected marker positions do not match
inside pre-determined tolerances, a machine interlock is asserted.
Clinical outcome data suggests similar local control and overall
survival rates for RTRT as compared to SBRT without gating (91).
One caveat is that significant skin surface doses (29-1,182 mGy/h)
have been reported (92).

Another external-internal tumor tracking modality is the
Synchrony™ Respiratory Tracking System (Accuray, Inc.,
Sunnyvale, CA, USA) integrated with the CyberKnife robotic
linear accelerator. Briefly, the Synchrony camera array tracks
three external LED markers affixed to the patient’s chest while
orthogonal stereoscopic X-ray images are obtained to localize

two to four fiducial markers implanted at or near the tumor (93).
Real-time feedback from patient monitoring is used to develop
a correspondence model, inferring internal tumor positioning
from the external surrogates. The correspondence model
predicts tumor position, sends feedback to the robotic linear
accelerator, and the robot realigns the beam with the tumor. A
soft-tissue tracking algorithm has also been reported that can be
used for peripheral tumors (diameter >15 mm) in the lung (94).
A few disadvantages include the use of ionizing radiation and the
additional margin required to account for deformation (94).

The implantation of electromagnetic transponders [e.g.,
Calypso wireless transponders (Beacons™) currently part of
Varian Medical Systems, Palo Alto, CA] at or near the tumor has
been widely implemented in prostate cancer RT (95). Briefly,
the system uses an array of AC magnetic coils to generate a
resonant response in implanted transponders (8 mm length,
2 mm diameter) subsequently detected using a separate array of
receiver coils. Beacons’ coordinates are identified on a treatment
planning CT, and the offset between the beacons’ centroid and
intended isocenter is reported. During treatment, the Calypso
system continuously monitors and reports the 3D offset between
the actual and desired isocenter locations at a frequency of 10 Hz.
Transponders have been implanted into canine lungs, although
migration and transponder expulsion were challenges for the
original beacon design (96,97). As a result, a new anchored beacon
was devised under an Investigational Device Exemption (IDE)
granted by the FDA, and clinical trials are currently underway (98).
While tracking implanted markers within the tumor is optimal, the
invasiveness of implantation, increased risk of pneumothorax (99),
and potential “dropping” or migration of markers from the
implantation location (87) can also be deterrents.
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Figure 9. Examples of external surrogates used for patient monitoring. (A) Pneumatic belt placed superiorly of the RPM block; (B) surface images
obtained from AlignRT [adapted from Reference (86)]. Abbreviation: RPM, Respiratory Gating System.

External surrogate tracking

External surrogates can infer tumor motion, although they can
be limited by the need to verify the relationship with the tumor
motion, the potential for external marker placement to affect this
correlation (100), and time-dependent characteristics (101).
External surrogates of the abdomen can be derived from pressure-
sensitive belts, infrared blocks, or surface images. One such
example is the Real-Time Position Management Respiratory
Gating System (RPM) (Varian Medical Systems, Palo Alto, CA,
USA). Briefly, the RPM system uses a plastic block containing
two to six markers that reflect infrared light (Figure 9A). These
markers are subsequently tracked with an infrared-sensitive
charge-coupled device camera, and this video signal is transferred
back to the RPM computer. RPM can be used for 4DCT sorting,
or coupled with respiratory gating with linear accelerators.
Another device that derives an external surrogate includes a
pneumatic belt (bellows) (Philips Medical Systems, Cleveland,
OH, USA) consisting of a rubber belt that expands and contracts
as patients’ breathing volumes change (Figure 9A). Changes in
the pressure are converted via a transducer to a voltage signal
that is then digitized and sent to the CT scanner system for
4DCT sorting. In a simultaneous comparison of bellows and
RPM, slight differences in waveform and latency analyses were
observed, particularly for low amplitude motions. However, these
did not adversely impact image quality or delineations (102).
Another example of a pressure sensor is Anzai Medical’s small

pneumatic sensor.

Video camera-based, 3D imaging systems are available that
are used to derive 3D surface images during RT, for example
AlignRT (VisionRT Ltd., London, UK) and C-Rad Sentinel”
(C-RAD AB, Uppsala, Sweden). AlignRT uses two or three
cameras combined with a projected speckled-light pattern to
derive 3D surface images (shown in Figure 9B), whereas C-Rad
uses a line scanning mode with a single camera and laser system.
Reference datasets can be derived from RT structure sets (i.e., a
CT external structure) or from a previously acquired 3D surface
acquisition. Rigid body transformations are used by the systems
to perform a least square fit to minimize the difference between
the planned 3D model of the patient relative to isocenter and
the observed surface model of the patient (103). In a study of
simultaneous surface imaging and kV fluoroscopy acquisition of
three lung cancer patients in the treatment position, most patient
fractions studied showed associations between the abdomen and
tumor were equivalent or better than those observed between the
diaphragm and tumor. Improved internal-to-external associations
have been observed when multiple markers or deformed surface
images were used as external surrogates (104-106), although
these approaches can be computationally expensive and are not
currently incorporated into standard clinical practice. One study
explored implementing multiple internal surrogates, such as the
air content, lung area, lung density, and body area for 4D CT
sorting, and found strong agreement with external surrogates
recorded by RPM (107).
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Figure 10. Image-guided adaptive radiation therapy framework developed at Henry Ford Health System. Figure adapted from Ref (120).

Image-guided adaptive radiation therapy (IGART)

While IGRT, such as CBCT, has improved target localization
accuracy by providing daily positional information used
for online repositioning, daily target and critical structure
deformation cannot be fully accounted for using IGRT alone.
To combat this, IGART can be implemented. IGART uses
patient-specific dynamic/temporal information for potential
treatment plan modification during the treatment course
(108-110). IGART can address tumor volume and positional
changes, as well as other pathologic changes and deformations
occurring during the RT treatment course. For lung cancer,
inter-fraction baseline variability in lung tumor position, its
respiratory trajectory, and normal structures relative to the
bony anatomy have been observed (20,36,111-115). Without
adjustment, marginal misses can occur. Two cases in point
are where a bronchial obstruction is relieved and collapsed
lung is re-expanded, resulting in possible tumor shift (116)
or in a patient with fluid accumulation in the lungs over
the treatment course due to pneumonia (115). Significant
reduction in tumor size, particularly for large tumors, has been
observed throughout treatment for conventional fractionated
radiotherapy of NSCLC (117,118), suggesting that this lung
cancer population may benefit most from ART techniques.

Conversely, for SBRT, ART has been shown to offer limited
value due to the small amount of target volume changes over
the shortened time course (119).

To accomplish IGART, a workflow is needed that includes
high-quality, temporal volumetric information that is used
as a feedback loop in the DIR, dose reconstruction, dose
accumulation, and plan adaptation processes (120) as shown in
Figure 10. An offline IGART framework has been implemented
consisting of a closed-loop system incorporating feedback
from updated patient geometry (i.e., CBCTs) and anatomical
information to recompute dose and determine the actual dose
delivered to the target and surrounding healthy tissues (120).
Similar concepts have been proposed previously (108,121),
although a unique feature of the presented framework is that it
includes a systematic validation of the DIR algorithm and dose
accumulation techniques.

On-line plan re-optimization using an “anatomy of the day”
approach has also been implemented. Li et al. have developed
new IMRT plans using daily IGRT images using a two-step
process: segment aperture morphing (SAM), to correct for target
deformation/translation using the MLC, and segment weight
optimization (SWO), to determine the optimal MU for each
segment (122). Full plan re-optimization can be accomplished
in ~10 minutes. While this would be challenging to implement
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in the clinic, on-line IGART is becoming more realistic due to
recent advances in computing such as implementing the graphics
processing unit (GPU) (123-125), which has reduced online
optimization time from minutes down to seconds.

A prospective, randomized, multi-institutional clinical trial is
currently underway to incorporate a during-RT PET/CT-adapted
boost for patients with large lung tumors that may potentially benefit
from dose escalation (12). In this manner, individualized ART will
be performed for patients with inoperable or unresectable stage III
NSCLC, a population in which overall prognosis currently remains
quite poor despite advances in RT techniques including IMRT and
IGRT. Controlled clinical trials such as this will help streamline
IGART approaches into clinical practice.

Conclusions and future directions

Lung cancer RT is complicated by tumor motion, challenges of
accurate dose calculation in low density media, and changing
anatomy over the treatment course, in addition to radiobiologic
and individual patient-response-specific issues. As tumor
localization improves, whether via high quality daily IGRT images
or tumor tracking, margin reduction and further dose escalation is
possible. Furthermore, dose calculation accuracy has substantially
improved in recent years, including the ability to incorporate 3D
scatter and implement MC for modeling electron transport, and
these algorithms are now available in the clinic. 4DCT and DIR
have made dose accumulation and IGART possible, and advances
in computational speed will continue to make on-line IGART
more clinically plausible over the treatment course.

Some promising new techniques currently being evaluated
include incorporating biological feedback into treatment
planning, such as dynamic contrast-enhanced MRI (DCE-MRI)
as an early indicator of treatment response and perfusion
changes (126,127), exploring the role of nanoparticles in lung
cancer (128), and exploiting radiosensitizers during RT (129).
Finding new ways to assess dose response, normal tissue sparing,
and identify opportunities for dose escalation, particularly for
advanced stage lung cancer patients, is advantageous.
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ABSTRACT

Imaging techniques for the characterization and delineation of primary lung tumours and lymph nodes are a prerequisite for

adequate radiotherapy. Numerous imaging modalities have been proposed for this purpose, but only computed tomography
(CT) and FDG-PET have been implemented in clinical routine. Hypoxia PET, dynamic contrast-enhanced CT (DCE-CT),
dual energy CT (DECT) and (functional) magnetic resonance imaging (MRI) hold promise for the future. Besides

information on the primary tumour, these techniques can be used for quantification of tissue heterogeneity and response. In

the future, treatment strategies may be designed which are based on imaging techniques to optimize individual treatment.
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Introduction

Lung cancer is the single most important cause of cancer deaths
in all developed countries (1). In the upcoming countries such
as China, it is expected that lung cancer will have epidemic
proportions within a few decades (2). Radiotherapy plays an
increasing role in all stages of lung cancer: stage I non-small
cell lung cancer (NSCLC) is treated with stereotactic body
radiotherapy (SBRT) (3), also called stereotactic ablative
radiotherapy or SABR with results that equal those of surgery.
Stage III NSCLC and small cell lung cancer (SCLC) is most
often treated with combined chemotherapy and radiotherapy and
patients with oligometastases may experience long-term disease-
free survival with treatment that includes radiotherapy (4,5).
However, a thorough definition of the tumour to be irradiated
is a prerequisite for successful radiotherapy. Visualisation of the
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tumour boundaries using morphological imaging techniques such as
computed tomography (CT) or magnetic resonance imaging (MRI)
are of importance, but also the biological characteristics of the
cancer and of the organs at risk (OAR) can nowadays be visualized
using molecular imaging e.g., positron emission tomography (PET)
techniques. Assessment of this biological heterogeneity of tumours
using imaging may lead to more individualized therapy. Using the
knowledge of characteristics of the tumour and of the OARs should
enable an optimised therapeutic ratio. Although seemingly obvious,
reality shows that achieving this goal has been proven to be difficult.
Definition of the tumour boundaries with high accuracy and low
inter- and intra-observed variability is hampered by the lack of
validated automated systems that work well for complicated volumes
that are surrounded by OARs with similar densities. Biological
characteristics can be imaged, but their implementation in standard
practice requires prospective clinical studies showing improved
outcomes.

The present manuscript will focus on the delineation and
characterization of primary tumour and lymph node involvement
in lung cancer patients using the latest available imaging
techniques. Some of these techniques are already applied in
clinical practice and some of them are still on a research level.
Furthermore, an outlook is given how to use these methods in
the future to individualize lung cancer treatment and to optimize

the balance between local tumour control and organ toxicity.
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Imaging modalities for target volume delineation

and quantification

FDG-PET/CT

The accuracy of FDG-PET is higher than CT for the staging of
mediastinal lymph nodes in advanced stage lung cancer. Hence,
the incorporation of PET in the treatment planning process of
radiotherapy is logical. In many planning studies in NSCLC,
the use of FDG-PET has resulted in a decrease of the irradiated
volumes of the OARs, which may lead to less side effects or
to the possibility of radiation dose-escalation with the aim to
improve local tumour control (6,7). Prospective studies both in
NSCLC and in SCLC indeed showed that selective mediastinal
node irradiation based on FDG-PET scans did not lead to higher
isolated nodal recurrences (8-10).

The use of FDG-PET in radiotherapy planning was shown
to reduce variability of tumour delineation amongst radiation
oncologists and allows automatic tumour delineation that
can be followed with manual editing if required (11-13). To
use PET/CT equipment directly for radiotherapy treatment
planning purposes, some additional criteria have to be
considered. A detailed overview on the basic technical aspects
and recommendations for radiotherapy treatment planning is
described in Thorwarth et al. (14). On a standard 3D PET/
CT acquisition, small lesions might be difficult to detect due to
the intrinsic blurring of breathing motion and might also lead to
inaccurate quantification of the standardized uptake value (SUV)
compared to respiratory correlated 4D acquisitions (15). PET/
CT scanners have options for acquiring the images in a respiration
correlated (4D) mode to compensate for breathing motion in
thorax. Furthermore, several publications have shown that 4D
PET indeed improves lesion detectability (16,17). The 4D scan
is usually reconstructed as a set of 5, 8 or 10 3D PET/CT scans
representing the different phases of the respiratory cycle (18).
Acquiring such a 4D PET scan together with a 4D CT scan is
however not yet widely implemented in practice. A drawback of
the 4D image acquisition is the somewhat prolonged acquisition
times that might limit throughput on the PET/CT scanners and
not all software systems are able to visualize this large amount of
imaging data. However by using more advanced reconstruction
algorithms that use only the part of the acquisition without
breathing motion (e.g, the exhale phase) (19,20) or (non-rigidly)
register the various breathing phases of the PET image to a single
image (21) the workflow might be improved.

Tumour delineation for radiotherapy treatment planning
purposes is a time-consuming manual procedure that is
associated with a lot of intra- and inter-observer variability (22).

Although the use of strict delineation protocols decrease
variability (23), the time investment for delineation still remains
and is limiting for adaptation protocols as well. As in radiotherapy
the CT scan is used as the primary dataset because of the
accurate quantification of (electron) density necessary for the
dose calculation of the radiotherapy treatment plan, automatic
segmentation based on CT scans are logical. Moreover, 4D-
CT scans have been implemented in routine practice and this
movement information can readily be accounted for in automatic
delineation protocols. On the other hand, FDG-PET scans do
correlate better with anatomical boundaries than CT if the tumour
is surrounded by lung (24). Combining CT and FDG-PET
is therefore logical and automatic segmentation methods
could reduce delineation time. However, only few studies have
validated their automated segmentation method with pathology
(22,25-28) and there is a lack of technical validation and
accuracy as well (29,30). Fully automated tumour segmentation

has therefore not been implemented in routine clinical practice.
Hypoxia PET

Tumour cell hypoxia is a known characteristic of solid tumour
lesions, which negatively influences treatment efficacy (31).
Accurate identification of tumour hypoxia is of importance to select
patients which will benefit from specific anti-hypoxic treatments.
The use of the Eppendorf electrode is the gold standard to assess
tumour hypoxia, however this method has the disadvantage
to be invasive, limiting its use to well accessible superficial
tumours (32). Hypoxia PET imaging allows a non-invasive
detection and quantification of tumour hypoxia and it
provides the opportunity to display the spatial distribution of
hypoxia, which is essential for its integration in radiation dose
distribution. The most common mechanism to detect tumour
hypoxia is the use of 2-nitroimidazoles PET tracers which show a
selective binding and retention in the hypoxic tumour cells.

Several 2-nitroimidazoles, labelled with fluor-18 ['*F], have
already been applied in patients to identify hypoxia. The first and
most familiar hypoxia PET tracer is ['*F]MISO, however, a slow
accumulation in the hypoxic lesions and limited normal tissue
clearance limits its clinical use (33). Therefore, alternative tracers
are developed to improve the pharmacokinetic properties of the
hypoxia tracer by enhancing the hydrophilicity and clearance of
the tracer, examples are [“F]AZA, [®*F]ETNIM, [“*F]EF3, [°F]
HX4 and the nucleoside conjugate Cu-ATSM.

Quantification of tumour hypoxia based on PET imaging can
be performed on static images, acquired at a certain time-point
post-injection, or based on dynamic acquisitions, which takes

also perfusion of the lesion into account (34). Figure 1 shows an
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Figure 1. Example of a NSCLC patient having both an FDG-PET/CT scan (left) and a hypoxia HX4-PET/CT scan. Clearly visible is the tumour

heterogeneity both on the metabolic (FDG) and hypoxic (HX4) PET image.

example of a lung cancer patient having both an FDG-PET/CT
scan and an hypoxia ["*F]JHX4-PET/CT scan. In NSCLC
patients, hypoxia PET has shown to be correlated with prognosis
and to give different information than FDG uptake (35,36).
Studies with hypoxia PET imaging show the presence of tumour
cell hypoxia in the majority of NSCLC lesions (37-40). The
extent of tumour hypoxia correlates with tumour response and
risk of relapse after radiotherapy (41,42). Recent theoretical
studies show that boosting or dose painting by numbers based on
hypoxia imaging is feasible and that an increased radiation dose
to the radio-resistant/hypoxic areas may result in an increased
local control (43-45).

MRI

MRI provides high-resolution anatomical information with
excellent soft-tissue contrast. Its use for delineation of the
tumour and lymph nodes has been investigated. A major issue is
obviously the movement of tumours that may cause significant

artefacts. To deal with motion, two particular acquisition

sequences have been useful: fast low-angle shot (FLASH)
and true fast imaging with steady-state precession (TrueFISP)
(46,47). Both techniques showed regular and synchronous
diaphragm and chest-wall motion of diagnostic quality. Dynamic
MRI can be used to define an Internal Target Volume (ITV) as
it allows imaging of the entire lung volume over the breathing
cycle. However, dynamic MRI scans of the lung are still prone to
artefacts, which affect registration accuracy.

To the best of our knowledge, there have been no contouring
studies comparing MRI to CT or FDG-PET-CT in lung cancer,
neither have there been validation studies with pathology.
Nevertheless, to differentiate benign from malignant nodules,
Diffusion Weighted MRI (DW-MRI) may have similar accuracy
as FDG-PET scans (48).

Dynamic contrast-enhanced CT (DCE-CT)
DCE-CT (or perfusion CT) imaging is a relatively new method

for tumour characterization. It offers a fast way to assess functional
parameters in lung cancer patients. To date DCE-CT is still a
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research tool, but initial results are showing promising results for
the future. DCE-CT scans give information on the blood flow
(BF), blood volume (BV) and permeability of the vessels (49-52).
Whereas in the literature some DCE-CT studies were hampered
by the limited field-of-view (e.g,, 3-5S cm) of the scanner in the
cranial-caudal direction, the technical infrastructure nowadays has
the ability to capture DCE-CT scans of large volumes up to 12 cm.
The reproducibility of the extracted parameters of the DCE-CT
scan is also within an acceptable range (49,50,53) and allows
larger patient studies to look at prognostic factors for treatment
outcome. These parameters are related to accessibility for
chemotherapy or anti-angiogenesis drugs (54) and shown to be
different between treatment responders and non-responders (53).
In some series, DCE-CT extracted values correlated with
prognosis and with the histological subtype of NSCLC (55).
DCE-CT values give other information than FDG uptake and
therefore may be complementary to characterise tumours. The
clinical and prognostic implications are not yet fully understood
and the number of patients who have been studied with DCE-CT
is still low. Thus further clinical studies are need to assess the
value of DCE-CT for the future individualized treatment
and prognosis. In a recent study by Mandeville et al. DCE-
CT parameters were evaluated in relation to markers of
hypoxia (56). It was shown that BV and BF was inversely
correlated to immuno-histochemical markers for hypoxia.
Recently it has been shown by Lee at al. that reproducibility
is high in DCE-CT (57). If DCE-CT is used to measure
enhancement curves over time Hwang et al. could show that
enhancement patterns correspond to tumor staging (58).
Interestingly, looking into other body regions DCE-CT
parameters might be able to predict survival, as, e.g., was
shown by Koh et al. in patients with colorectal cancer (59).
Spira et al. evaluated DCE-CT parameters in correlated these
to histopathological findings, showing good correlation
especially for microvascular density (MVD) (60). Fraioli et al.
could demonstrate the correlation between altered perfusion
parameters after treatment-indicating treatment response (61).

Dual energy CT (DECT)

Newest CT scanner technology is capable of applying two
different kV setting simultaneously or rapidly after each
other. The two different resulting scans can be used for tissue
characterization and iodine mapping. Some studies tried to
use iodine mapping for lung tumour characterization, showing
initially promising results (62-64). Initial differentiation between
benign and malignant pulmonary nodules seems possible, but

the number of studied patients is still too low and the real clinical
problem of small pulmonary nodules <8 mm currently cannot be
solved sufficiently (65-67).

Imaging modalities for normal tissue

characterization

Radiotherapy is always pushing the optimization of maximum
tumour control with an accepted (low) level of side-effects.
Radiation induced lung toxicity (RILT) is one of the major
dose limiting factor in escalating the dose to lung tumours;
Therefor assessment of the lung function could potentially
play an important role in the design of the treatment plan.
Various imaging techniques can be utilized to quantify the lung
function also on a local scale, besides the general pulmonary
lung function tests that only give a global assessment of the
lung function.

SPECT/CT

The use of SPECT/CT for quantification of perfusion and
ventilation defects in the lung is a frequently used modality
for assessing lung function using imaging although the spatial
resolution of the SPECT scan is limited. Radiotherapy has been
shown to cause lung perfusion alterations in NSCLC patients
with perfusion (68-70). Knowledge about the regional sensitivity
and functioning of the lung may also guide the treatment plan
design to avoid highly functioning regions inside the lung (71-74).
However the hypothesis of reduced lung toxicity still has to be
validated in clinical trials.

cr

CT density changes have been described after radiotherapy
and show remarkable variability between patients (75,76). In
depth analysis of CT characteristics of the lungs may lead to the
definition of risk groups for radiation-induced lung damage.

PET/CT

The uptake of FDG in the lungs probably reflects the
inflammatory status. It was found that a high FDG uptake in
the lungs before radiotherapy is an independent risk factor to
develop subsequent radiation pneumonitis (77). FDG-avid areas
in the lungs were at the highest susceptibility for pneumonitis.
Further studies are needed to elaborate on these findings before

this can be used to change radiation dose distributions in the
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Figure 2. An example of a patient with emboli in the segmental arteries causing a large perfusion defect of the right lower lobe.

lungs on the basis of FDG uptake patterns.
MRI

MRI scans using inert hyperpolarised helium-3 gas that is
inhaled by the patient show ventilated areas in the lungs (78).
Non-ventilated regions do not show an MRI signal. In theoretical
studies, the incorporation of this information decreased the V20
of the lungs significantly (78). However, this strategy was never
investigated in prospective trials and thus remains investigational.

DECT

DECT for visualizing lung perfusion is often used in the context
of the detection of pulmonary embolism (PE) (79-83). An iodine
contrast material (CM) is administered and using 2 energy settings
of the CT scanner (usually 80/140 kV) it is possible to visualize
the distribution of iodine in the lungs. CT is the method of choice
to rule out acute PE, nicely showing the emboli up to the sub-
segmental level. With the use of DECT it has become possible
not only to show the embolus, but also to show corresponding
perfusion defects. This is of clinical importance, as was shown
in earlier studies—single sub-segmental emboli (not causing
significant perfusion defects) can be left untreated (84). Based
on the assumption that radiation therapy of the lung may also
alter CM perfusion in the lung, this technique offers potential
for further assessment of patients treated for lung cancer with
radiotherapy. Figure 2 shows an example of a PE in the right
lower lobe causing a large perfusion defect.

While DECT is primarily used for iodine perfusion maps

of the lung, Xenon ventilation consequently adds the missing

part of ventilation maps for the patients. In the last years some
study groups could show that the use of Xenon ventilation is
feasible and safe and could also show that ventilation maps may
add additional value in different pathologies such as asthma, in

intensive care patients or even in children (85-93).
Treatment individualization using imaging

The next major step forward that is currently tested in clinical
trials is the dose-painting hypothesis (94,95). The rationale
for this is the heterogeneous nature of tumours. Differences
in biological characteristics throughout tumours make them
respond non-uniformly to treatment (96). Hence treatment
resistant parts of the tumours are with the current homogeneous
irradiation treatment techniques not optimally treated.
Individualizing the treatment by using imaging information to
guide or define the actual dose-response relationship is the next
phase of treatment individualization (97). A currently on-going
multi-centric trial in advanced NSCLC is testing the hypothesis
whether a uniform dose or a boost dose to the high metabolic
active volumes gives rise to better local control rates (98).
Another way of using imaging information to individualize
treatment is in the context of response assessment. Using
repeated imaging during treatment may provide predictive
information to treatment success. Hypoxic (e.g., HX4, FAZA,
FMISO), metabolic (e.g., FDG) or proliferation [e.g., FLT, (99)]
PET tracers allow early in the course of treatment already
an assessment of treatment (100). MRI scans can be used to
evaluate changes in tumours during radiotherapy as well (101).
DW-MRI derived ADC (apparent diffusion coefficient) values

changes correlate well with survival. However, ADC and FDG
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changes also correlate significantly. It remains unclear what the
clinical value is of these predictive parameters.

With the current fractionated radiotherapy schedules in
lung cancer of 4-6 weeks, there is still room for adaptation of
the treatment. As previously stated, these adaptations of the
treatment plan can be based either on reducing side-effects or

increasing the chance of local tumour control.

Imaging is an integral part of target volume delineation used in
current clinical practice. Tumour characterization is the next
step that needs to be exploited. To fully optimize the therapeutic
ratio also normal tissue toxicity is of importance. Assessment
of imaging features to characterize tissue functioning should
be explored as well in the context of individualized treatment

optimization.

Acknowledgements

One of the authors (Wv.E.) would like to acknowledge funding
(KWF MAC 2011-4970) from the Dutch Cancer Society.
Disclosure: The authors declare no conflict of interest.

References

—_

Simard EP, Ward EM, Siegel R, et al. Cancers with increasing incidence
trends in the United States: 1999 through 2008. CA Cancer J Clin 2012.
[Epub ahead of print].

N

She J, Yang P, Hong Q, et al. Lung cancer in China: challenges and
interventions. Chest 2013;143:1117-26.

o

Lagerwaard FJ, Haasbeek CJ, Smit EF, et al. Outcomes of risk-adapted
fractionated stereotactic radiotherapy for stage I non-small-cell lung cancer.
Int J Radiat Oncol Biol Phys 2008;70:685-92.

De Ruysscher D, Belderbos J, Reymen B, et al. State of the art radiation

Rl

therapy for lung cancer 2012: a glimpse of the future. Clin Lung Cancer
2013;14:89-9S.
De Ruysscher D, Wanders R, van Baardwijk A, et al. Radical treatment of

@

non-small-cell lung cancer patients with synchronous oligometastases:
long-term results of a prospective phase II trial (Nct01282450). J Thorac
Oncol 2012;7:1547-55.

Nestle U, Kremp S, Grosu AL. Practical integration of [18F]-FDG-PET

*

and PET-CT in the planning of radiotherapy for non-small cell lung
cancer (NSCLC): the technical basis, ICRU-target volumes, problems,
perspectives. Radiother Oncol 2006;81:209-25.

N

van Der Wel A, Nijsten S, Hochstenbag M, et al. Increased therapeutic ratio
by 18FDG-PET CT planning in patients with clinical CT stage N2-N3M0

non-small-cell lung cancer: a modeling study. Int J Radiat Oncol Biol Phys

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

2005;61:649-55.

De Ruysscher D, Wanders S, van Haren E, et al. Selective mediastinal
node irradiation based on FDG-PET scan data in patients with non-small-
cell lung cancer: a prospective clinical study. Int J Radiat Oncol Biol Phys
2005;62:988-94.

Belderbos JS, Heemsbergen WD, De Jaeger K, et al. Final results of a
Phase I/II dose escalation trial in non-small-cell lung cancer using three-
dimensional conformal radiotherapy. Int J Radiat Oncol Biol Phys
2006;66:126-34.

van Loon J, De Ruysscher D, Wanders R, et al. Selective nodal irradiation
on basis of (18)FDG-PET scans in limited-disease small-cell lung cancer: a
prospective study. Int ] Radiat Oncol Biol Phys 2010;77:329-36.
Steenbakkers RJ, Duppen JC, Fitton I, et al. Observer variation in target
volume delineation of lung cancer related to radiation oncologist-computer
interaction: a ‘Big Brother’ evaluation. Radiother Oncol 2005;77:182-90.
Caldwell CB, Mah K, Ung YC, et al. Observer variation in contouring gross
tumor volume in patients with poorly defined non-small-cell lung tumors
on CT: the impact of 18FDG-hybrid PET fusion. Int J Radiat Oncol Biol
Phys 2001;51:923-31.

Werner-Wasik M, Nelson AD, Choi W, et al. What is the best way to
contour lung tumors on PET scans? Multiobserver validation of a gradient-
based method using a NSCLC digital PET phantom. Int J Radiat Oncol
Biol Phys 2012;82:1164-71.

Thorwarth D, Beyer T, Boellaard R, et al. Integration of FDG-PET/
CT into external beam radiation therapy planning: technical aspects
and recommendations on methodological approaches. Nuklearmedizin
2012;51:140-53.

Nehmeh SA, Erdi YE, Ling CC, et al. Effect of respiratory gating on
quantifying PET images of lung cancer. ] Nucl Med 2002;43:876-81.
Aristophanous M, Berbeco RI, Killoran JH, et al. Clinical utility of 4D
FDG-PET/CT scans in radiation treatment planning. Int J Radiat Oncol
Biol Phys 2012;82:e99-105.

Garcia Vicente AM, Soriano Castrejon AM, Talavera Rubio MP, et al.
(18)F-FDG PET-CT respiratory gating in characterization of pulmonary
lesions: approximation towards clinical indications. Ann Nucl Med
2010;24:207-14.

Dawood M, Buther F, Lang N, et al. Respiratory gating in positron emission
tomography: a quantitative comparison of different gating schemes. Med
Phys 2007;34:3067-76.

Liu C, Alessio A, Pierce L, et al. Quiescent period respiratory gating for
PET/CT. Med Phys 2010;37:5037-43.

van Elmpt W, Hamill J, Jones J, et al. Optimal gating compared to 3D and
4D PET reconstruction for characterization of lung tumours. Eur J Nucl
Med Mol Imaging 2011;38:843-55.

Dawood M, Lang N, Jiang X, et al. Lung motion correction on respiratory
gated 3-D PET/CT images. IEEE Trans Med Imaging 2006;25:476-85.

van Baardwijk A, Bosmans G, Boersma L, et al. PET-CT-based auto-

contouring in non-small-cell lung cancer correlates with pathology and



Journal of Thoracic Disease, Vol 6, No 4 April 2014

325

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3S.

36.

37.

reduces interobserver variability in the delineation of the primary tumor
and involved nodal volumes. Int ] Radiat Oncol Biol Phys 2007;68:771-8.
Bayne M, Hicks RJ, Everitt S, et al. Reproducibility of “intelligent”
contouring of gross tumor volume in non-small-cell lung cancer on PET/
CT images using a standardized visual method. Int J Radiat Oncol Biol
Phys 2010;77:1151-7.

van Loon J, Siedschlag C, Stroom J, et al. Microscopic disease extension
in three dimensions for non-small-cell lung cancer: development of a
prediction model using pathology-validated positron emission tomography
and computed tomography features. Int J Radiat Oncol Biol Phys
2012;82:448-56.

Schaefer A, Kim YJ, Kremp S, et al. PET-based delineation of tumour
volumes in lung cancer: comparison with pathological findings. Eur ] Nucl
Med Mol Imaging 2013;40:1233-44.

Cheebsumon P, Boellaard R, de Ruysscher D, et al. Assessment of tumour
size in PET/CT lung cancer studies: PET- and CT-based methods
compared to pathology. EJNMMI Res 2012;2:56.

Hatt M, Cheze-le Rest C, van Baardwijk A, et al. Impact of tumor size and
tracer uptake heterogeneity in (18)F-FDG PET and CT non-small cell lung
cancer tumor delineation. ] Nucl Med 2011;52:1690-7.

Stroom J, Blaauwgeers H, van Baardwijk A, et al. Feasibility of pathology-
correlated lung imaging for accurate target definition of lung tumors. Int J
Radiat Oncol Biol Phys 2007;69:267-75.

Zaidi H, El Naqa I. PET-guided delineation of radiation therapy treatment
volumes: a survey of image segmentation techniques. Eur ] Nucl Med Mol
Imaging 2010;37:2165-87.

Lee JA. Segmentation of positron emission tomography images: some
recommendations for target delineation in radiation oncology. Radiother
Oncol 2010;96:302-7.

Wouters BG, van den Beucken T, Magagnin MG, et al. Targeting hypoxia
tolerance in cancer. Drug Resist Updat 2004;7:25-40.

Bollineni VR, Wiegman EM, Pruim J, et al. Hypoxia imaging using Positron
Emission Tomography in non-small cell lung cancer: implications for
radiotherapy. Cancer Treat Rev 2012;38:1027-32.

Mees G, Dierckx R, Vangestel C, et al. Molecular imaging of hypoxia with
radiolabelled agents. Eur ] Nucl Med Mol Imaging 2009;36:1674-86.
Thorwarth D, Eschmann SM, Scheiderbauer J, et al. Kinetic analysis of
dynamic 18F-fluoromisonidazole PET correlates with radiation treatment
outcome in head-and-neck cancer. BMC Cancer 2005;5:152.

Cherk MH, Foo SS, Poon AM, et al. Lack of correlation of hypoxic cell
fraction and angiogenesis with glucose metabolic rate in non-small cell lung
cancer assessed by 18F-Fluoromisonidazole and 18F-FDG PET. J Nucl
Med 2006;47:1921-6.

Bollineni VR, Kerner GS, Pruim J, et al. PET imaging of tumor hypoxia
using 18F-Fluoroazomycin arabinoside in stage ITI-IV non-small cell lung
cancer patients. ] Nucl Med 2013;54:1175-80.

LiL, Hu M, Zhu H, et al. Comparison of 18F-Fluoroerythronitroimidazole

and 18F-fluorodeoxyglucose positron emission tomography and prognostic

38.

39.

40.

41.

42.

43.

44,

4S.

46.

47.

48.

49.

S0.

SIL.

S2.

value in locally advanced non-small-cell lung cancer. Clin Lung Cancer
2010;11:335-40.

Gagel B, Reinartz P, Demirel C, et al. [18F] fluoromisonidazole and [18F]
fluorodeoxyglucose positron emission tomography in response evaluation
after chemo-/radiotherapy of non-small-cell lung cancer: a feasibility study.
BMC Cancer 2006;6:51.

Postema EJ, McEwan A]J, Riauka TA, et al. Initial results of hypoxia
imaging using 1-alpha-D: -(S-deoxy-S-[ 18F]-fluoroarabinofuranosyl)-2-
nitroimidazole (18F-FAZA). Eur ] Nucl Med Mol Imaging 2009;36:1565-73.
Koh WJ, Bergman KS, Rasey JS, et al. Evaluation of oxygenation status
during fractionated radiotherapy in human nonsmall cell lung cancers using
[F-18]fluoromisonidazole positron emission tomography. Int J Radiat
Oncol Biol Phys 1995;33:391-8.

Eschmann SM, Paulsen F, Reimold M, et al. Prognostic impact of hypoxia
imaging with 18F-misonidazole PET in non-small cell lung cancer and
head and neck cancer before radiotherapy. ] Nucl Med 2005;46:253-60.
Dehdashti F, Mintun MA, Lewis JS, et al. In vivo assessment of tumor
hypoxia in lung cancer with 60Cu-ATSM. Eur ] Nucl Med Mol Imaging
2003;30:844-50.

Thorwarth D, Eschmann SM, Paulsen F, et al. Hypoxia dose painting by
numbers: a planning study. International journal of radiation oncology,
biology, physics 2007;68:291-300.

Hendrickson K, Phillips M, Smith W, et al. Hypoxia imaging with [F-
18] FMISO-PET in head and neck cancer: potential for guiding intensity
modulated radiation therapy in overcoming hypoxia-induced treatment
resistance. Radiother Oncol 2011;101:369-75.

Thorwarth D, Alber M. Implementation of hypoxia imaging into treatment
planning and delivery. Radiother Oncol 2010;97:172-5.

Plathow C, Klopp M, Fink C, et al. Quantitative analysis of lung and
tumour mobility: comparison of two time-resolved MRI sequences. Br J
Radiol 2005;78:836-40.

Blackall JM, Ahmad S, Miquel ME, et al. MRI-based measurements of
respiratory motion variability and assessment of imaging strategies for
radiotherapy planning. Phys Med Biol 2006;51:4147-69.

Mori T, Nomori H, Tkeda K, et al. Diffusion-weighted magnetic resonance
imaging for diagnosing malignant pulmonary nodules/masses: comparison
with positron emission tomography. ] Thorac Oncol 2008;3:358-64.

Ng QS, Goh 'V, Fichte H, et al. Lung cancer perfusion at multi-detector row
CT: reproducibility of whole tumor quantitative measurements. Radiology
2006;239:547-53.

Ng QS, Goh V, Milner J, et al. Acute tumor vascular effects following
fractionated radiotherapy in human lung cancer: in vivo whole tumor
assessment using volumetric perfusion computed tomography. Int ] Radiat
Oncol Biol Phys 2007;67:417-24.

Miles KA, Griffiths MR. Perfusion CT: a worthwhile enhancement? Br J
Radiol 2003;76:220-31.

Miles KA, Griffiths MR, Fuentes MA. Standardized perfusion value:

universal CT contrast enhancement scale that correlates with FDG PET in



326

van Elmpt et al. Imaging for tumour and lung characterization

S3.

54.

SS.

56.

57.

S8.

59.

60.

61.

62.

63.

64.

6S.

66.

lung nodules. Radiology 2001;220:548-53.

Wang J, Wu N, Cham MD, et al. Tumor response in patients with advanced
non-small cell lung cancer: perfusion CT evaluation of chemotherapy and
radiation therapy. AJR Am J Roentgenol 2009;193:1090-6.

Lazanyi KS, Abramyuk A, Wolf G, et al. Usefulness of dynamic contrast
enhanced computed tomography in patients with non-small-cell lung
cancer scheduled for radiation therapy. Lung Cancer 2010;70:280-5.
Shastry M, Miles KA, Win T, et al. Integrated 18F-fluorodeoxyglucose-
positron emission tomography/dynamic contrast-enhanced computed
tomography to phenotype non-small cell lung carcinoma. Mol Imaging
2012;11:353-60.

Mandeville HC, Ng QS, Daley FM, et al. Operable non-small cell lung
cancer: correlation of volumetric helical dynamic contrast-enhanced
CT parameters with immunohistochemical markers of tumor hypoxia.
Radiology 2012;264:581-9.

Lee SM, Lee HJ, Kim ]I, et al. Adaptive 4D volume perfusion CT of
lung cancer: effects of computerized motion correction and the range of
volume coverage on measurement reproducibility. AJR Am ] Roentgenol
2013;200:W603-9.

Hwang SH, Yoo MR, Park CH, et al. Dynamic contrast-enhanced CT to
assess metabolic response in patients with advanced non-small cell lung
cancer and stable disease after chemotherapy or chemoradiotherapy. Eur
Radiol 2013;23:1573-81.

Koh TS, Ng QS, Thng CH, et al. Primary colorectal cancer: use of kinetic
modeling of dynamic contrast-enhanced CT data to predict clinical
outcome. Radiology 2013;267:145-54.

Spira D, Neumeister H, Spira SM, et al. Assessment of tumor vascularity
in lung cancer using volume perfusion CT (VPCT) with histopathologic
comparison: a further step toward an individualized tumor characterization.
J Comput Assist Tomogr 2013;37:15-21.

Fraioli F, Anzidei M, Zaccagna F, et al. Whole-tumor perfusion CT in
patients with advanced lung adenocarcinoma treated with conventional
and antiangiogenetic chemotherapy: initial experience. Radiology
2011;259:574-82.

Schmid-Bindert G, Henzler T, Chu TQ, et al. Functional imaging of
lung cancer using dual energy CT: how does iodine related attenuation
correlate with standardized uptake value of 18FDG-PET-CT? Eur Radiol
2012;22:93-103.

Kim YN, Lee HY, Lee KS, et al. Dual-energy CT in patients treated with
anti-angiogenic agents for non-small cell lung cancer: new method of
monitoring tumor response? Korean J Radiol 2012;13:702-10.

Zhang L], Yang GF, Wu SY, et al. Dual-energy CT imaging of thoracic
malignancies. Cancer Imaging 2013;13:81-91.

Chae EJ, Song JW, Krauss B, et al. Dual-energy computed tomography
characterization of solitary pulmonary nodules. ] Thorac Imaging
2010;25:301-10.

Goodsitt MM, Chan HP, Way TW), et al. Quantitative CT of lung nodules:

dependence of calibration on patient body size, anatomic region, and

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

calibration nodule size for single- and dual-energy techniques. Med Phys
2009;36:3107-21.

Chae EJ, Song JW, Seo JB, et al. Clinical utility of dual-energy CT in the
evaluation of solitary pulmonary nodules: initial experience. Radiology
2008;249:671-81.

Scheenstra AE, Rossi MM, Belderbos JS, et al. Local dose-effect relations
for lung perfusion post stereotactic body radiotherapy. Radiother Oncol
2013;107:398-402.

De Jaeger K, Seppenwoolde Y, Boersma L], et al. Pulmonary function
following high-dose radiotherapy of non-small-cell lung cancer. Int J Radiat
Oncol Biol Phys 2003;55:1331-40.

Zhang J, Ma J, Zhou §, et al. Radiation-induced reductions in regional lung
perfusion: 0.1-12 year data from a prospective clinical study. Int J Radiat
Oncol Biol Phys 2010;76:425-32.

St-Hilaire J, Lavoie C, Dagnault A, et al. Functional avoidance of lung
in plan optimization with an aperture-based inverse planning system.
Radiother Oncol 2011;100:390-5.

Munawar I, Yaremko BP, Craig J, et al. Intensity modulated radiotherapy of
non-small-cell lung cancer incorporating SPECT ventilation imaging. Med
Phys 2010;37:1863-72.

McGuire SM, Marks LB, Yin FF, et al. A methodology for selecting the
beam arrangement to reduce the intensity-modulated radiation therapy
(IMRT) dose to the SPECT-defined functioning lung. Phys Med Biol
2010;55:403-16.

Lavrenkov K, Singh S, Christian JA, et al. Effective avoidance of a
functional spect-perfused lung using intensity modulated radiotherapy
(IMRT) for non-small cell lung cancer (NSCLC): an update of a planning
study. Radiother Oncol 2009;91:349-52.

De Ruysscher D, Sharifi H, Defraene G, et al. Quantification of
radiation-induced lung damage with CT scans: the possible benefit for
radiogenomics. Acta Oncol 2013;52:1405-10.

Ghobadi G, Hogeweg LE, Faber H, et al. Quantifying local radiation-
induced lung damage from computed tomography. Int J Radiat Oncol Biol
Phys 2010;76:548-56.

Petit SF, van Elmpt WJ, Oberije CJ, et al. [ 18F]fluorodeoxyglucose uptake
patterns in lung before radiotherapy identify areas more susceptible to
radiation-induced lung toxicity in non-small-cell lung cancer patients. Int ]
Radiat Oncol Biol Phys 2011;81:698-705.

Ireland RH, Bragg CM, McJury M, et al. Feasibility of image registration
and intensity-modulated radiotherapy planning with hyperpolarized
helium-3 magnetic resonance imaging for non-small-cell lung cancer. Int J
Radiat Oncol Biol Phys 2007;68:273-81.

Zhang L], Zhou CS, Schoepf U], et al. Dual-energy CT lung ventilation/
perfusion imaging for diagnosing pulmonary embolism. Eur Radiol
2013;23:2666-75.

Tang CX, Zhang L], Han ZH, et al. Dual-energy CT based vascular iodine
analysis improves sensitivity for peripheral pulmonary artery thrombus

detection: An experimental study in canines. Eur ] Radiol 2013;82:2270-8.



Journal of Thoracic Disease, Vol 6, No 4 April 2014

327

81.

82.

83.

84.

8S.

86.

87.

88.

89.

90.

91

Hansmann J, Fink C, Jost G, et al. Impact of iodine delivery rate with
varying flow rates on image quality in dual-energy CT of patients with
suspected pulmonary embolism. Acad Radiol 2013;20:962-71.

Nagayama H, Sueyoshi E, Hayashida T, et al. Quantification of lung
perfusion blood volume (lung PBV) by dual-energy CT in pulmonary
embolism before and after treatment: preliminary results. Clin Imaging
2013;37:493-7.

Yuan R, Shuman WP, Earls JP, et al. Reduced iodine load at CT pulmonary
angiography with dual-energy monochromatic imaging: comparison with
standard CT pulmonary angiography--a prospective randomized trial.
Radiology 2012;262:290-7.

Apfaltrer P, Bachmann V, Meyer M, et al. Prognostic value of perfusion
defect volume at dual energy CTA in patients with pulmonary embolism:
correlation with CTA obstruction scores, CT parameters of right ventricular
dysfunction and adverse clinical outcome. Eur J Radiol 2012;81:3592-7.
Kim WW, Lee CH, Goo JM, et al. Xenon-enhanced dual-energy CT of
patients with asthma: dynamic ventilation changes after methacholine and
salbutamol inhalation. AJR Am J Roentgenol 2012;199:975-81.

Honda N, Osada H, Watanabe W, et al. Imaging of ventilation with dual-
energy CT during breath hold after single vital-capacity inspiration of stable
xenon. Radiology 2012;262:262-8.

Hoegl S, Meinel FG, Thieme SF, et al. Worsening respiratory function in
mechanically ventilated intensive care patients: feasibility and value of
xenon-enhanced dual energy CT. Eur ] Radiol 2013;82:557-62.

Yanagita H, Honda N, Nakayama M, et al. Prediction of postoperative
pulmonary function: preliminary comparison of single-breath dual-energy
xenon CT with three conventional methods. Jpn J Radiol 2013;31:377-8S.
Goo HW, Yu J. Redistributed regional ventilation after the administration
of a bronchodilator demonstrated on xenon-inhaled dual-energy CT in a
patient with asthma. Korean J Radiol 2011;12:386-9.

Goo HW, Yang DH, Hong SJ, et al. Xenon ventilation CT using dual-
source and dual-energy technique in children with bronchiolitis obliterans:
correlation of xenon and CT density values with pulmonary function test
results. Pediatr Radiol 2010;40:1490-7.

Chae EJ, Seo JB, Lee J, et al. Xenon ventilation imaging using dual-energy

Cite this article as: van Elmpt W, Zegers CM,
Das M, De Ruysscher D. Imaging techniques for
tumour delineation and heterogeneity quantification
of lung cancer: overview of current possibilities.
J Thorac Dis 2014;6(4):319-327. doi: 10.3978/
jissn.2072-1439.2013.08.62

92.

93.

94.

9S.

96.

97.

98.

99.

100.

101.

computed tomography in asthmatics: initial experience. Invest Radiol
2010;45:354-61.

Chae EJ, Seo JB, Goo HW, et al. Xenon ventilation CT with a dual-energy
technique of dual-source CT: initial experience. Radiology 2008;248:615-24.
Goo HW, Chae EJ, Seo JB, et al. Xenon ventilation CT using a dual-source
dual-energy technique: dynamic ventilation abnormality in a child with
bronchial atresia. Pediatr Radiol 2008;38:1113-6.

Bentzen SM. Theragnostic imaging for radiation oncology: dose-painting
by numbers. Lancet Oncol 2005;6:112-7.

Ling CC, Humm J, Larson S, et al. Towards multidimensional radiotherapy
(MD-CRT): biological imaging and biological conformality. Int ] Radiat
Oncol Biol Phys 2000;47:551-60.

Lambin P, van Stiphout RG, Starmans MH, et al. Predicting outcomes in
radiation oncology--multifactorial decision support systems. Nat Rev Clin
Oncol 2013;10:27-40.

Lambin P, Petit SF, Aerts HJ, et al. The ESTRO Breur Lecture 2009. From
population to voxel-based radiotherapy: exploiting intra-tumour and intra-
organ heterogeneity for advanced treatment of non-small cell lung cancer.
Radiother Oncol 2010;96:145-52.

van Elmpt W, De Ruysscher D, van der Salm A, et al. The PET-boost
randomised phase II dose-escalation trial in non-small cell lung cancer.
Radiother Oncol 2012;104:67-71.

Everitt S, Hicks RJ, Ball D, et al. Imaging cellular proliferation during
chemo-radiotherapy: a pilot study of serial 18F-FLT positron emission
tomography/computed tomography imaging for non-small-cell lung
cancer. Int J Radiat Oncol Biol Phys 2009;75:1098-104.

van Elmpt W, Ollers M, Dingemans AM, et al. Response assessment using
18F-FDG PET early in the course of radiotherapy correlates with survival in
advanced-stage non-small cell lung cancer. ] Nucl Med 2012;53:1514-20.
Tsuchida T, Morikawa M, Demura Y, et al. Imaging the early response to
chemotherapy in advanced lung cancer with diffusion-weighted magnetic
resonance imaging compared to fluorine-18 fluorodeoxyglucose positron
emission tomography and computed tomography. ] Magn Reson Imaging

2013;38:80-8.



REVIEW ARTICLE

Hyperfractionated and accelerated radiotherapy in non-small cell lung

cancer

Kate Haslett', Christoph Péttgen’, Martin Stuschke”, Corinne Faivre-Finn'?

'Radiotherapy Related Research, The Christie NHS Foundation Trust, Manchester, UK; *University of Duisburg-Essen, Department of

Radiotherapy, Essen, Germany; *The University of Manchester, Oxford Road, Greater Manchester, UK

ABSTRACT

Radical radiotherapy plays a major role in the treatment of non-small cell lung cancer (NSCLC) due to the fact that many

patients are medically or surgically inoperable. Advances in technology and radiotherapy delivery allow targeted treatment

of the disease, whilst minimizing the dose to organs at risk. This in turn creates an opportunity for dose escalation and the

prospect of tailoring radiotherapy treatment to each patient. This is especially important in patients deemed unsuitable for

chemotherapy or surgery, where there is a need to increase the therapeutic gain from radical radiotherapy alone. Recent

research into fractionation schedules, with hyperfractionated and accelerated radiotherapy regimes has been promising.

How to combine these new fractionated schedules with dose escalation and chemotherapy remains open to debate and

there is local, national and international variation in management with a lack of overall consensus. An overview of the

current literature on hyperfractionated and accelerated radiotherapy in NSCLC is provided.
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Introduction

Lung cancer is a major public health concern worldwide. Progress
in improving S-year survival is lagging behind comparable
survival rates in other common cancers. Population-based
lung cancer registry data analysis shows only a minimal increase
in survival from 7-16% between 1995-1999 to 8-18% between
2005-2007 (1).

The majority of patients with locally advanced non-small cell
lung cancer (NSCLC) are not suitable for surgical resection,
often due to pre-existing co-morbidities and poor performance
status. The international standard of care is concurrent chemo-
radiotherapy which is associated with a S-year survival of
20-30% and a median survival of 17-28 months (2-6). Due to

the potential toxicity of concurrent chemo-radiotherapy patient
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selection is important. Patients with a good performance status,
without major co-morbidities and assuming an acceptable
radiation dose to normal tissues are eligible for this intensive
treatment (7,8). Alternative treatment options are sequential
chemo-radiotherapy or radiotherapy alone. Radiotherapy alone
is associated with a S-year survival of less than 5% due to local,
regional and distant relapse. Local control with standard 3D
conformal radiotherapy remains poor, with reported two years
loco-regional control rates of 20-44% (9-11).

However, recent studies have shown that better local control of
lung cancer can lead to an improvement in overall survival (10),
prompting interest in altering radiotherapy delivery regimes.
High dose stereotactic ablative body radiotherapy typically
delivering >100 Gy biologically effective dose (BED) in
3-8 fractions is associated with very high in-field local control
rates, but such doses cannot be delivered safely to locally
advanced tumours due to the proximity of organs at risk such
as the proximal bronchial tree, heart and spinal cord. A gap
between radiation fractions allows recovery of damage in normal
tissues and may also increase the sensitivity of the tumour cells
to radiation by processes such as reoxygenation (12). If the
individual fraction size is reduced and the fractions delivered
closer together (e.g., twice daily), it may be possible to increase
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Table 1. Description of included trials using hyperfractionation radiotherapy schedule in non-small cell lung cancer.
. No. patients  Inclusion . . Duration
Trial . . RT dose/no. of fractions Dose per fraction Chemotherapy
randomised period (weeks)
RTOG 8808-ECOG 326 1989-1992 Control arm: 60 Gy/30 2GyOD 6 None
4588 (15,16) Experimental arm: 69.6 Gy/58 1.2 Gy BID 6 None
RTOG 9410 (17) 610 1994-1998 Study |: 63 Gy/34 1.8 Gy x25,2.0 Gy X9 OD 7 Sequential
Study 2: 63 Gy/34 1.8 Gy x25,2.0 Gy X9 OD 7 Concurrent
Study 3: 69.6 Gy/58 1.2 Gy BID 6 Concurrent
Abbreviations: RT, radiotherapy; BID, RT given twice a day; ECOG, Eastern Cooperative Oncology Group; No, number; OD, RT given once a
day; RTOG, Radiation Therapy Oncology Group.

the dose without detriment to normal tissues.

One of the strategies to improve local control is dose
escalation. Evidence gathered from the standard radiation
schedules utilised in NSCLC over the past 40 years have
confirmed the importance of total dose as a factor in tumour
response (13). These schedules often use a single treatment of
1.8-2 Gy fractions per day over 5 days per week for a period of
5-7 weeks.

The RTOG 0617 study has evaluated dose escalation in the
context of standard fractionation (2 Gy/day) and concurrent
chemo-radiotherapy (5). Unfortunately the study was closed
early due to futility indicating the absence of a survival benefit
to high dose radiotherapy (74 Gy in 37 fractions delivered over
7.5 weeks) compared to standard dose (60 Gy in 30 fractions
delivered over 6 weeks) (5).

An alternative approach to increasing the biological tumour
dose in NSCLC is to develop new fractionation regimes,
most commonly by hyperfractionation or acceleration.
Hyperfractionation is a radiation treatment in which the total
dose of radiation delivered is divided into smaller doses and
treatments are given more than once a day (typically 2-3 a day).
Acceleration means radiation treatment in which the total dose
of radiation is given over a shorter period of time (fewer days)
compared to standard radiation therapy. A recent meta-analysis
by Mauguen and co-workers, evaluated ten trials including
2,000 patients and concluded that modifying the radiotherapy
schedule by hyperfractionation, acceleration or both resulted
in an increase in overall survival (14). The use of modified
radiotherapy led to a 12% reduction in the risk of death
(P=0.009). The absolute increase in overall survival in the
NSCLC patients was by 3.8% at three years and 2.5% at five
years, improving the survival rate from 15.9% to 19.7% at three
years and from 8.3% to 10.8% at five years (14). Modified
radiotherapy increased the risk of acute severe oesophagitis from
9% to 19% (P<0.001), and as expected the most accelerated

regimes were associated with the most severe toxicity. However,

at least 90% of patients completed the planned radiotherapy,
with compliance in the experimental arms similar to the control
arms. A summary of both hyperfractionation and acceleration is

presented below.

Hyperfractionation

Early clinical trials evaluating hyperfractionation in the late
1980’s and early 1990’s investigated the benefit of adding
chemotherapy to radiotherapy. The RTOG 8808-ECOG
4588 randomised 458 patients to two months of induction
chemotherapy with cisplatin and vinblastine, followed by
conventional radiotherapy (60 Gy in 2 Gy per fraction), or
radiotherapy alone, with either the same radiotherapy regime
or a hyperfractionated regime of 1.2 Gy per fraction delivered
twice daily to a total dose of 69.6 Gy (15,16). This study showed
that patients receiving induction chemotherapy did best, with a
median survival of 13.2 months and a S-year overall survival of
8% (P=0.04). Although the twice-daily radiation arm performed
slightly better compared with the conventional radiation arm, the
difference was not statistically significant (median survival 12 vs.
11.4 months, S-year overall survival 6% vs. 5%).

The trials evaluating hyperfractionated radiotherapy
are summarised in Table 1. One of these pivotal trials in
demonstrating the advantage of concurrent over sequential
chemo-radiotherapy was the RTOG 9410 study (17). It also
addressed the important question of overall treatment time in the
management of stage III NSCLC. This 3-arm study randomised
patients to sequential chemo-radiotherapy with cisplatin/
vinblastine followed by radiotherapy (60 Gy in 30 fractions of
2 Gy over six weeks) beginning on day 50 (arm 1); concurrent
chemo-radiotherapy with combination cisplatin/vinblastine and
the same radiotherapy beginning on day 1 (arm 2); vs. concurrent
chemo-radiotherapy using combination cisplatin/etoposide with
hyperfractionated radiotherapy beginning on day 1 (69.6 Gy

in 8 fractions of 1.2 Gy twice daily, over six weeks) (arm 3).



330

Haslett et al. Radiotherapy in NSCLC

Phase II data suggested that the hyperfractionated regimen in
arm 3 would be superior (17). However survival in the RTOG
9410 study was actually higher for patients treated with the
concurrent regimen with once-daily radiotherapy (arm 2)
compared with the concurrent regimen using twice-daily
radiotherapy (arm 3) (P=0.046) (17). Median survival times
were 14.6%, 17% and 15.6 %, with five years survival of 10%,
16% and 13% for arms 1-3, respectively (P=0.046). This trial
highlighted that dose escalation by a hyperfractionation regime
delivered over a standard overall treatment time does not
improve survival. In addition the results supported the use of
concurrent chemo-radiotherapy with conventional fractionation,
which has since become the gold standard treatment in good

performance status stage I1I patients (3).

Accelerated hyperfractionation

Three fractions per day regime

Treatment using continuous hyperfractionated accelerated
radiotherapy (CHART') was shown to be of significant benefit
by improving local control and overall survival (18,19). The
randomised trial recruited 563 patients, PS 0-1, medically
inoperable, and compared CHART (54 Gy in 36 fractions of 1.5 Gy
3 times per day over 12 consecutive days) to conventionally
fractionated radiotherapy (60 Gy in 30 once daily fractions of
2 Gy over six weeks). As anticipated the main toxicity during
treatment was dysphagia, which was more severe in the CHART
patients, with 19% experiencing severe dysphagia, compared
with 3% in the conventional group. Overall there was a 24%
reduction in the relative risk of death in the CHART arm and
the overall survival rates were significantly higher: 30% vs.
21% at two years and 12% vs. 7% at five years respectively for
the CHART and conventional radiotherapy arm (P=0.004)
(18,19). On subgroup analysis, CHART demonstrated an even
greater improvement for squamous cell carcinomas, with an
overall survival at three years of 21% compared with 11% for the
conventional regime (P=0.0007). This evidence suggests that
reducing overall treatment time in an effort to reduce tumour
repopulation plays a key role in tumour control and treatment
of NSCLC. Meanwhile, it should be noted that (I) the control
arm of CHART would not be considered current standard of
care as chemotherapy is not delivered with radiotherapy (either
sequentially or concurrently) and (II) a large percentage of
patients had stage I-II disease (36%) who would nowadays be
considered for a surgical approach or in some cases stereotactic
ablative body radiotherapy. Despite the overall benefit seen with
hyperfractionated accelerated radiotherapy in the CHART trial,

this has not become standard practice. Recently published data
gathered from a survey of UK clinical oncologists (20), revealed
5S Gy in 20 daily fractions as the commonest fractionation
schedule for NSCLC in the UK, followed by 66 Gy in 33 daily
fractions. Only 14/50 centres offered CHART despite the
National Institute for Health and Clinical Excellence (NICE)
recommending CHART as highly cost-effective (21). It is widely
recognised that the schedule is demanding for patients and
requires flexible and ad hoc radiotherapy department staffing
willing to work extended day. If patients are unable to travel this
treatment often necessitates a 12-day inpatient stay.

Between 1991 and 1994, Fu et al. conducted a phase I/II
trial evaluating hyperfractionated accelerated radiation therapy
(HART) which was published as a comparative cohort study.
HART was delivered by 1.1 Gy per fraction, three fractions per day
at intervals of four hours with five treatment days per week (22).
The clinical disease was irradiated to 74.3 Gy delivered in 66-69
fractions over 33 days (not corrected for lung density), and the
subclinical disease to 50.0 Gy delivered in 44-46 fractions over
33 days. There were 60 patients in the HART group and their
survival and local control results were compared to those of
50 patients treated by conventional fractionated irradiation
during the same period. Survival and local control were
improved in the HART group. Three-year survival was 28% vs. 6%
(P<0.001). Three-year local control was 29% vs. 5% (P=0.008).
Median survival for HART was 22.6 months compared with
14.0 months for standard radiotherapy patients (P<0.05).

The evolving evidence in favour of concurrent chemo-
radiotherapy led to the premature closure of a number of clinical
trials evaluating accelerated and hyperfractionated regimen.
The trials which evaluated both these fractionation schedules as
the primary treatment modality are summarised in Table 2. The
ECOG 2,597 trial was closed in June 2001 when 141 patients
had been recruited, reaching 42% of the overall target (25). This
trial randomly assigned stage III NSCLC patients to induction
chemotherapy followed by standard thoracic radiotherapy
(64 Gy, 2 Gy once daily over 6.5 weeks), vs. induction
chemotherapy followed by HART (57.6 Gy, 1.5 Gy in three daily
fractions over 2.5 weeks, with weekend breaks). Although not
statistically significant there was an improvement in survival with
HART (20.3 vs. 14.9 months; P=0.28).

The CHART schedule was logistically difficult for radiotherapy
departments to implement due to the additional weekend
and evening treatments. This led to the CHART WEL-trial
evaluating hyper-fractionated accelerated radiotherapy which
omitted weekend treatments (24). The CHART WEL-trial
compared 60 Gy in 1.5 Gy fractions, delivered 3 times per day,

on the S weekdays, over an average of 17 days vs. conventional
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Table 2. Description of included trials using acceleration or hyperfractionation radiotherapy schedules in non-small cell lung cancer.
. No. patients Inclusion . . Duration
Trial ) . RT dose/no. of fractions Dose per fraction Chemotherapy
randomised period (weeks)
Ball 1999 (23) 204 1989-1995 Control arm: 60 Gy/30 2Gy OD 6 +/- concurrent
Experimental arm: 60 Gy/30 2 Gy BID 3 +/- concurrent
CHART (18,19) 563 1990-1995 Control arm: 60 Gy/30 2 Gy OD 6 None
Experimental arm: 54 Gy/36 1.5 Gy TID 1.5 None
Fu 1997 (22) 69 1991-1994 Control arm: 60-64 Gy/32-34 1.8-2.0 Gy OD 7 Adjuvant or none
Experimental arm: I.I Gy TID 6.5 Adjuvant or none
74.3 Gy/66-69
CHARTWEL-trial 406 1997-2005 Control arm: 66 Gy/33 2 Gy OD 6.5 Induction or none
(ARO 97-1) (24) Experimental arm: 60 Gy/40 1.5 Gy TID 2.5 Induction or none
ECOG 2597 (25) 119 1998-2001 Control arm: 64 Gy/32 2Gy OD 6.5 Induction
Experimental arm: 57.6 Gy/36 1.6 Gy TID 2.5 Induction
Nyman 2009 (26) 152 2002-2005 Control arm: 60 Gy/30 2Gy OD 6 Induction &
concurrent
Control arm: 60 Gy/30 2 Gy OD 6 Induction &
concurrent
Experimental arm: 64.6 Gy/38 1.7 Gy BID 4.5 Induction &
concurrent
Van Baardwijk 137 2006-2009 Total dose 51-69 Gy Total 6-7 Concurrent
2012 (27) Study dose: phase | 45 Gy/30 1.5 Gy BID 3
Study dose: phase 2 isotoxic 2 Gy OD for 34
remainder
Abbreviations: CHART, Continuous Hyperfractionated Accelerated Radiation Therapy; CHARTWEL, CHART Week-End Less; ECOG,
Eastern Cooperative Oncology Group; No, Number; RT, Radiotherapy; OD, RT given once a day; RTOG, Radiation Therapy Oncology Group;
BID, RT given twice a day; TID, RT given three times a day.

treatment of 66 Gy in 33 fractions delivered once daily over 45 days.
The study found no significant difference between the two arms,
with two years survival rates of 32% in the conventional arm and
31% in the CHARTWEL arm (P=0.43). However, this study
confirmed the importance of a time factor in this disease as the
lower total dose in the CHART'WEL arm was compensated by
the shorter overall treatment time.

Another strategy is to dose escalate CHART. Continuous
hyperfractionated accelerated radiotherapy escalated dose
(CHART-ED) was a multi-centre phase I feasibility study which
completed recruitment in September 2012. It compared dose-
escalated CHART, adding twice daily fractions after completion
of 54 Gy in 36 fractions over 12 days (28). Patients were treated
on day 15 in group 1 (total dose 57.6 Gy in 38 fractions), days
15-16 in group 2 (total dose 61.2 Gy in 40 fractions) and days
15-17 in group 3 (total dose 64.8 Gy in 42 fractions). The

incidence and grade of potentially dose-limiting toxicities will be

assessed to determine whether dose escalation of around 6-10 Gy

using this approach is safe, and the data is currently awaited.
Two fractions per day regime

An Australian study by Ball et al. used a 2x2 factorial design
to evaluate shortening of the overall treatment time and the
addition of carboplatin in patients with inoperable NSCLC (23).
The trial randomised 204 patients between conventional
radiotherapy (60 Gy in 30 fractions, once daily over six weeks)
or accelerated radiotherapy (60 Gy in 30 fractions, twice daily,
over three weeks) with or without concurrent carboplatin
chemotherapy. Oesophageal toxicity was significantly higher
in the three week radiotherapy arms and no significant survival
difference between the groups was found.

Between June 2002 and May 2005 152 patients with stage
III NSCLC, PS 0-1 were randomised in a Swedish 3-arm
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Table 3. Neoadjuvant chemo-radiotherapy trials prior to surgery using accelerated hyperfractionation radiotherapy schedules in non-small cell
lung cancer.

. No. patients  Inclusion . Dose per Duration
Trial . . RT dose/no. of fractions . Chemotherapy
randomised period fraction (weeks)
Thomas 558 1993-2003 Control arm: post-op RT 54-68.4 Gy/30-38 1.8GyOD  6-7.5 Induction
(29) Experimental arm: pre-op 45 Gy/30 1.5 Gy BID 3 Induction &
concurrent
Experimental arm post-op: none or 24 Gy/16 1.5 Gy BID 1.5 No adjuvant
Péttgen 239 2000-2012 Control arm: 46 Gy/23 2 Gy OD 4.5 Induction &
2013 (30) concurrent
Experimental arm: 45/30 |.5 Gy BID 3 Induction &
concurrent
P&ttgen 135 2004-2008 Experimental arm 45 Gy/30 1.5 Gy BID 3 Induction &
2010 (31) concurrent
Abbreviations: No, number; RT, Radiotherapy; OD, RT given once a day; BID, RT given twice a day.

(A, B and C) phase II study by Nyman et al. (26). All arms
started with two cycles of induction chemotherapy (carboplatin/
paclitaxel), a third cycle was given concomitant with the start
of accelerated radiotherapy in arm A (64.6 Gy in 1.7 Gy twice-
daily fractions over 4.5 weeks), while in the remaining arms
(B and C) conventional radiotherapy (60 Gy in 2 Gy daily
fractions over 6 weeks) was combined with daily or weekly
chemotherapy. Toxicity for all arms was similar and manageable
with 12% grades 3-4 esophagitis, 1% grades 3-4 pneumonitis (all
arms combined). Median survival was 17.8 (14.4-23.7) months
(17.7,17.7 and 20.6 months for A, B and C respectively). The 1-,
3- and S-year overall survival was 63%, 31% and 24%. This study
demonstrated that similar survival results could be achieved
by intensifying treatment with either accelerated fractionated
radiotherapy or concomitant chemo-radiotherapy.

Between 1995 and 2003 the German Lung Cancer Co-operative
Group (GLCCG) evaluated the role of accelerated hyperfractionated
chemo-radiotherapy regimes in the pre-operative setting (29).
The trials which included this fractionation schedule in the
neoadjuvant setting are summarised in Table 3. 558 patients with
stage IIIA-ITIB NSCLC were randomised between pre-operative
chemo-radiotherapy and chemotherapy alone. In the control
arm three cycles of cisplatin and etoposide chemotherapy
were delivered followed by surgical resection, then adjuvant
radiotherapy at 1.8 Gy daily fractions, the total dose dependent
on surgical resection margins (54 Gy for negative margins,
68.4 Gy for positive margins). In the experimental arm the
same induction chemotherapy was delivered, but followed by
concurrent chemo-radiotherapy 45 Gy at 1.5 Gy twice daily
fractions with carboplatin and vindesine, prior to surgical

resection. If the margins were negative no further radiotherapy
was given. But in the presence of positive margins, additional
radiotherapy of 24 Gy at 1.5 Gy twice daily fractions was
delivered. Pneumonectomies were performed in 35% of the
patients in each group, with an increase in treatment-associated
mortality seen in the experimental arm. Overall a similar number
of patients underwent surgery, with a slightly higher complete
resection rate in the experimental arm of 37% compared with
32% in the control arm. However there was no difference in
progression free survival, the primary endpoint of this trial (29).

Pottgen et al. also evaluated neo-adjuvant accelerated
hyperfractionated chemo-radiotherapy. In an observational study,
239 patients with stage IIl NSCLC were treated with neoadjuvant
radiochemotherapy using either accelerated hyperfractionation
(45 Gy in 1.5 Gy twice-daily fractions over three weeks) or
conventional fractionation (46 Gy in 2 Gy once daily fractions
over 4.5 weeks) prior to thoracotomy (30). The crude
pathological complete response (pCR) rates of 37% and 24% were
seen in the accelerated hyperfractionated group and conventional
fractionated group respectively, with a significant relationship
between pCR rates and the BED suggesting an improvement
in local effectiveness of accelerated hyperfractionation in lung
cancer.

This accelerated regimen was further evaluated in a prospective
trial by the same group in stage IIl NSCLC patients not deemed
resectable, mainly stage ITIB (31). After three cycles of induction
chemotherapy (cisplatin/paclitaxel) concurrent chemo-
radiotherapy was delivered (accelerated hyperfractionated, 45 Gy
in 1.5 Gy twice daily fractions over three weeks, with cisplatin/
vinorelbine). Once 45 Gy was reached, a multidisciplinary
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panel decision was made regarding operability. Inoperable
patients received definitive radiotherapy (total dose 65 or 71 Gy,
depending on the mean lung dose) with additional concurrent
chemotherapy (cisplatin/vinorelbine). The majority (21 of
28 patients) received 71 Gy. Oesophagitis Grade 3+ was
observed in 18% and pneumonitis Grade 3+ in 4% of the
patients. At three years, the loco-regional control rate was 52%
(95% CI, 29-75%). In an exploratory analysis, those patients
receiving 71 Gy had a loco-regional control at two and three years
of 74% (95% CI: 51.2-96.3%) and 63% (9% CI: 36.1-90.4%),
while in those patients receiving the lower total dose (65 Gy),
loco-regional control at two and three years was 18% (95% CI:
0-49.2%; P=0.001, Wilcoxon test), respectively. Overall survival
at three years was 31% (95% CI: 12-50%) for all patients. This
study led to the ESPATU trial, a phase III multicentre study
that compared induction chemotherapy followed by definitive
concurrent chemo-radiotherapy to trimodality treatment
(induction chemotherapy followed by concurrent chemo-
radiotherapy followed by surgery). The study recently closed and
results are awaited.

Given the evidence in favour of hyperfractionation and
acceleration, this has been taken a step further with specifically
tailored regimes. The MAASTRO group have pioneered the
concept of “isotoxic” radiotherapy allowing for individualised dose
escalation in stage I-III patients based on dose delivered to organs
at risk (such as lung and spinal cord), using hyperfractionated
accelerated radiotherapy (32). In the first MAASTRO study 166
NSCLC patients (59% stage I1I) not suitable for concurrent
chemo-radiotherapy received an individualised dose of
radiotherapy alone or after induction chemotherapy (55% of
patients). Using 3D conformal therapy, the total dose delivered was
between 50.4-79.2 Gy (delivered within an accelerated schedule
of 1.5 Gy twice daily). With a median follow-up of 31.6 months,
the median overall survival was 21.0 months—95% CI,
15.8 to 26.2 months, (stage IIIA 16.2 months—95% CI,
7.6 to 24.8 months; stage IIIB, 17.2 months—95% CI, 8.4 to
26.0 months) with a 2-year overall survival of 45.0%. Only eight
patients (4.8%) developed acute grade 3 dysphagia. Less than
10% of patients with stage III received the maximum dose as per
protocol of 79.2 Gy.

A further MAASTRO study, evaluated the same strategy in
the concurrent setting (27), only in stage III NSCLC patients.
One hundred and thirty seven patients were included in this
phase II study and treated with 3D conformal radiotherapy. The
individually prescribed dose was based on mean lung dose of
19 Gy, spinal cord dose of 54 Gy, brachial plexus dose of 66 Gy
and central mediastinal structure dose of 74 Gy. A total dose

between 51 and 69 Gy was delivered in 1.5 Gy twice daily up to

45 Gy, followed by 2 Gy once daily and radiotherapy was started
at the 2nd or 3rd course of chemotherapy. The median dose was
65.0£6.0 Gy delivered in 35+5.7 days. With a median follow-up
of 30.9 months, the median overall survival was 25.0 months
(95% CI: 19.8-30.3 months) and 2-year overall survival 52.4%.
Thirty five patients (25.5%) developed G3+ dysphagia.

It should be noted that patients in the two MAASTRO
group studies were treated with 3DCRT, probably limiting
individualised dose escalation. The use of Intensity Modulated
Radiotherapy (IMRT) could potentially allow for further dose
escalation. IMRT modulates the intensity profile of radiation
delivered to the patient, permitting improved targeting of the
radiation dose, and in the thorax leads to a reduction in dose
to organs at risk. This could therefore lead to increased tumour
control probability yet with the same normal tissue complication
probability (33). A planning study by The Christie using IMRT
and twice daily fractionation for stage II/III NSCLC showed that
this had potential to allow a further individual dose escalation in
this group of patients (34). The starting point for dose escalation
in this study was 55.8 Gy in 1.8 Gy per fraction delivered twice
daily. The number of fractions was then increased until one or
more organ at risk (OAR) tolerance dose was exceeded or a
maximum dose of 79.2 Gy (i.e., 44 fraction of 1.8 Gy BD) was
reached. IMRT allowed a significant dose increase in comparison
to other methods (P<0.0001) while no difference was found
between 3D conformal planning and inverse planning (P=0.06).

This regime will be assessed in a UK feasibility multicentre
study of isotoxic hyperfractionated accelerated radiotherapy in
stage III NSCLC patients not suitable for concurrent chemo-
radiotherapy (ClinicalTrials.gov Identifier: NCT01836692).
If isotoxic IMRT is proven to be feasible this regimen will be
compared to standard sequential chemo-radiotherapy in a
national phase II “pick-the-winner” trial alongside three other
dose-escalated regimens currently being evaluated in the UK.

The use of concurrent chemo-radiotherapy with accelerated
hyperfractionated schedules is compromised by high rates
of acute mucosal toxicity which can be challenging for both
patient and clinicians, however these side effects are usually
transient and resolve within a few weeks of completion of
radiotherapy. The Bortfeld group have raised the interesting
issue that the optimal fractionation schedule (hypofractionated
vs. hyperfractionated) may depend on the OAR doses (35).
For larger tumours, their model which minimizes maximum
BED within a serial organ suggests hyperfractionation. Thus,
accelerated hyperfractionation may eventually turn out as an
ideal alternative to pure dose-escalation in locally advanced
NSCLC and should deserve further evaluation within properly

designed randomised trials.
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There is significant evidence that prolonging the overall
treatment time, can allow cancer stem cells to repopulate, and
thus be detrimental to disease outcome (36). CHART has
shown improved survival over standard radiotherapy, in patients
with unresectable stage I-III NSCLC. Selected patients (with
ECOG performance status 1 who do not fit the criteria for
sequential or concurrent chemotherapy or patients who prefer
radiotherapy only) may be considered for CHART (7,8).

Within the field of thoracic oncology evidence is emerging
to suggest that an accelerated hyperfractionated radiotherapy
schedule may be superior to conventional treatment. We
believe that such treatment should be closely combined with
other strategies in order to improve local control and survival.
Dose escalation and individualised radiation doses facilitated
by the use of IMRT should be combined in order to increase
local control and survival. This is an exciting time for thoracic
radiotherapy with these developments leading towards the goal
of personalised treatment.
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ABSTRACT

Radiation is the foundation of treatment for locally advanced non-small cell lung cancer (NSCLC), and as such, optimal

radiation dose is essential for successful treatment. This article will briefly review biological considerations of radiation dose

and their effect in the context of three-dimensional conformal radiation therapy (3D-CRT) including intensity modulated
radiation therapy (IMRT) and stereotactic body radiation therapy (SBRT) for NSCLC. It will focus on literature review

and discussions regarding radiation dose effect in locally advanced NSCLC including potential severe and lethal toxicities

of high dose radiation given with concurrent chemotherapy. Potential new approaches for delivering safe and effective

doses by individualizing treatment based on functional imaging are being applied in studies such as the PET boost trial and

RTOG1106. The RTOG concept of delivering high dose radiation to the more resistant tumors with the use of isotoxic dose

prescription and adaptive planning will also be discussed in detail.
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Introduction

Radiotherapy (RT) is needed in over 60% of patients with lung
cancer at least once during the course of disease, adequate dose
is an essential element for successful treatment of patients with
non-small cell lung cancer (NSCLC). This article will briefly
review biological considerations of radiation dose and their
effect in the context of three-dimensional conformal radiation
therapy (3D-CRT) including intensity modulated radiation
therapy (IMRT) and stereotactic body radiation therapy
(SBRT) for NSCLC. It will focus on literature review and
discussions regarding radiation dose effect in locally advanced

NSCLC including potential severe and lethal toxicities of
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high dose radiation given with concurrent chemotherapy.
Potential approaches for delivering safe and effective doses by
individualizing treatment are being applied in studies such as
RTOG1106. The concept of delivering high dose radiation to the
most resistant tumors with the use of isotoxic dose prescription

and adaptive approaches will also be discussed in this paper.

Radiation dose effect: biology consideration

In the laboratory, from a biological effectiveness perspective,
efficacy of radiation cell killing is directly correlated with the dose
delivered. According to the basic principle of the linear-quadratic
model, lethal radiation damage is created in one of two ways: as
a consequence of a single ionizing event of double-strand breaks
in the DNA or as a consequence of two, separate, sub-lethal
ionizing events which interact pairwise to create lethal damage.
As a result, the biological effect (E) of RT depends on the dose
in a linear and quadratic fashion: E = n(ad+Bd’) with n being
the number of fractions, d being the dose per fraction, and o and
[ being parameters that determine the initial slope and curvature
of the underlying cell-survival curve. From this equation, the
biological effect dose (BED) can be calculated as: BED = nd
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Figure 1. Tumor control probability and biological effective dose. The dose response relationship is sigmoidal in one of the early dose escalation

studies of non-small cell lung cancer (NSCLC) performed in University of Michigan.

[1+d/(a/B)] (1). BED varies according to dose per fraction,
number of fractions and characteristics of the tissue contributing
to the a/p ratio. BED is used to estimate the effect or risk of
radiation in current practice of radiation oncology. When effects
of equivalent total doses with different fractionation schemes
are compared, they produce unequal biological effects (1).
In lung cancer, early evidence suggests that the tumor control

rate increases with escalation of BED (Figure 1) (2).

RT dose effect in NSCLC treated with

conventionally fractionated 3D-CRT

While traditional radiation was previously more limited by
technology for normal tissue sparing, modern 3D-CRT is
able to deliver high-dose radiation to the tumor target areas
while minimizing dose to surrounding tissues, allowing greater
RT dose for early stage inoperable NSCLC patients (3-7).
Dose has been escalated to up to 102.9 Gy while limiting lung
dosimetry with most patients tolerating treatment, and post
treatment radiation injuries considered to be acceptable (8).
Increasing the dose of radiation improves local control and
overall survival in most studies reported. In RTOG protocol
73-01 (9) it was found that the in-field failure rate decreased
from 58% to 35% as the dose was increased from 40 to 60 Gy.

In a phase I dose-escalation study reported by Rosenzweig
et al. (10) the 2-year overall survival (OS) rate for patients with
stage I-II disease who received <80 Gy was 60%, compared
with 66% for patients who received >80 Gy (P<0.05), with
a median survival time of 25.0 months versus 53.6 months,
respectively. A prospective study reported by Kong et al. (3)
found that the S-year local-regional progression-free survival
(PFS) rates were 12%, 35%, and 49% for groups treated with
67, 80, and 97 Gy, respectively. Median survival (S-year OS)
in this study was 12 months (4%), 27 months (22%), and
22 months (28%) for dose levels of 63-69 Gy (mean =67 Gy),
74-84 Gy (mean =80 Gy) and 92-102 Gy (mean =97 Gy),
respectively (P<0.0002) (Figure 2) (8). The dose response
curve for local tumor control was steeper for five years than that
of three or four years. Kong et al. from University of Michigan (8)
demonstrated that high-dose radiation is more vital for patients
with larger tumors and may be effective in reducing the adverse
outcome associated with a large GTV in early stage NSCLC

treated with conventionally fractionated radiation.

RT dose effect in early stage NSCLC treated
with hypo-fractionated SBRT

A promising new technique, SBRT normally delivers much higher
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Figure 2. Local tumor control increases with higher dose radiation. Radiation dose is associated with long-term tumor control. Dose response

relationship is steeper for longer follow-up.

BED than conventionally fractionated 3D-CRT (typically BED
of 70-85 Gy), and has generated outstanding tumor control in
early stage NSCLC. High BED often contributes to long survival
and good local tumor control. Studies from Japan, Germany and
China all reported that SBRT with BED >100 Gy was associated
with significantly better local control and long-term survival. In
patients who received a BED >100 Gy, local tumor control
was over 90%. A multicenter study (11) reviewed 257 patients
treated at 14 institutions in Japan using a number of different
treatment doses and delivery approaches. At median follow
up of 38 months, local recurrence rate was 8.4% in patients
who were treated to a BED >100 Gy. A recent German study
also reported that BED =100 Gy is critical for achieving good
local control (12). A Chinese study applied daily fractionated
SBRT with a total BED of up to 115 Gy and reported
3- and S-year OS rates for T1-3 patients of 57.3% and 35.1%,
respectively, and 60.2 and 36.5% 3- and S-year OS rates for stage
T1-2 patients respectively (13). Studies from the U.S. suggest that
patients who receive 16 Gy x3 (BED =124 Gy) have significantly
better local control than those who receive lower doses (14).
Dose response analysis showed that the outcome plateaued
around 120 Gy BED. In Guckenberger’s study (12), a PTV-
encompassing dose of >100 Gy BED was estimated to be required
for local tumor control rates >90%. RTOG 0236 (15), using 18
Gy x3, equating to a BED of 180 Gy to tumor, represented the
First National Cancer Institute cooperative group trial using
SBRT for early NSCLC. The study reported 98% tumor control
rate at three years. Updated Japanese (16) and German (17)

studies of BED above 100 Gy confirmed over 90% local tumor
control for T1 tumors. However, there is no randomized trial to
compare different dose regimens for SBRT. In a meta-analysis
containing 34 published SBRT datasets (18), observed S-year
OS and cancer specific survival (CSS) was best in those treated
to medium BED (around 100 Gy).

Modern technology also allows SBRT delivery of very high
radiation dose to the target volume, in as few as one single fraction.
However, the effects of radiation after SBRT in a single fraction
are not well known. In lung metastases patients receiving a dose
of 30 Gy in a single fraction therapy It was reported that LC rates
at one and two years were 89.1% and 82.1%, OS rates were 76.4%
and 31.2%, CCS rates were 78.5% and 35.4%, and PFS rates were
53.9% and 22%, respectively (19). Interestingly, Guckenberger
et al. (20) reported that the dose-response relationship was
limited in fractionated SBRT: LC was independent from
the irradiation dose in the subgroup of patients treated with
single-fraction SBRT. Nevertheless, adequate radiation dose is
important for good tumor control and survival in early stage
NSCLC and the success of hypofractionated high dose SBRT is a
strong testimony for radiation dose effect in patients treated with

hypofractionated techniques (3 to 8 fractions).

RT dose effect in locally advanced NSCLC

treated with chemoradiation

In locally advanced NSCLC, there are two important aspects to
consider: (I) does local regional tumor control impact survival
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in patients with locally advanced disease, with high risk of
distant disease spread? (II) with extensive tumor involvement
in the chest which hosts critical structures, would high dose
radiation cause significant toxicity adversely impacting patients?
Ultimately, it is important to address whether high dose radiation

improves overall survival and quality of life.

Local-regional tumor control and overall survival in locally
advanced NSCLC

Local tumor progression is common, and remains a major problem
after radiation-based non-surgical treatment in locally advanced
NSCLC, despite of advances in radiation technology. Using modern
techniques, current radiation therapy applying a uniform dose
prescription of 60 Gy or slightly higher generates local control rates
of less than 50% and a S-year overall survival rate of about 10-15%
(8,21,22). After RT with or without neoadjuvant chemotherapy,
Kong et al. in a University of Michigan trial reported ultimate local
failure in 70% of patients (8). After neoadjuvant chemoradiotherapy
in CALGB 9431 (23), 90% of patients ultimately failed locally, with
45% having local failure alone. After neoadjuvant and concurrent
chemotherapy with radiation doses of 60-74 Gy, Socinski et al. (24)
reported that 46% of patients initially had local failure. Evaluation
by bronchoscopy and biopsy one year after treatment completion
revealed pathologic local control rates of only 15-17% after 65 Gy
of radiation with neoadjuvant therapy (25). After chemoradiation
with RT doses of 60 Gy in 2 Gy daily fractions or 69.6 Gy in 1.2 Gy
twice daily fractions, a secondary analysis of 11 RTOG trials (9/11
had concurrent chemoradiation) with 1,356 patients reported 2-
and 5-year survival rates of 38% and 15%, with 2- and S-year local-
regional failure (LRF) rates of 46% and 52%, respectively (26).

Local-regional disease not only leads to death due to local
effects within the chest, but also can serve as a source for
metastatic dissemination. In patients with locally advanced disease,
Arriagada (27) concluded that the main cause of failure is the
absence of local control, and local progression or relapse correlated
with poorer survival. In RTOG 73-01 (9), the death rate in patients
with intra-thoracic failure was similar to that of patients with distant
metastases, and increased survival was observed in patients with
complete tumor response (28). In the CHART trial, local control
rates of 20% and 29% were associated with median survivals of
9.9 and 27.9 months, respectively (29). In an EORTC trial, Schaake-
Koning et al. (30) demonstrated a similar correlation between LRC
and survival. Reviewing mature results of ten randomized phase
III trials with inclusion of concurrent chemoradiation, Auperin
et al. (31) reported local or local regional control along with overall
survival; there seemed significant correlation between LRC and
survival rates (Figure 3) (32-37).

RT dose, fraction and survival in locally advanced NSCLC

In locally advanced NSCLC, S-year OS rate is only about 15% after
conventionally fractionated 60 Gy radiation. Dose escalation trials
using involved field radiation therapy have demonstrated improved
outcomes for patients treated to higher radiation doses, however
only a few studies have investigated efficacy and tolerance. The
Memorial Sloan Kettering Cancer Center (MSKCC) conducted
a phase I dose escalation study of stage IIIA/B patients who
received radiation dose of 70.2 to 84 Gy in 1.8 Gy fractions; the OS
was significantly superior in patients who received >80 Gy (38).
In a randomized trial from China, 5-year LC and 2-year OS
improved significantly in stage III patients treated with total
dose of 68-74 Gy compared with those treated to 60-64 Gy
(51% vs. 36%, P=0.032; 39.4% vs. 25.6%, P=0.048) (39).
Hypo-fractionated RT regimens can also increase the dose to
the tumor volume based on the concept that a higher dose per
fraction can increase BED, though there are no randomized trials
comparing benefits and tolerance among Hypo-fractionated RT
and standard schedules. A study by Zhu et al. (40) performed
dose escalation up to 65-68 Gy in 22 to 23 fractions in 34
NSCLC patients with stage III at diagnosis. 2-year OS, PFS, and
LPFS rates were 38%, 30%, and 61%, respectively. In a recent
study (41) reported by Osti et al.,, 24 stage IIIA/B patients had
a median OS of 13 months (16 months for IIIA; 13 months
for I1IB), with a range of 4 to 56 months. BED >S5S Gy was
significantly associated with survival benefit (P<0.001). Another
hypo-fractionated RT study (42) included 37 stage III patients
without administration of concurrent chemotherapy. All patients
were treated with 25 fractions, with dose per fraction ranging
from 2.28 to 3.22 Gy. The outcome data showed that 17%
of patients achieved complete response, the actuarial 2-year
OS calculated to be 46.8%%9.7%, with median survival of 18
months. Hyper-fractionated accelerated RT is another method
to elevate BED to the tumor. In order to increase total dose to
tumor while shortening treatment duration and decreasing late
effects, hyper-fractionated-accelerated RT has been attempted
in IITA/B NSCLC patients. In 127 patients receiving hyper-
fractionated-accelerated RT, Jeremi¢ et al. (43) reported S-year
OS, local PFS and distant metastasis-free survival of 7%, 16%,
and 36%, respectively. After two cycles of chemotherapy, stage
III NSCLC patients in the DART-bid trial (44) had median
OS of 24.3 months, and 2-/5-year OS rates to 51% and 18%,
respectively. In a randomized phase III trial reported by
Baumann et al. (4S), survival after conventional RT and Hyper-
fractionated-accelerated RT was not different, while local control
after Hyper-fractionated-accelerated RT was significantly better

than control after conventional RT in patients who had received
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Figure 3. Correlation between local regional tumor control and overall survival in locally advanced non-small cell lung cancer (NSCLC). Data

presented are reported individual results from 10 phase III trials comparing sequential chemoradiation with concurrent chemoradiation.

chemotherapy before RT (P=0.019).

RT dose effect in locally advanced NSCLC treated with concurrent
chemoradiation

In the standard care for locally advanced NSCLC: platinum
based chemotherapy concurrent with RT, local tumor control
and overall survival remain poor. After neo-adjuvant and
concurrent chemotherapy with radiation doses of 60-74 Gy,
Socinski et al. (46) reported that 46% of patients initially
had local failure. A secondary analysis of 11 RTOG trials
(9/11 had concurrent chemoradiation) with 1,356 patients
treated with chemoradiation with RT doses of 60 Gy in
2 Gy daily fractions or 69.6 Gy in 1.2 Gy twice daily fractions
reported 2- and S-year OS rates of 38% and 15%, with
2- and S-year LRF rates of 46% and 52%, respectively (25).
With concurrent chemotherapy, RTOG 92-04 reported that
2- and 4-year in-field progression (TTPs) were 26% and 30% in the
patients receiving radiation dose of 69.6 Gy, compared to 45% and
49% in the 63 Gy arms (47).

RT dose may be an important factor for local tumor control
and perhaps survival in this patient population. A good
example is a report of 237 patients with stage III NSCLC
treated with radiation +/- chemotherapy between 1992 and
2002 at the University of Michigan which showed that BED
was the most significant prognostic factor associated with
the risk of death (HR =0.96 for each Gy, 95% CI: 0.95-0.97,
P<0.001). For patients who received concurrent chemotherapy,
the hazard ratio of BED for the risk of death was 0.97 per Gy
(95% CI: 0.95-0.99, P=0.013). One Gy of dose escalation
was associated with a 3% reduction in the risk of death. BED
remained a significant independent prognostic factor in

patients treated with chemoradiation in the dose range of
60-66 Gy (HR =0.91, 95% CI: 0.84-0.99, P=0.041) (48).
The RTOG secondary analysis of 1,356 patients treated
with chemoradiation between1988 to 2002 serves as a good
example of this as well. This study analyzed for BED effect
(1,348 for treatment time adjusted BED~tBED) in the range
of 60 Gy in 2 Gy fractions and 69.6 Gy in 1.2 Gy fractions.
The 2- and S-year OS rates were 38% and 15%, respectively.
The 2- and S-year LRF rates were 46% and 52%, respectively.
BED (and tBED) was significantly associated with both OS
and LRF, with or without adjustment for other covariates on
multivariate analysis (P<0.0001). A 1-Gy BED increase in RT
dose intensity was significantly associated with approximately
4% relative improvement in survival (HR for death =0.96)
and 3% relative improvement (HR =0.97) in local-regional
control (26).

Overall, radiation dose escalation may improve local regional
control and overall survival in patients with stage III NSCLC,
based on the results of non-randomized trials (8,48-50) and
an RTOG secondary analysis (26) of over 1,300 cases treated
with chemoradiation. Regarding the dose effect of >70 Gy with
concurrent chemoradiation, investigators from University of
Michigan reported results on patients treated in the dose range
of 60-100 Gy with concurrent and adjuvant carboplatin and
paclitaxel (51). The median local-regional PFS was 10.7 (range:
8.4-13.0) months and has not yet been reached (14.1 to date)
(P=0.001) for physical doses <70 and >70 Gy, respectively. The
median survival was 15.5 (range: 6.5-24.4) months and 41.9
(range: 18.3-65.5) months (P=0.003), for physical doses less
than and greater than 70 Gy, respectively. The RT dose effect
was statistically significant for patients treated with or without
concurrent chemotherapy (Figure 4).
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Figure 4. Radiation dose and survival in non-small cell lung cancer (NSCLC) in patients treated with or without concurrent chemotherapy. High dose

group has better overall survival in both Chemo+ and Chemo- groups.

Challenges in delivering high dose radiation in

locally advanced NSCLC

Treatment effect and toxicity after dose escalated RT

It is a remarkable challenge to deliver high dose radiation in
patients with advanced NSCLC. A dose escalation study of
79 patients with locally advanced NSCLC treated without
chemothereapy reported a maximum tolerance dose og
63.25 Gy in 28§ daily fractions over five weeks using intensity-
modulated RT to limit severe toxicity to 20%. Grade 4 to
S late toxicities were attributable to damage to central and
perihilar structures and correlated with dose to the proximal
bronchial tree (52-54). A trial from University of Michigan with
concurrent carboplatin and paclitaxel (UMCC 2003-073) was
stopped prematurely due to lack of dose escalation in 60% of
patients limited by clinical lung toxicity at 15%. RTOG 0117,
a phase I/II dose escalation study with concurrent and adjuvant
carboplatin and paclitaxel, reported two acute, treatment-related
dose limiting toxicities (DLTs) in the 1st cohort of 17 patients
and 6/8 (75%) grade >3 events during long-term follow up. The
protocol was revised to de-escalate the radiation therapy dose (74
Gy in 37 fractions). In the new cohort of seven patients, treated
with 74 Gy, there was 1 DLT in the first five patients and no
DLTs in the next two patients. The maximum tolerable dose was
thus determined to be 74 Gy in 37 fractions (2 Gy per fraction)
using 3D-CRT with concurrent paclitaxel and carboplatin
therapy (55). The CALBG 30105 trial (11) studied induction

chemotherapy followed by concurrent chemoradiotherapy in
stage III NSCLC patients randomised between two different
chemotherapy regimens delivered concurrently with dose-
escalated thoracic conformal RT (74 Gy, once daily, 2 Gy
per fraction) in both arms. The carboplatin/gemcitabine
arm closed prematurely due to a high rate of grade 4 to
S pulmonary toxicity. However the carboplatin/paclitaxel arm
demonstrated a median survival of 24 months with a 12% rate of
grade 3 or higher pulmonary toxicity.

These trial results compared favorably to the historical
standard concurrent chemoradiotherapy doses of 60-66 Gy in
2 Gy fractions.and formed the basis for the experimental arm
in the recently closed phase III RTOG 0617 trial. In this 2x2
factorial design trial patients with stage IIIl NSCLC were treated
with weekly carboplatin-paclitaxel chemotherapy and concurrent
RT in 2 Gy fractions. Patients were randomised to receive 60
or 74 Gy RT, with or without cetuximab. After RT, all patients
received a further two cycles of consolidation chemotherapy,
with or without cetuximab. A planned interim analysis after
85 documented events demonstrated a non-superior median
survival in the high dose arms which were closed due to a low
likelihood of survival benefit from high dose RT with additional
accrual and follow up. An updated analysis of the data after
207 events demonstrated a significant increased risk of death
in the high dose arms [median survival 28.7 (60 Gy arm) vs.
19.5 months (74 Gy), P=0.0007; HR =1.56, 95% CI: 1.19-2.06],
with a 37% increased risk of local failure in the high dose arms
(HR =1.37,95% CI: 0.99 to 1.89, P=0.0319). There were more
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treatment related deaths in the high dose arms (10 vs. 2) but this
did not reach statistical significance. The worse local control and
survival of the high dose arms of RTOG 0617 trial has challenged
the assumption that RT dose escalation using conventional
dose/fractionation regimens with concurrent chemotherapy will
improve outcome in stage III NSCLC. At the time of writing
this article, the reasons for the underperformance of the 74 Gy
arm are still unclear and the analysis of the individual RT plans
by RTOG is ongoing. Hypotheses for the worse local control
in the 74 Gy arms include issues with the assessment of local
progression versus fibrosis, chemotherapy and RT dose delivery
and compliance, issues with RT planning and quality assurance
(particularly since IMRT was only used in 46% of centers) and
accelerated repopulation due to the prolongation of the overall
treatment time. This is supported by an early analysis estimating
that tumor control probability of NSCLC decreases 1.6% per
day after a six-week duration of RT, and according to a secondary
analysis of three RTOG trials for stage III NSCLC patients treated
with concurrent chemoradiotherapy, showing that prolonged
treatment time translated into a 2% increase in the risk of death
for each day of prolongation in therapy (56). A combination
of factors probably account for the survival results of RTOG
0617, including inferior local control in the 74 Gy arms; but
unreported treatment-related deaths (cardiac and pulmonary)
are likely to be one of the major causes for the inferior survival
in the 74 Gy arms. Indeed the multivariate survival analysis
reported that VS and V50 heart were both associated with worse
survival. This study highlights the need for stricter constraints
to adjacent critical organs at risk such as heart, lung, proximal
bronchial tree and RT quality assurance programs in future
studies and institutional protocols. The current view in the
radiation oncology community is that radiation dose escalation
with conventional fractionation and concurrent CT is not the
way forward, but treatment intensification should be pursued,
including studies of altered fractionation and individualization of
dose (57-59).

Currently, there are investigative efforts to increase daily
fraction size to escalate total radiation dose without extending
the treatment duration. One approach involves dose escalation
using 2.25 Gy daily fractions (once or twice daily) while limiting
treatment duration to six weeks (60). This approach was used
to escalate to 87.8 Gy in patients with limited lung volumes
without concurrent chemotherapy. Another approach is to use
a higher dose fraction every day while limiting the treatment
duration to five weeks without concurrent chemotherapy (61).
UMCC 200373 and UMCC2007123 limited treating duration
to six weeks while delivering RT dose escalation with concurrent

chemotherapy, and achieved promising results (S1).

Treatment related death after RT based treatment

Treatment related severe toxicities can be fatal. For example, a
recent meta-analysis reported 1.9% grade S pneumonitis after
concurrent chemoradiotherapy (62). Radiation pneumonitis
attributed death occurred in up to 10% (35,63,64) of patients
treated with concurrent chemoradiation, and up to 4.3% of
patients treated with radiation alone (35,65,66). Critical
organs at risk include the heart, lung and esophagus. Grade 5
adverse events were reported in 1.7% (range, 1-3%) (67,68),
and 2.5% (range, 1.2-8.2%) (69,70), for patients treated with
concurrent chemotherapy with conventional doses (60-63 Gy)
and concurrent chemotherapy with escalated doses (>63 Gy).
It is possible that these increased events were due to treatment
toxicity, though some of them were not identified as such.
Another ongoing issue with the reporting of treatment related
deaths is that many patients die at home or at local community
hospitals, leading to probable underreporting of grade S events.
These treatment toxicities often arise as a consequence of the
challenges of delivering high dose radiation to locally advanced
disease without incidentally delivering high dose to the OARs
(Table 1).

Potential strategies to improve therapeutic gain in

NSCLC

It is imperative to pursue new strategies to increase the dose
ratio of tumor target over critical structures. Radiation physics
and technology advancements such as IMRT, IGRT, and
volume based planning are important for delivery of radiation
precisely to the target, though this will not be discussed in this
review. Knowledge of tumor target gained from tools such as
Positron Emission Tomography helps define the target more
accurately. Individualized radiation with isotoxicity prescription
is a promising strategy. For traditional adaptive radiation plan,
prescription dose is required to cover the whole GTV and CTV
determined according to images simulated before therapy. To
obtain the best LRC and OS from radiation, higher total dose
while limiting total treatment duration less than six weeks and
dosimetric factors such as V20 and MLD should be seriously
considered especially for larger tumors ( diameter >S5 cm). An
ongoing European phase II PET-boost trial (ClinicalTrials.
gov Identifier: NCT01024829) randomises patients with
stage IB-IIT NSCLC to dose-escalation starting from 66 Gy
given in 24 fractions of 2.75 Gy with an integrated boost to
either the entire primary tumour or to >50% of the maximum
Standardised Uptake Volume (SUV,,
tumor, while limiting MLD to 20 Gy. Preliminary results from

) area of the primary

ax,
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Table 1. Grade S events in reported clinical trials.
Trials RT total ~ Number Num.ber of Grade Chemoregimens
dose (Gy) of Fx patients 5 events (%)
Dose escalation radiation with concurrent chemotherapy
RTOG 0617, Bradley et al., 2013 (56) 74 37 208 8.2 TC
60 30 216 32 TC
RTOG 9410, Curranet al., 2011 (71) 63 34 195 3.6 Vinblastine, cisplatin
69.6 58 382 1.8 EP
Salamaet al., 2011 (11) 74 37 26 7.7 Gemcitabine,
carboplatin
Uitterhoeve, 2007 (72) 66 24 56 1.8 cisplatin
Berghmans et al., 2009 (73) 66 33 48 6.3 Gemcitabien, cisplatin,
vinorelbine
Movsas et al., 2005 (74) 69.6 58 242 1.2 TC
LAMP trial, Belani et al., 2005 (75) 63 34 166 1.8 TC
NPC 95-01, Fournel et al., 2005 (35) 66 33 100 10 EP
Conventional dose radiation concurrent with chemotherapy
RTOG 0617, Bradley et al., 2013 (56) 60 30 216 3.2 TC
Albain et al., 2009 (76) 6l NR 194 1.5 EP
SWOG 50023, Kelly et al., 2008 (34) 6l 33 543 1.1 EP
NCCTG 90-24-51, NCCTG 94-24-52, Schild et al., 60 20 or 40 129 1.6 EP
2007 (65)
Radiation alone
NCCTG 90-24-51, NCCTG 94-24-52, Schild et al., 60 20 or 40 37 2.7 —
2007 (65)
JCOG9812, Atagi et al., 2005 (36) 60 30 23 43 —
ECOG, Clamon et al., 1999 (66) 60 30 120 1.7 —
RT, radiotherapy; EP, etoposide and cisplatin; TC, paclitaxel and carboplatin.

the first 20 randomised patients showed that this was feasible
and did not exceed pre-defined normal tissue constraints.
Recent studies from Kong et al. at University of Michigan (3)
demonstrated that there is a significant decrease in tumor size
and FDG activity after radiation dose of 45 Gy. According to this
result, we could adapt targeting to the decreased tumor defined
on FDG-PET/CT after 45 Gy with a fixed composite MLD limit
of 20 Gy while allowing remarkable escalation of total dose to
the tumor. Kong et al. have demonstrated that tumor volume
reduces significantly more on FDG PET than on CT at 40-50 Gy
(4-5 weeks during the course of fractionated RT) (77). Using
the reduced volume identified on during-RT PET, dose to
active and resistent tumor was significantly escalated while
dose to the normal tissues were either reduced (due to adaptive
shrinking fields) or unchanged (78). The ongoing RTOG1106

trial (http://www.rtog.org/ClinicalTrials/ProtocolTable/
StudyDetails.aspx?study=1106) adopted this concept, and will
use this approach to obtain FDG-PET/CT during the course
of chemoradiation to adapt their plan to a tumor target smaller
than that from before therapy to escalate dose to as high as
80.4 Gy delivered in six weeks without increasing doses to the
OARs. The total dose for each patient in the experimental arm
will be determined by the dose corresponding to a MLD of 20
Gy (equivalent to a 15-17% probability of grade >2 lung toxicity
based on the current NTCP model). The study hypothesized
that the during-treatment PET/CT-based adaptive therapy will
allow us to dose escalate (i.e., raise the daily dose to the reduced
target volume for the remainder of the treatment) in the majority
of patients and meet the dose limits of normal structures, thus

improving LRC without increasing normal tissue toxicity. This
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will also allow us to use the lung dose limits to individualize
adaptive dose escalation to residual active tumor regions
and limit the incidence of pneumonitis and other toxicities
simultaneously.

Conclusions

In summary, there is a clear radiation dose effect in NSCLC
patients. Although the benefit of high dose radiation has been
demonstrated in early stage patients, the clinical benefit of high
dose radiation in patients has been challenged by preliminary
results from RTOGO0617. Treatment related toxicity can be a
major reason for failure of high dose radiation. Future study of
radiation therapy may benefit from individualized radiation dose
prescription based on the sensitivity of tumor and critical organs
of each individual patient. Studies from Europe will individualize
doses based on FDG intensity at baseline while limiting treatment
duration to five weeks. RTOG1106, an ongoing randomized
phase II study, will examine the effect of individualized adaptive
radiation therapy (over an uniform 60 Gy) by targeting high dose
radiation to most resistant tumor while keeping doses to critical
structures strictly controlled in locally advanced NSCLC patients.
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ABSTRACT

KEYWORDS

Local tumor control remains challenging in many cases of non-small cell lung cancer (NSCLC), particularly those that
involve large or centrally located tumors. Concurrent chemotherapy and radiation can maximize tumor control and survival
for patients with locally advanced disease, but a substantial proportion of such patients cannot tolerate this therapy, and
sequential chemoradiation regimens or radiation given alone at conventionally fractionated doses produces suboptimal
results. An alternative approach is the use of hypofractionated proton beam therapy (PBT). The energy distribution
of protons can be exploited to reduce involuntary irradiation of normal tissues, particularly the low-dose irradiation
problematic in intensity-modulated (photon) radiation therapy (IMRT). Here we summarize current evidence on the use
of hypofractionated PBT for both early-stage and locally advanced NSCLC, and the possibility of using hypofractionated
regimens for patients who are not candidates for concurrent chemotherapy.

Hypofractionation; early-stage disease; locally advanced disease; proton beam therapy (PBT); stereotactic ablative body

radiation (SABR); intensity-modulated proton therapy (IMPT); passive scattering; dosimetric comparisons; clinical studies

J Thorac Dis 2014;6(4):348-355. doi: 10.3978]j.issn.2072-1439.2013.11.07

Introduction

Local tumor control remains a substantial challenge in many
cases of non-small cell lung cancer (NSCLC). For patients with
early-stage disease, the advent of stereotactic ablative body
radiation (SABR) for definitive therapy has drastically reduced
the rate of locoregional recurrence (1), but some tumors,
particularly those that are large or centrally located, remain
challenging to treat because of the risk of severe toxicity (2).
For patients with locally advanced disease, concurrent
chemotherapy and radiation have been shown to maximize
control and survival outcomes, but many patients are not
candidates for this approach because of age, the presence of
comorbid conditions, or poor performance status (3,4), and for

such patients sequential chemoradiation regimens or radiation
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given alone at conventionally fractionated doses produces
suboptimal results.

Thus, more effective and safe radiation therapy regimens are
needed for subsets of patients with early-stage or locally advanced
NSCLC. An approach that has been increasingly explored over
the past decade has been the use of hypofractionated proton
beam therapy (PBT). The energy distribution of protons
[as opposed to photon (X-ray- or gamma-ray-) based irradiation]
has theoretical advantages over that of photons because of the
Bragg peak characteristic of proton particles, which can be
exploited to reduce exposure of normal tissues to radiation,
particularly at low doses. Under this premise, emerging
dosimetric and clinical studies are being undertaken to assess the
role of PBT, including hypofractionated regimens as appropriate,
for carefully chosen patients.

This review summarizes current evidence regarding the use
of hypofractionated PBT for early-stage NSCLC, including
use of PBT as an alternative to SABR for patients with
T1-T2 node-negative tumors, followed by a discussion of PBT
for locally advanced disease, including tumors that involve the
mediastinum, and the possibility of using hypofractionated
regimens for patients who are not candidates for concurrent

chemotherapy. We have endeavored to convey a level-of-
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evidence-based approach to applying these concepts for
specific cases and to outline future paths for research to better
determine which patients would derive the greatest benefit from
hypofractionated PBT.

Hypofractionated proton beam therapy for early-
stage NSCLC

Dosimetric analyses

Several treatment-planning studies have been done to compare
the radiation dose that would be delivered to tumors and
surrounding normal structures with PBT vs. with photon
techniques for early-stage tumors. In one of the earliest analyses,
investigators from the University of Florida and the Mayo Clinic
assessed eight patients with medically inoperable, peripherally
located lesions that had initially been treated with SABR to
48 Gy in 12 fractions. An additional set of treatment plans at
the equivalent dose was then generated to identify possible
differences in dose distribution to normal structures if the
treatment had been passive-scattering PBT instead of SABR.
The median relative difference in lung dose between the two
modalities was 2-10% depending on the parameter of interest,
with low-dose regions being affected more than higher doses
[median difference in the volume receiving at least S Gy (V) =
10.4%; in V,,=2.1%; and in V,;=1.5%]; the median difference
in mean lung dose was 2.2 Gy. Depending on the location of the
lesion, PBT was also beneficial in other dose-volume parameters
of the heart, esophagus, and bronchus. The investigators
concluded from these findings that normal structure dosing
was superior with PBT compared with SABR for early-stage,
peripheral tumors (5).

A similar analysis done by authors from the University of
Nagoya in Japan involved 21 patients with peripheral stage I
NSCLC for whom plans were generated for both SABR and
stereotactic body proton therapy (SBPT) to 66 Gy (RBE)
in ten fractions. Again, the investigators found differences in
several lung, heart, spinal cord, and esophagus doses, with the
advantage from PBT again being more pronounced in the lower-
dose than in the higher-dose regions in the lung. They further
found that incremental increases in the tumor/target volume
led to sharper rates of increase in V for SABR versus SBPT, but
these differences were attenuated for V,;-V,,. Overall, because
the differences in low-dose regions were more substantial when
planning target volumes were larger, this group concluded that
SBPT seemed to be more advantageous for larger tumors (6).

Finally, researchers at The University of Texas MD Anderson

Cancer Center examined the role of SBPT for particularly

challenging cases of early-stage disease, specifically tumors
that were centrally or superiorly located. They compared
plans for SABR, given as either passive scattering SBPT or
intensity-modulated proton therapy (IMPT), for 15 patients
with tumors located within 2 cm of a critical structure. They
found that SABR plans could be created that would meet
dose constraints for normal structures in 6 of the 15 patients,
passive scattering SBPT for 12 patients, and IMPT for 14 of the
15 patients. Moreover, the proton techniques were associated
with considerable improvements in target coverage when tumors
were within 2 cm of the following structures: aorta, brachial
plexus, heart, pulmonary vessels, and spinal cord (7) (Figure 1).
Collectively, these studies demonstrated that hypofractionated
PBT was dosimetrically superior to SABR for most patients with
early-stage NSCLC, and that this superiority was substantially
enhanced (as was the potential clinical benefit) for patients with
larger, superiorly or centrally located tumors within 2 cm of a

critical structure.
Clinical analyses

Although the sum total of clinical experience with
hypofractionated PBT is still relatively limited at this time,
several institutions have reported their experiences with this
technique, and all showed similarly promising outcomes. These
studies are summarized in Table 1. The experience with the
longest follow-up comes from Loma Linda University, which
has published several studies on toxicity and survival among
patients with node-negative disease who underwent definitive
treatment with PBT (8,13,14). In the most recent analysis,
these investigators published their 12-year findings on the use
of PBT to treat patients with T1-T2NOMO peripheral NSCLC
tumors (60%) or centrally located NSCLC tumors who could
not undergo surgery for medical reasons or who declined
resection. All patients received PBT in a dose-escalating fashion
starting at SO Gy (RBE) and increasing to 70 Gy (RBE) in ten
fractions. At a median follow-up time of 48 months for the
111 patients so treated (mean tumor size, 3.6 cm), overall
survival was significantly improved in patients who received
70 Gy (RBE) compared with those treated to 51 or 60 Gy
(RBE) in ten fractions. Moreover, although local control rates
were excellent at about 85-90% for patients with T1 tumors, the
difference in control was much more significant for those with
T2 lesions (4-year local control rates of 45% for those receiving
60 Gy vs. 74% for 70 Gy). Analysis of outcomes among patients
who were also thought to be candidates for SABR revealed
excellent rates of local control rate (96%) and overall survival
(80%) at four years. Finally, treatment-related toxicity with PBT
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SBPT using 4 beams

SBPT using 7 beams

Figure 1. Comparison of stereotactic body proton therapy (SBPT) and stereotactic ablative body radiation (SABR) plans for early-stage lung cancer.

Table 1. Selected studies of accelerated proton beam therapy for early-stage non-small cell lung cancer.

35 fractions

Westover et al. (12) 2012 15 (20 tumors)  42-50 Gy in

3-5 fractions

grade 2 esophagitis; 67% grade
2 dermatitis; 17% grade 3
dermatitis

| patient with grade 2 fatigue;

| patient with grade 2 dermatitis;
3 patients with rib fracture;

| patient with grade 3 RP

Study and reference Year No. of patients Regimen Toxicity Control and survival rates
Bush et al. (8) 2013 I Dose No patients with grade =2 RP;  4-year outcomes for 70 Gy:
escalation 4 patients with rib fractures OS 51%; DSS 74%;
(50-70 Gy in LC 86-91% for T1 tumors,
10 fractions) 45-74% for T2 tumors
Hata et al. (9) 2007 21 50-60 Gy in | patient with grade 2 2-year outcomes: OS 74%;
10 fractions RP; | patient with painful DSS 86%; LC 95%
subcutaneous induration; |
patient with chest wall myositis
Iwata et al. (10) 2010 57 (23 with 60 Gy in 13% grade =2 RP; 16% 3-year outcomes:
carbon therapy) 10 fractions grade 2 dermatitis; 4% grade OS 75%; DSS 86%;
3 dermatitis; 23% grade 2 rib LC 82%
fracture; 6% grade 2 fibrosis of
soft tissue
Changetal. (11) 201 | 13 87.5Gyin 1 1% grade 2 RP; | patient with ~ 2-year outcomes:

OS 55%; DFS 46%

2-year outcomes:
OS 64%; LC 64%

Abbreviations: RP, radiation pneumonitis; OS, overall survival; DSS, disease-specific survival; LC, local control; DFS, disease-free survival.
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was minimal, with no patients experiencing radiation pneumonitis
requiring intervention, and pulmonary function, as measured
by forced expiratory volume in one second (FEV,), was largely
maintained. These investigators concluded that PBT was feasible,
safe, and effective for either peripheral or centrally located lesions,
and that use of higher radiation doses was beneficial in terms of
local control, particularly for larger tumors (8).

Other institutions have also reported outcomes with use
of PBT, although the follow-up time in most studies has been
shorter. Investigators from the University of Tsukuba in Japan
published an initial analysis (9) and then follow-up data (15)
on patients with medically inoperable stage I NSCLC treated
to either 66 Gy (RBE) in ten fractions for peripherally located
lesions or 72 Gy (RBE) in 22 fractions for central lesions. In the
most recent report, at a median follow-up time of 17 months,
the progression-free survival rates were 88.7% at two years and
78.9% at three years, with no differences found between T1 vs.
T2 tumors or between central vs. peripheral lesions. Of the seven
recurrences in this group of 55 patients, one was local, three
were in the mediastinum or lymph nodes, and three were at
other locations within the lung. Two patients experienced grade
3 pneumonitis, two grade 2, and one grade 1. One patient was
noted to have a rib fracture. These investigators concluded, as did
those in the Loma Linda study, that PBT was safe and feasible for
patients with medically inoperable stage I disease (15).

Investigators from several institutions in Japan have reported
their results PBT or carbon therapy to treat stage I NSCLC.
Patients treated with PBT initially received 80 Gy (RBE) in
20 fractions, and this regimen was subsequently changed to a
more aggressive alternative of 60 Gy (RBE) in ten fractions.
As initially reported, at a median follow-up of approximately
three years for living patients, the 3-year local control rate was
82%, with an overall survival rate at three years of 75%. Of the
80 treated patients, only one experienced grade 3 pulmonary
toxicity (10). A subsequent report of outcomes among 70
patients with T2 tumors (43 treated with PBT), with the
hypothesis being that control rates and toxicity would be better
for this subset of patients with PBT than with SABR revealed
that, at a median follow-up time of 51 months, the 4-year
rates of overall survival, local control, and progression-free
survival for the 70 patients were 58%, 75%, and 46%. Notably,
11 of 70 patients had mediastinal or hilar recurrences; another
12 patients with T2a or T2b tumors had similar control rates,
and 2 of 70 patients experienced grade >3 radiation pneumonitis.
Five patients had grade 3 or 4 dermatitis, and one rib fracture was
reported. These investigators concluded that PBT or carbon ion
therapy was well tolerated by patients with T2 disease but given

the relatively high rate of distant and regional metastases, the

addition of systemic therapy should be considered as well (16).
An analysis of patients treated with SBPT at Massachusetts
General Hospital from 2008 through 2010 revealed a 2-year overall
survival rates of 64% but a local control rate of 100% (12). Finally,
in a phase I/1I trial at MD Anderson Cancer Center, patients with
early-stage disease who were not candidates for SABR (i.e., those
with central or superior lesions or tumors >3 cm) were treated
with a hypofractionated regimen of 87.5 Gy (RBE) in 35 fractions.
In the first report from this trial, 18 patients had been treated
at a median follow-up time of 16.3 months; no patient had
experienced grade 4 or S toxicity, and the most common grade >3
adverse event was dermatitis (17%). No patient experienced
grade 3 or higher pneumonitis or esophagitis. The local control
rate was 89%, with 11% of patients experiencing local-regional
recurrence and 28% distant metastasis. Conclusions from
this study were that this regimen was well tolerated and was
promising in terms of local control. Notably, the dermatitis
was probably related, at least in part, to the use of two or three
beams in the treatment plan (vs. using more than three beams
to distribute the dose to the skin and chest wall over a larger
area) (11), and thus the current practice at MD Anderson
for hypofractionated regimens is to use four to six beams to

minimize hot spots in that region.

Hypofractionated PBT for locally advanced
NSCLC

Dosimetric analyses

Few studies to date have explored dosimetric differences between
tumor targets and normal structures when hypofractionated
dosing regimens are used for locally advanced disease. Therefore,
such comparisons must be extrapolated from the literature on
use of PBT at conventionally fractionated doses. For instance,
investigators from MD Anderson Cancer Center compared dose-
volume histograms in patients with stage III NSCLC treated
with either PBT or (photon) IMRT and found that lung tissue
parameters such as mean lung dose, V;, V,,, and V,, were all
improved with PBT as compared with IMRT. Doses to the lung,
spinal cord, heart, and esophagus were also improved with PBT
relative to IMRT (17). Similarly, a study from the University of
Florida examined whether PBT could reduce the radiation dose
to the lung and bone marrow [compared with 3-dimensional
conformal radiation therapy (3D-CRT) or IMRT] in patients
with stage III NSCLC. In plan comparisons for eight patients,
PBT was associated with a median reduction of 29% in lung V,,
and a 30% reduction in bone marrow V,, compared with 3D-CRT.

These advantages were maintained when PBT was compared with
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IMRT, with PBT showing an improvement of 26% in lung V,; and
27% in bone marrow V. In a correlative study, the same authors
found that PBT could cover “high-risk” lymph nodes (mediastinal,
hilar, or supraclavicular nodal regions anatomically adjacent to
involved regions according to positron emission tomography)
with a lung dose approximating that of photon plans that covered
only involved lymph nodes, leading the authors to include that
PBT could be used to expand coverage to at-risk regions without
substantially increasing lung dose (18). Presumably the dosimetric
advantages demonstrated in studies of locally advanced disease
such as these can be extrapolated to hypofractionated therapy as
well, because the proportional differences should hold with the

change in fraction size.
Clinical analyses

Use of hypofractionated 3D-CRT or IMRT regimens for locally
advanced disease has been evaluated by several groups; these
regimens tend to involve moderate hypofractionation, with
smaller fractions used than for early-stage disease because of the
risks of irradiating mediastinal structures and the greater degree
of lung involvement in many patients. For example, investigators
from the University of Wisconsin conducted a dose-escalation
study in radiation was given in 25 fractions ranging from 2.28 to
3.22 Gy. Toxicity was acceptable, with no incidences of grade >3
pneumonitis and 15% of patients developing grade 2 radiation
pneumonitis (19). Similarly, investigators at Fudan University
in Shanghai treated 34 patients with stage III NSCLC with
3D-CRT in accelerated hypofractionation, with an initial dose
of 50 Gy in 20 fractions ultimately escalated to a total dose of
68 Gy after two cycles of induction chemotherapy. At three years,
the median progression-free survival rate was 32% and the
overall survival rate 30%, but the local-regional control rate at
that time was a remarkable 61%, demonstrating that induction
chemotherapy followed by hypofractionated RT is promising for
such cases (20).

Another group at MD Anderson published their findings
from the use of 45 Gy, delivered in 3-Gy fractions, for 26 patients
with stage I-IIIB disease with involved nodes and borderline
performance status, defined as a Karnofsky Performance Status
(KPS) score of 60-70 or weight loss of >5%. These authors
found that this regimen produced comparable survival outcomes
(local control, freedom from progression) and toxicity for these
patients relative to patients with higher performance status
(KPS >70 and with weight loss of <5%) who were treated to
60-66 Gy in a standard fractionation regimen over 6 to 6.5 weeks,
leading them to conclude that the accelerated treatment regimen

was a reasonable alternative to conventionally fractionated doses

for patients who could not tolerate concurrent chemotherapy (21).
This analysis was updated after its initial publication to include 119
patients in the accelerated-treatment group and again showed no
differences with regard to local or distant control compared with
patients given standard fractionation regimens (22).

With these prior results, investigators at MD Anderson
undertook the first dedicated study of hypofractionated PBT that
included patients with locally advanced disease. In this phase I
trial, 25 patients were treated in a dose-escalating manner with
fifteen 3-, 3.5-, and 4-Gy fractions, yielding total doses of 45-60 Gy,
with the dose being escalated in a 3+3 design. Thus 3 patients were
treated to 45 Gy, 4 patients to 52.5 Gy, and 18 patients to 60 Gy.
At a median follow-up time of 13 months for patients who were
alive at the time of analysis, the authors found that only two patients
had experienced dose-limiting toxicity, one with grade 3 infectious
pneumonia after receiving a dose of 60 Gy in 4 Gy fractions and
the other with a grade S tracheoesophageal fistula developing
nine months after PBT to 52.5 Gy in 3.5-Gy fractions (23).
However, the latter patient had also received bevacizumab,
which has been shown to cause fistulas (24,25), at one month
before developing the fistula. These investigators concluded
that hypofractionated PBT to the thorax was well tolerated even
when significant doses were delivered to the lung and central
structures such as the bronchus and esophagus. This analysis also
involved the development of unique dose constraints, based on
extrapolations of those used in standard fractionated regimens
and adjusted for biologically equivalent dose, which can be used
as a foundation for future trials examining analogous regimens
for mediastinal disease. Representative dose distributions for a
patient treated to 60 Gy in 4 Gy fractions in that study are shown

in Figure 2.

Conclusions and future directions

The feasibility of hypofractionated dose-escalated PBT
for NSCLC has been demonstrated by several groups
at a variety of institutions. The evidence is stronger for
early-stage disease, as more studies have focused solely
on PBT. The clinical benefit of PBT remains to be seen;
SABR, particularly for small, peripherally located lesions,
appears to produce excellent results, with local control
rates often exceeding 95% and modest toxicity (1).
The benefit of hypofractionated SABR in this context may be
limited to patients with larger or centrally or superiorly located
lesions or patients with recurrent disease. To address this
possibility, investigators from MD Anderson and Massachusetts
General Hospital have begun a randomized phase II study
comparing SABR with SPBT for patients with centrally located
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Figure 2. Dose distributions for a patient who received proton-beam therapy for a T3N2 adenocarcinoma of the right lower lobe in a prospective phase

I trial. The contralateral lung is almost completely spared.

50 Gy (RBE) in 4
consecutive fractions
R | S R
E | T | Cohort | A Cohort | A
G | R | Central N SBPT
| A D Cohort | B
S| T o SBRT
T | M
E F | Cohort2 | Cohort2 A
R | Y |Recurrent V4 SBPT
E Cohort2 B
SBRT

Figure 3. Schema for ongoing trial of stereotactic ablative body
radiotherapy (SABR) vs. stereotactic body proton therapy (SBPT) for
centrally located or recurrent NSCLC. The primary outcome is 2-year

toxicity, with a target accrual of 120 patients.

stage 1, selected stage II, or recurrent NSCLC (Figure 3).
Candidates for this study must have primary tumors located within
2 cm of the bronchial tree, major vessels, or mediastinal structures;
or T2/T3 lesions with involvement of the mediastinal pleura or
pericardium; or recurrent disease. Patients are randomly assigned
to receive SBRT or SBPT to a total dose of 50 Gy in four fractions,
and the primary outcome is a reduction in the 2-year toxicity
rate. This study will provide valuable information to address the
question of whether patients with more challenging tumors would
benefit more from SBRT or PBT.

Regarding hypofractionated PBT for locally advanced disease,
dosimetric analyses have shown a benefit for PBT over 3D-CRT
or IMRT in select cases, and this advantage can reasonably be
extrapolated to the hypofractionated context. Several phase
I and phase II trials have also demonstrated the feasibility of
hypofractionated regimens for patients with stage II-III disease
who are not candidates for concurrent chemoradiation, with
promising local control rates and acceptable toxicity. However,

dose-escalation regimens in such cases have been somewhat
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Complete subject registration form

v

!

Phase 1: PCG assigns dose level

Phase 2: As defined by protocol, section 12.3.2

Registr.

Dose Level: radiation therapy

Dose Level 1: 60 Gy (RBE) at 2.5 Gy (RBE) /fx for 24 fx
Dose Level 2: 60 Gy (RBE) at 3 Gy (RBE) /fx for 20 fx

Dose Level 3: 60.01 Gy (RBE) at 3.53 Gy (RBE) /fx for 17 fx
Dose Level 4: 60 Gy (RBE) at 4 Gy (RBE) /fx for 15 fx

Concurrent
chemotherapy*

A

Follow-up

*Concurrent chemotherapy is required. The suggested regimens are weekly paclitaxel
at 45 mg/m? and carboplatin at AUC 2 mg/min/mL or cisplatin 50 mg/m? day’s 1, 8, 29
and 36 and etoposide 50 mg/m’days 1-5, 29-33

Figure 4. Schema for prospective phase I/II study of hypofractionated PBT, with concurrent chemotherapy, for stage II-III non-small cell lung

cancer. This dose-escalation study will enroll 28 patients in the phase I component and 61 in the phase II component. Abbreviations: PCG, Proton

Cooperative Group; fx, fractions.

limited by normal tissue constraints and the degree to which
mediastinal structures can be spared. Ideally, the dosimetric
advantages of PBT would translate into the ability to prescribe
increasing fraction sizes, which would maintain reasonable rates
of adverse events while improving local control. To date, only
one published study has focused solely on hypofractionated
PBT for NSCLC, and this analysis showed limited toxicity.
However, much more information is needed regarding the safety
of hypofractionated PBT before it can be widely adopted, and
long-term follow-up is urgently needed to assess chronic
toxicities (those appearing more than 12 months after
treatment) and rates of disease control and survival compared
with conventionally fractionated regimens and prior studies using
photon techniques. In a phase I/II study recently opened through
the Proton Cooperative Group (Figure 4), patients are to receive
concurrent chemotherapy at escalating doses of hypofractionation;
this regimen is intended for patients with higher performance
status who are also candidates for systemic therapy. The concept is
that the increased sparing of normal tissues afforded by PBT will

allow more aggressive approaches to be used. Over the next several
years, given the growing number of PBT facilities, collaborative
efforts in prospective, ideally randomized studies will be crucial for
developing appropriately individualized treatments that can take
advantage of PBT, a valuable yet limited, resource-intensive, and

costly modality, in the hypofractionated setting.
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Combining targeted agents and hypo- and hyper-fractionated radiotherapy

in NSCLC
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ABSTRACT

Radical radiotherapy remains the cornerstone of treatment for patients with unresectable locally advanced non small

cell lung cancer (NSCLC) either as single modality treatment for poor performance status patients or with sequential or

concomitant chemotherapy for good performance status patients. Advances in understanding of tumour molecular biology,

targeted drug development and experiences of novel agents in the advanced disease setting have brought targeted agents

into the NSCLC clinic. In parallel experience using modified accelerated fractionation schedules in locally advanced disease

have demonstrated improved outcomes compared to conventional fractionation in the single modality and sequential

chemo-radiotherapy settings. Early studies of targeted agents combined with (chemo-) radiotherapy in locally advanced

disease in different clinical settings are discussed below and important areas for future studies are high-lighted.
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Introduction

Arguably one of the most important objectives for cancer
researchers remains the reduction in the millions of years of
healthy life lost to lung cancer worldwide each year [estimated
at 24.5 million in 2008 (1)] with little impact made on the poor
relative survival in recent years (2) and improvements in survival
trailing behind other cancers (3). Non-small cell lung cancer
(NSCLC) accounts for approximately 85% of all lung cancers.
Approximately one third of these patients have early stage disease
(stages I and IT) at the time of presentation and are usually treated
surgically, with radiotherapy being reserved for those who are
medically inoperable. Another one third of patients present with
advanced disease and radiotherapy is reserved for palliation
of symptoms. The remainder of patients present with locally
advanced disease (stage IIT) with the majority being unresectable

and the mainstay of treatment is radical intent radiotherapy.
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In good performance status patients, the addition of sequentially
or concomitant platinum-based chemotherapy is considered as the
standard of care in patients with locally advanced disease due to the
associated improved outcome (4,5). Importantly, a meta-analysis
of over 1,200 patients from six trials comparing concomitant to
sequential chemo-radiotherapy reveals the concomitant approach
is associated with lower loco-regional disease progression (absolute
decrease of 6.1% at five years, from 35.0% to 28.9%) but similar
distant disease progression (40.6% and 39.5%, respectively)
compared to sequential (6). This suggests an important
temporal relationship between the two treatment modalities.
The consequent 4.5% increase in S-year overall survival from
10.6% with sequential to 15.1% with concomitant chemotherapy
highlights the opportunity for radio-sensitisation with systemic
agents and the relevance of improved local disease control on long
term outcome.

However, an estimated 60% of patients with locally advanced
disease are not fit enough for concomitant chemo-radiotherapy
due to poor performance status and co-morbidities (7). In
addition to the less toxic alternative of sequential chemo-
radiotherapy, radiotherapy dose escalation has been explored,
given conventional doses achieve sub-optimal rates of local
disease control with estimates of pathologically persistent
tumour following treatment in 60% of patients (8). Tumour

control probability modelling suggests that using conventional



Journal of Thoracic Disease, Vol 6, No 4 April 2014

357

fractionation (1.8 to 2 Gy daily), a dose of 84 Gy is required to
achieve 50% probability of tumour control at three years (9),
some 18-24 Gy higher than the standard dose radiotherapy.
Unfortunately, preliminary clinical data from the RTOG 0617
randomised phase III trial of conventionally fractionated
radiotherapy (with concurrent and consolidation platinum-
based chemotherapy +/- cetuximab) comparing standard dose
(60 Gy) to high dose (74 Gy) has revealed the conventionally
fractionated high dose arm is associated with a higher rate of
local disease progression (34% compared to 25%) and shorter
median survival (19.5 months compared to 28.7 months)
compared to standard dose (10). It is as yet unclear the reason for
the detrimental effect of the higher dose arm, but the extended
duration of treatment by dose escalating using conventionally
fractionated may be an important factor.

The alternative strategy is to intensify radiotherapy dose using
modified fractionation schedules and reduced overall length
of the treatment course with the aim of reducing the effect of
accelerated tumour cell repopulation during treatment (11,12).
The number of fractions given each day can be increased from
one to two or three with at least a 6-hour gap in-between (hyper-
fractionation) or the number of daily fractions given can be
decreased by increasing the dose per fraction (hypo-fractionation).
Such schedules increase the biologically effective dose (BED) (13)
delivered to the tumour. Experience with extreme hypo-fractionation
in stereotactic ablative radiotherapy for early stage disease
demonstrates that a BED of over 100 Gy (using a ratio of 10 for
tumour linear to quadratic radio-sensitivity) is required to achieve
local disease control rates in excess of 90% (14,15). A recent
meta-analysis of over 2,000 patients, of which >80% had stage
III disease, from eight trials comparing modified to conventional
fractionation radiotherapy schedules reveals modified fractionation
is associated with improved overall survival at five years (absolute
increase of 2.5%, from 8.3% to 10.8%) compared to standard
fractionation schedules and importantly, good compliance with the
modified regimens (16). Additionally accelerated radiotherapy is
associated with higher pathological complete resection rates than
conventional fractionation in patients with stage II NSCLC treated
with tri-modality therapy (17). The optimal modified fractionation
schedule is yet to be clarified, however accelerated schedules
to a total dose of 60-66 Gy are considered optimal for patients
considered unsuitable for concomitant chemo-radiotherapy (18).

With the recent increase in understanding of the molecular
biology of NSCLC and experience of the use of targeted agents
in the advanced disease setting, a number of published studies
report on combining targeted agents into radical treatment
schedules for locally advanced disease, from addition to

concomitant chemo-radiotherapy in good performance status

patients to combination with radiotherapy alone in elderly
or poor performance status patients. Published studies in the
various clinical settings are discussed below.

Molecular biology of NSCLC and epidermal

growth factor receptor (EGFR) inhibitors

EGFR is one of a family of four structurally similar tyrosine
kinase-associated receptors which comprise the human
epidermal growth factor receptor (HER) family. EGFR (HERI
or ERBB1) was the first to be described in humans, and
identified to be a protein comprising an extracellular ligand-
binding domains, trans-membrane domain and an intracellular
tyrosine kinase domain (19). Each receptor must homo- or
hetero-dimerise to activate the intrinsic kinase activity and
phosphorylate tyrosine residues on the C-terminal tail, activating
intracellular signalling pathways. Epidermal growth factor
expression has long been regarded as a poor prognostic factor in
NSCLC, suggesting its potential as a therapeutic target (20,21).

Since then, a number of small molecule reversible and more
recently irreversible EGFR tyrosine kinase motif inhibitors
(TKIs) have been developed, with gefitinib and erlotinib both
demonstrating modest activity in EGFR wild-type advanced
NSCLC (22,23), leading to licensing for erlotinib. The discovery
of constitutionally activating somatic EGFR mutations mapping
to the kinase domain in 2004 (24,25) changed drug development
strategies, with gefitinib, erlotinib and afatinib now licensed
for EGFR TKI naive advanced NSCLC, with an overwhelming
consistent evidence from eight randomized trials demonstrating
their superior efficacy over chemotherapy in advanced NSCLC.
In this setting, toxicities of EGFR TKIs are more manageable
than chemotherapy, and toxic fatalities rare usually at up to
3%. Moreover, there seems to be no obvious difference in
proportion of grade 3-$ toxicities between the three agents. The
most significant serious adverse event reported in EGFR-TKI
development was initially pneumonitis. However, with greater
experience of use of these agents in the advanced disease setting,
rates of grade 3-5 pneumonitis are routinely observed at up to 3%
of most trial series, with no clear differences between the agents,
but a possible geographical distribution, with increased events
reported from East Asian series (26). Whether this reflects
pharmacogenomic differences or differing clinical diagnostic
interpretation remains unresolved.

Unlike the success of the EGFR-TKIs, targeting through
antibody inhibition has proven more problematic in advanced
NSCLC. Whilst preclinical models demonstrated the activity
of anti-EGFR monoclonal antibodies (MAbs) against several

carcinoma cell lines, with synergistic activity in combination with
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cisplatin (27), despite encouraging phase II studies (28) two
large randomized phase III trials in advanced NSCLC (29,30)
demonstrated little or no survival advantage for the addition of
cetuximab to standard platinum-doublet chemotherapy, although
subsequent post-hoc analyses suggested potential activity
contingent on extent of EGFR expression (31). EGFR MAbs are
therefore not standard in advanced NSCLC.

For stage III NSCLC, the combination of EGFR inhibitors
and radiotherapy has considerable scientific rationale, despite
some of the efficacy concerns identified through advanced
disease trials. A positive correlation has been demonstrated
between EGFR expression and tumour radio-resistance (32)
and the magnitude of over-expression has been correlated
with the degree of resistance (33). Radiation damage results in
increased EGFR expression and subsequent augmentation of
down-stream pathways (34,35). Pre-clinical evidence suggests
EGEFR blockade potentiates tumour radio-sensitivity. Cetuximab
has demonstrated the ability to modulate tumour proliferation,
apoptosis and inhibit deoxyribonucleic acid (DNA) repair
following irradiation (36-39). Gefitinib has been shown to inhibit
the radiation-induced activation of DNA-dependent protein kinase
and potentiate radiation response (40,41). Erlotinib similarly
causes radio-sensitization potentially through a number of effects
including increased apoptosis, cell cycle arrest, and DNA damage
repair changes (42). Other mechanisms postulated include
micro-environmental changes mediated through decreased
vascular endothelial growth factor messenger ribonucleic acid
(VEGF mRNA) and protein expression, and blunted hypoxia-
inducible factor 1-alpha (HIF-1a) induction (43), with studies
of gefitinib (44) and cetuximab (4S5) demonstrating improved

oxygenation.

EGFR inhibitors with conventional fractionation

radical radiotherapy alone

In the clinical setting, subsequent to the encouraging improved
outcomes with minimal additional toxicity in locally advanced
head and neck cancer patients treated with radical radiotherapy
combined with cetuximab compared to radiotherapy alone (46),
similar studies have been carried out in patients with locally
advanced NSCLC. Given the patient population offered
radiotherapy alone tend to be elderly and/or with poor
performance status, the N0422 phase II single arm study of radical
radiotherapy (60 Gy) combined with concomitant cetuximab is
interesting (47) (Table 1). The cohort of 57 patients with stage
III NSCLC who were considered unfit for combined chemo-
radiotherapy included either patients aged 65 years or older
with an ECOG performance status of 0-1 or patients of any age

with a performance status of 2. Fifty patients (86%) completed
the entire treatment and there were no treatment related
deaths. Grade 3/4 toxicities were experienced by 31 (54%)
patients, with the most common side effects being fatigue (9%)
and dyspnoea (9%). The median survival of the cohort was
15.1 (95% CI: 31.1-19.3) months. Of note, patients in this
study were not staged with positron emission tomography
(PET) scans and outdated radiotherapy techniques were used.
A similar smaller single arm phase II study, the Near trial, treated
30 patients with stage III NSCLC, who were considered unfit
for or who had refused combined chemo-radiotherapy, with
radical radiotherapy (66 Gy) combined with concomitant
cetuximab followed by maintenance cetuximab (48) (Table 1).
The median age of this cohort was younger at 71 years and
all patients had a Karnofsky performance status of >70%,
however, the median survival was encouraging at 19.6 (95% CI:
11.5-24.7) months. Treatment completion rate and grade
3/4 toxicity rates were similar at 90% (27 patients) and 40%
(12 patients), respectively, with the most common side effect
being pneumonia (10%). There were however three deaths
(myocardial infarction, bacterial endocarditis related sepsis,
pulmonary embolus following deep vein thrombosis) reported as
unlikely related to the treatment. Both studies included elective
nodal irradiation up to 40-50 Gy, however in contrast to the first
study, patients in the Near trial were staged with PET scans and
modern radiotherapy techniques were used, including intensity
modulated radiotherapy (IMRT) and cone beam CT image
guided delivery. It is also noted that while the median percentage
of normal lung planned to receive 20 Gy (V,,) in this cohort of
patients was 26%, the range extended up to 60% and therefore
included patients at high risk for pulmonary complications due
to the radiotherapy (51). Given the skin toxicity rates associated
with cetuximab, there is interest in newer EGFR MAbs that
demonstrate a lower incidence of skin complications, with phase
I studies of nimotuzumab in the palliative radiotherapy setting for
NSCLC patients demonstrating feasibility and tolerance (52,53).
Studies of erlotinib and gefitinib in combination with radical
radiotherapy alone in locally advanced NSCLC have raised
concerns about pulmonary toxicity. In particular, a phase II study
from Japan (49) (Table 1) on good performance status patients
with a median age of 54 years was closed early due to toxicity
concerns. Of the nine patients with stage III NSCLC recruited
to the study, seven received gefitinib concurrently with thoracic
radiotherapy (60 Gy). Three dimensional (3D) conformal
planning was used and all plans had a lung V,;<35%. Despite
this, two of these patients experienced acute pulmonary toxicity
(grade 1 and 3) after approximately 30 Gy had been delivered.
In contrast, another phase II study from China (50) (Table 1)
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studied 26 patients with stage III or IV disease, treated with
‘individualised’ radical radiotherapy in combination with either
erlotinib or gefitinib. The patients were a heterogeneous group
with only S (19%) patients having stage III disease. The 21 (81%)
patients with stage IV disease had up to three organs treated with
stereotactic ablative radiotherapy in addition to radical thoracic
radiotherapy given concurrently with the EGFR tyrosine kinase
inhibitor. However, treatment was completed as planned in
96% of patients and grade 3/4 pulmonary toxicity rates were
acceptable at 4%. The whole cohort had a promising median
survival of 21.8 (95% CI: 8.5-35.1) months. Additional toxicity
concerns with erlotinib, published in abstract only, come from a
small phase I/II Canadian study of erlotinib given concurrently
with radical radiotherapy (60 Gy) in poor risk patients with PS 2
or weight loss >5% (54). This study was terminated early due to
grade 3-5 pulmonary toxicity in two of five patients.

EGFR inhibitors with conventional fractionation

sequential chemo-radiotherapy

An early phase I study demonstrated the safety of combining
cetuximab with radical radiotherapy (64 Gy) following induction
platinum-based chemotherapy in 12 patients with stage III
NSCLC (55) (Table 2). One patient died of bronchopneumonia
during treatment and two others experienced grade 3 toxicity
(a fatigue and a pneumonitis). All patients radiotherapy plans
had alung V,,<30% (median 22%).

Subsequently a single arm phase II study, the Satellite trial,
treated 71 patients with stage III NSCLC using a combination
of cetuximab and radical radiotherapy (68 Gy) following
induction chemotherapy (56) (Table 2). The patients were of
good performance status [0-1] with a relatively low median age of
62 years, however 37% had significant weight loss prior to
treatment, a documented poor prognostic factor (60,61).
Interestingly, this study omitted elective nodal irradiation, yet
despite this PTV volumes up to 1,543 cm’ (median 586 cm®)
were treated and lung V,, parameters up to 54% (median 33%)
were documented. Importantly, the study reports high
compliance rates, low severe toxicity and a median overall
survival of 17 (95% CI: 14.0-23.0) months in the whole cohort
and a median survival of 24 months in the patients with <5%
weight loss prior to treatment. Impact on health related quality
of life with the combination also appears reasonable (62).
Of note, the one patient with grade 5 toxicity developed
pneumonitis soon after treatment and had a lung V,, of 41%, higher
than the recommended QUANTEC constraint of 35% (S1).
Recently a further phase II study of 40 patients with stage II

NSCLC reported on experience of cetuximab with concurrent

radiotherapy (73.5 Gy) followed by cetuximab and consolidation
chemotherapy with paclitaxel and carboplatin (57) (Table 2).
The radiotherapy volumes and normal tissue constraints are
not reported however one patient died from pneumonitis after
56 Gy of radiotherapy. Overall median survival was 19.4 (95%
CI: 15.4-26) months and interestingly no oesophageal toxicity >
grade 2 was observed.

Again concerns over pulmonary toxicity have been raised in
studies of EGFR TKIs in combination with radical radiotherapy
given sequentially with systemic chemotherapy. A Japanese
phase II study, JCOG 0402 trial, in 38 good performance status
patients with stage III NSCLC and median age of 60 years
received gefitinib concurrently with radical radiotherapy
(60 Gy) following two cycles of platinum-based induction
chemotherapy (58) (Table 2). Compliance with completing
the planned concomitant phase of treatment was low at 63%
and a patient (3%) developed grade 3 pneumonitis. However,
a promising median survival rate of 28.5 (95% CI: 22.5-38.2)
months was reported. The CALEB 30106 phase II study
evaluated the addition of gefitinib concurrently with radical
sequential or concomitant chemo-radiotherapy to patients with
stage III NSCLC, based on initial assessment of prognositic
factors (59). Patients considered as ‘poor risk’ in the study were
those with a PS of 2 and/or weight loss of >5%. These patients
were treated similarly to in the Japanese study, with two cycles
of platinum-based chemotherapy followed by gefitinib given
concurrently with radical radiotherapy (66 Gy). The grade 3/4
pulmonary toxicity rate was 10% with grade 5 pulmonary toxicity
rate of 5%. The median survival was 19 (95% CI: 9.9-28.4)
months. In both studies PET staging was not mandated and
2D radiotherapy planning was permitted with comparable
elective nodal irradiation included to 40-44 Gy. An additional
confounding factor for the studies is that in both protocols
patients were additionally offered maintenance gefitinib. These
studies were designed prior to the reporting of the randomised
phase III SWOG S0023 trial of concurrent chemo-radiotherapy
and consolidation docetaxel with or without maintenance
gefitinib in stage III NSCLC, demonstrating inferior survival for
the maintenance gefitinib arm (63).

EGFR inhibitors with conventional fractionation

concomitant chemo-radiotherapy

The addition of cetuximab to concomitant chemo-radiotherapy
has also been studied in patients with locally advanced NSCLC.
The phase II RTOG 0324 study treated 87 good performance
status patients radical radiotherapy (63 Gy) and concomitant

and consolidation carboplatin, paclitaxel and cetuximab (64)
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(Table 3). The majority of patients were staged with PET and
all had 3D conformal radiotherapy. Compliance with treatment
was 68% and grade 3/4 toxicity rates were acceptable, however
there were six deaths (7%) considered as related to the treatment
and at leastthree of these were pulmonary in nature. The median
survival was encouraging at 22.7 (95% CI: 15.3-30.4) months.
Another phase II study in 101 good performance status patients
with locally advanced NSCLC compared high-dose radical
radiotherapy (70 Gy) given with concomitant carboplatin and
pemetrexed chemotherapy with or without cetuximab, followed
by maintenance pemetrexed. PET staging was mandated and 3D
or 4D radiotherapy was used without elective nodal irradiation.
Compliance was similarly just over 50% in both arms with
acceptable grade 3/4 toxicity rates. There were two (4%) patients
with grade § toxicities in the arm without cetuximab and three
(6%) patients in the cetuximab arm, all pulmonary related. The
median survival rates were 21.2 and 25.2 months in the non-
cetuximab versus cetuximab arms, respectively. The patients
were highly selected which may account in part for the higher
than anticipated median survival in the non-cetuximab arm. It is
important to note this study was designed before lack of efficacy
of pemetrexed in squamous histology was known (70). Also there
is concern about the effect of the high-dose of radiotherapy used
in this study, given in standard 2 Gy daily fractions, due to the
recent preliminary results from the subsequent phase III RTOG
0617 study. The RTOG 0617 trial treated 544 patients with locally
advanced NSCLC using radical radiotherapy with concomitant
carboplatin and paclitaxel chemotherapy followed by consolidation
chemotherapy and randomised patients in a 2x2 factorial design
between an escalated dose of 74 Gy compared to 60 Gy in 2 Gy
daily fractions and between concomitant cetuximab or not. The
initial results of the radiotherapy dose analyses demonstrated a
worse prognosis in the high-dose compared to standard-dose
radiotherapy arm (10), with an 18-month overall survival of
53.9% versus 66.9 %, respectively. Recently, the initial results of the
cetuximab analyses were also presented (10) and unfortunately no
significant difference was observed in median survival or 18 month
overall survival between the cetuximab and non-cetuximab arms
(23.1 versus 23.5 months and 60.8% versus 60.2%, respectively).
The addition of cetuximab was however associated with increase
toxicity compared to the non-cetuximab arm (> grade 3 non-
haematological 70.5% versus 50.7% and > grade 4 35.8% versus
28.2%, respectively).

Phase I studies of erlotinib and gefitinib given with
concomitant chemo-radiotherapy for locally advanced disease
have demonstrated feasibility of the combination with both
standard (68,69) and high-dose (66,67) conventionally
fractionated radiotherapy, although the associated medial

survivals reported in these studies have been disappointing
(~12-16 months) (Table 3). Again confounding factors are
noted including for example, lack of PET staging and use of
maintenance gefitinib (63) in some studies. In addition, the
CALEB 30106 phase II study discussed above in relation
to combination of gefitinib given with sequential chemo-
radiotherapy, treated the ‘good-risk’ patients, defined as PS 0-1
with <5% weight loss, with two cycles of induction carboplatin
and paclitaxel chemotherapy followed by concomitant gefitinib
and chemo-radiotherapy to 66 Gy in standard fractionation,
followed by maintenance gefitinib. The median overall survival
was poor at 13 (95% CI: 8.5-17.2) months and worse than the
median survival of 19 (95% CI: 9.9-28.4) months observed in
the ‘poor-risk’ patients treated sequentially.

Other targeted agents and radiotherapy for
NSCLC

Considerable pre-clinical rationale exists to combine other

targeted therapeutics with radiotherapy. The phosphoinositol
3-kinase (PI3K)/Akt/mTOR pathway is transforming for
some NSCLC and a number of inhibitors of components
of this pathway are in development for advanced NSCLC.
Some of these have been shown to be radio-sensitizers in
non-NSCLC models (71). Perhaps the best investigated
includes abrogation of the tumour microvasculature by vascular
disrupting agents (e.g., 7ZD6126) or anti-angiogenic agents
(e.g., bevacizumab). VEGF is known to be upregulated by
irradiation and VEGF inhibition is associated with increased
tumour control after irradiation in pre-clinical models (72).
However, early phase studies have raised toxicity concerns
about combinations of agents targeting tumour vasculature
or angiogenesis with radiotherapy in NSCLC patients (73)
whereas early phase studies of radiotherapy combined with
agents targeting tumour cell proliferation and survival pathways
demonstrate feasibility (74,75). A recent review highlights the
number of pre-clinical and ongoing early phase clinical studies
assessing targeting agents in NSCLC patients (76). With the
rapidly expanding availability of novel targeted agents and
growing experience of these agents in the advanced disease
setting, careful consideration of the optimal agents to combine
with radiation and study design remains paramount to maximise
therapeutic gain and avoid undue toxicity. Guidelines have been
published to provide a framework for assessment of novel radio-
sensitizers in the pre-clinical and early phase clinical setting (77).

Of the different exploitable mechanisms (78) by which a
drug may interact with radiotherapy to improve the therapeutic
ratio, it may be that NSCLC patients identified as harbouring
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an oncogenic driver mutation that confers sensitivity to
a specific targeted agent [e.g., echinoderm microtubule-
associated protein-like 4 and anaplastic lymphoma kinase gene
translocation (EML4-ALK) and ALK TKI crizotinib] will
benefit from treatment schedule aimed at maximising spatial
co-operation of treatment modalities whereas those without an
identifiable mutation may derive benefit from a schedule aimed
at maximising the concomitant radio-sensitising approach of
combining novel agent with radiotherapy. The central role of
DNA damage response to radiotherapy and whether this effect
can be modulated by targeted agents remains an important area
of research (79). Modulation of the effect of radiation rather than
targeting specific driver mutations is also of research interest
given the emerging issues of tumour heterogeneity (80).

geted agents with altered fractionation

radiotherapy in NSCLC

Whilst the majority of studies of targeted agents with radiotherapy
in NSCLC have also included concomitant chemotherapy, it is
important to maintain a focus on studies of radiotherapy and
targeted agent without additional chemotherapy or with sequential
chemotherapy for the important group of patients with locally
advanced NSCLC who are elderly, have poor performance status
or multiple co-morbidities (7). With evidence that modified
fractionation schedules are associated with improved outcome
compared to conventional fractionation in NSCLC (16) and the
experience to date of combining cetuximab with conventionally
fractionated radiotherapy alone or sequential chemo-radiotherapy
suggesting feasibility with acceptable toxicity, studies of
cetuximab with modified fractionation radiotherapy in these
settings are warranted. Patient selection remains important with
accurate staging and reporting of important prognositic factors
in addition to patient demographics to assist the reproducibility
of treatment results in the wider population.

Given the initial results from the phase III RTOG 0617 study,
there does not appear to be a role for the additional of cetuximab in
combination with standard dose concurrent chemo-radiotherapy
using conventional fractionation. Interestingly, no significant
interaction between the radiotherapy dose and the addition of
cetuximab were observed. The question remains as to whether
cetuximab can be safely added to modified fractionation schedule
chemo-radiotherapy and whether this provides any benefit.

Additional considerations

When considering the total dose of radiation prescribed for a

given schedule, it is important to consider that locally advanced

NSCLC encompasses a heterogenous population of individuals
with differing volume, location and extent of disease. Recently
the concept of isotoxic dose escalation was introduced, moving
away from a fixed radiotherapy dose prescription for all patients
to a tailored prescription based on the surrounding normal tissue
dose constraints, predicting a certain acceptable probability of
toxicity (81). Use of this approach in modified fractionation
radiotherapy with sequential or concomitant chemotherapy
demonstrates promising results the in phase II setting (82-84).
The study of the addition of targeted agents to isotoxic dose
escalated accelerated radiotherapy schedules is an interesting
area of ongoing research.

For trial design, patient selection remains important and
patients need to be optimally staged and stratified based on
prognostic variables to ensure the results are repeatable in
the wider patient population. State-of-the-art radiotherapy
techniques for planning and delivery, including IMRT and
image-guided radiotherapy (IGRT), stand to optimise the
therapeutic window. Detailed reporting of radiotherapy planning
and delivery parameters will reduce the heterogeneity in studies
discussed above and permit optimal comparison between studies
and reproducibility of outcomes.

Further work is required to improve understanding of the
mechanisms of response and toxicity using targeted agents with
radiation and to assess for early predictors of response and toxicity,
particularly with respect to fraction-size sensitivity with the
increasing use of altered fractionation radiotherapy schedules.

Advances in the molecular understanding of NSCLC have
accelerated in recent years and the era of personalised medicine in
systemic treatment, particularly in advanced disease, has become a
reality. At the same time, advances in technology and imaging have
led to improvements in patient selection and in accuracy of radical
radiotherapy planning and delivery for locally advanced NSCLC.
The combination of individualised biological optimisation using
novel targeted agents with physical optimisation using state-of-
the-art radical (chemo-) radiotherapy, including accelerated-
fractionation schedules and individualised radiotherapy dose-
prescriptions, stands to improve outcomes in the heterogeneous

population of patients with unresectable locally advanced NSCLC.
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ABSTRACT

KEYWORDS

Objective: To report our institutional experience with five fractions of daily 8-12 Gy stereotactic body radiotherapy (SBRT)
for the treatment of oligometastatic cancer to the lung.

Methods: Thirty-four consecutive patients with oligometastatic cancers to the lung were treated with image-guided SBRT
between 2008 and 2011. Patient age ranged from 38 to 81 years. There were 17 males and 17 females. Lung metastases were
from the following primary cancer types: colon cancer (n=13 patients), head and neck cancer (n=6), breast cancer (n=4),
melanoma (n=4), sarcoma (n=4) and renal cell carcinoma (n=3). The median prescription dose was 50 Gy in five fractions
(range, 40-60 Gy) to the isocenter, with the 80% isodose line encompassing the planning target volume (PTV) [defined as
gross tumor volume (GTV) + 7-11 mm volumetric expansion]. The follow-up interval ranged from 2.4-54 months, with a
median of 16.7 months.

Results: The 1-, 2-, and 3-year patient local control (LC) rates for all patients were 93%, 88%, and 80% respectively. The 1-,
2-, and 3-year overall survival (OS) rates were 62%, 44%, and 23% respectively. The 1- and 2-year patient LC rates were 95%
and 88% for tumor size 1-2 cm (n=25), and 86% for tumor size 2-3 cm (n=7). The majority (n=4) of local failures occurred
within 12 months. No patient experienced local failure after 12 months except for one patient with colon cancer whose
tumors progressed locally at 26 months. All five patients with local recurrences had colorectal cancer. Statistical analyses
showed that age, gender, previous chemotherapy, previous surgery or radiation had no significant effect on LC rates. No
patient was reported to have any symptomatic pneumonitis at any time point.

Conclusions: SBRT for oligometastatic disease to the lung using 8-12 Gy daily fractions over five treatments resulted in
excellent 1- and 2-year LC rates. Most local failures occurred within the first 12 months, with five local failures associated
with colorectal cancer. The treatment is safe using this radiation fractionation schedule with no therapy-related pneumonitis.

Stereotactic body radiotherapy (SBRT); lung cancer; oligometastases

J Thorac Dis 2014;6(4):369-374. doi: 10.3978]j.issn.2072-1439.2013.12.03

chemotherapy has played a major palliative role in keeping

Introduction

Metastases to lungs from various malignancies have generally
been regarded as incurable and ultimately fatal (1,2). Systemic
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cancer-related symptoms and disease progression under
control for a limited time, after which these tumors generally
become refractory to chemotherapy. Long-term survival with
chemotherapy for metastatic lung disease is extremely rare (2).
A select group of patients develop lung metastases that are
limited in number and extent, and are amenable to surgical or
locally ablative techniques such as stereotactic body radiotherapy
(SBRT) (2-4). In others with widespread disease, effective
chemotherapy with near complete response could result in
limited lung metastases (2,3). This state of limited metastases
was coined “oligometastasis” in the 1990s when radiation
planning and delivery were experiencing major technical
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Table 1. Patient and treatment characteristics.

Characteristics N
Age, 38-81 (median 51) years
Gender

Male 17

Female 17

Primary site
Colorectal |
Head and neck
Breast
Melanoma

Sarcoma

w A N N O W

Renal carcinoma
Follow-up
Range, 2.4 to 54 months
Median FU period, 16.7 months
Isocenter dose (Gy)
40 I
45 4
50 18
60 I
Number of lung lesions treated per patient
N=I 19
N=2
N=3
N=5 3

advances (). Patients with oligometastasis have been considered
candidates for curative treatments because prolonging survival
can be expected (6-8).

With the advent of improved 3-dimensional computed
tomography (CT) based radiation treatment planning and
more precise dose delivery methods, treatments using radiation
have taken a leap forward in offering a more curative and less
toxic approach in the management of cancers overall. The dose
escalation coupled with high doses of radiation delivered per
fraction in a short overall treatment time using high degrees of
anatomic targeting accuracy results in an improved therapeutic
ratio while minimizing radiation-associated early and late
pulmonary toxicity. SBRT utilizes a large number of non-
opposing beams with anatomic targeting using stereotactic
localization and/or image guidance. Improved reproducibility in

patient set-up and targeting accuracy facilitates the use of large

fraction, ablative radiation doses resulting in high local control
(LC) rates.

Many reports are now available on the use of SBRT for
oligometastatic lung disease, although patient cohorts in these
studies are heterogeneous with respect to cancer types and
selection criteria (2-4,9-11). SBRT can either be done for
patients with new overt oligometastatic disease (patients not
suitable for chemotherapy/surgery), or after the chemotherapy
options have been exhausted. Furthermore, the extent of
oligometastatic disease varies in patients included in different
studies. For example, an early study by the University of Rochester
included patients with five or fewer lesions, not necessarily
confined to the thorax (2). Kyoto University uses criteria of
one or two pulmonary metastases, tumor diameter <4 cm,
locally controlled primary tumor, and no other metastatic
sites (12). Duke University’s criteria are stage IV cancer (any
histology) with 1 to S metastases, with each metastasis <10 cm
or <500 mL in volume on standard imaging (4).

The University of Rochester started using SBRT for
oligometastasis in 2001 and has previously published survival
and tumor control data showing 2-4 years overall survival (OS)
rates of 50% and 28% and progression-free survival (PFS) rates
of 26% and 26% respectively. Most of these patients were treated
with a 10-fraction regimen using 4-6 Gy daily. As the outcomes
of SBRT with less protracted regimes of five or fewer fractions
were published by other institutions, our policy changed from ten-
fraction SBRT to five-fraction SBRT using larger daily fraction
sizes of 8-12 Gy. The present retrospective study was carried out
to analyze the survival and tumor control and failure patterns for
oligometastatic lung metastases treated with five fractions of SBRT
among patients with chemorefractory disease or who were not

candidates for chemotherapy or surgical resection.

Between January 2008 and December 2011, thirty-four patients
with oligometastatic cancer to the lungs who were considered
refractory to (n=28) or ineligible for (n=6) chemotherapy were
treated with SBRT. The 17 male and 17 female patients’ ages
ranged from 38 to 81 years with a median age of 51 years (Table 1).
The study was approved by the University of Rochester Medical
Center Research Subjects Review Board.

The inclusion criteria of this study included patients with one
to five lung metastases, age >18, KPS >70%, tumor diameter
(on CT) <S cm, locally controlled primary tumor, and no other
active metastatic sites. Patients with primary non-small cell lung
cancer were not included [as patients with separate nodules

within the same lung are defined as T3 (same lobe) to T4 disease
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Figure 1. Overall local control among 34 patients.

(same lung, different lobes)]. The work up included contrast
enhanced CT of the thorax and upper abdomen and FDG-PET.
Patients were followed with CT or PET-CT every 3-6 months.
Patients with no progression of treated lesions who developed
new radiographically apparent oligometastatic lesions on follow-
up imaging were allowed to undergo repeat cycle(s) of SBRT for

new lesions (13).
SBRT technique

The SBRT techniques that have been described in detail in
previous publications from our group are briefly summarized
here (2). All patients undergoing initial CT simulation required
immobilization with a vacuum cushion device. All patients were
treated with the Novalis ExacTrac system (BrainLab Inc.). The
ExacTrac patient positioning platform using infrared reflecting
body fiducial markers monitored by two ceiling mounted
infrared cameras was used for patient positioning and real-time
monitoring. Respiratory motion was minimized by using relaxed
expiratory breath hold techniques (in most patients) or shallow
breathing (in patients with poor lung function). Patients also
underwent a CT in the set-up position, which was fused to the
planning CT, prior to treatment and after the second fraction
to ensure three-dimensional set-up accuracy. The gross tumor
volume (GTV) was delineated using CT and fused PET imaging
when needed. The use of arcs and non co-planner beams was
encouraged. Dose volume histograms (DVH) were calculated for
the lung (defined as total lung minus GTV), heart, esophagus,
spinal cord, and liver. The planning target volume (PTV) was
defined as a 7 mm circumferential and 11 mm superior-inferior
expansion of the GTV (with no expansion for CTV) (2,3,13).

The 80% isodose line encompassed the PTV, with isocenter dose

defined as 100% of the prescribed dose. The prescribed target
dose was determined based on the DVH of normal (uninvolved)
lung and surrounding organs. The median prescription dose
was 50 Gy in five fractions (range, 40-60 Gy) to isocenter with
80-100% isodose covering 95% of PTV. Patients were required
to have 1,000 mL of tumor free lung, with a volume of lung
receiving >20 Gy (V) less than 25%. The spinal cord maximum
was required to be <4.5 Gy/fraction. Care was taken so that
hot spots (i.e, >80% isodose) occurred solely within the GTV.
The dose for smaller peripheral tumors was mostly 50-60 Gy

and the dose for larger central tumors was mostly 40-50 Gy.
Outcomes/statistics

The primary end point was tumor LC and secondary end points
included regional control as well as OS. Actuarial tumor control
and survival were calculated using the Kaplan-Meier actuarial
survival analyses. OS was defined from date of completion of
SBRT until death or last follow-up. Patient LC was scored as an
event if any treated lesion grew by >20%, based on the Response
Evaluation Criteria In Solid Tumors (RECIST) criteria or a
local failure was confirmed pathologically. LC was analyzed
per patient, meaning that if a patient had more than one lesion
treated, progression of any of the treated lesions was considered
a local failure. LC was analyzed by tumor size; among patients
with more than one lesion, treated tumor size represents the
largest lesion treated. Among patients who underwent repeat
courses of SBRT for new lesions(s), only the LC of the index
lesion(s) was considered in this study. STATA version 9.2 was

used for all data analysis.

The primary cancer sites among the 34 patients included
colorectal (n=13), head and neck (n=6), breast (n=4), melanoma
(n=4), sarcoma (n=4) and renal carcinoma (n=3). Follow-up
ranged from 2.4 to 54 months (median 16.7 months) (Table 1).
Nineteen patients had one lesion treated, seven patients had two
lesions, five patients had three lesions, and three patients had five
lesions treated with SBRT.

The 1-, 2-, and 3-year patient LC rates for all comers were 93%,
88%, and 80% respectively (Figure 1) with 1-, 2-, and 3-year OS of
62%, 44%, and 23% respectively. Four patients had lung metastases
recur locally within 12 months; only one patient developed a local
recurrence beyond 24 months (at 26 months), although only
12 patients were alive with follow-up beyond two years.

Among the 25 patients with maximal lesion size of 1- <2 cm,
the 1- and 2-year patient LC rates were 95% and 88%. Among the
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Figure 2. Overall local control based on lesion size at one year and at

two years.

seven patients with maximal lesion size of 2- <3 cm, the 1- and
2-year patient LC rates were 86% and 86%, and not significantly
different than for patients with smaller lesions (Figure 2). Only
one patient was treated with a maximal lesion size of >3 cm and
only one patient was treated with a maximal lesion size <1 cm
(neither of whom experienced a local recurrence. All five patients
with local recurrences had colorectal cancer. Gender (P=0.30),
previous treatment with chemotherapy (P=0.95), radiation
dose (0.26), and nodule size (P=0.97) were not statistically
significant on univariate analysis. A multivariate analysis was
not done because of the small number of events. Symptomatic
pneumonitis (grade >2) was not seen in any patient. Post-
radiation fibrotic changes and consolidation occurred in 26 of
the 34 patients.

Metastatic disease to lung is one of the most common life
threatening complications of cancer (2) and has been regarded as
an incurable condition (1). However, patients with oligometastatic
lung metastases have been considered candidates for curative
treatment because of prolonged tumor LC rates and OS. Improved
imaging now allows detection of tumor metastases at a smaller size
and effective systemic therapy allows for potential ‘downstaging’
widely metastatic disease to an oligometastatic state, and thus
provides an opportunity for local therapy as consolidation for
patients with minimal bulk metastases (2). Surgical pulmonary
metastatectomy in suitable patients with oligometastases is
recognized as a potential curative treatment, and published data
reveal a S-year survival rate in these patients to be 20-40% (14).

Alternatively, SBRT has also been used as a curative treatment

of oligometastasis especially in patients who are not eligible
candidates for surgery, either because of medical comorbidities,
or because central lesions and/or multiple lesions would
require a more extensive surgery than the patient could tolerate.
The International Registry of Lung Metastases (IRLM) (14)
reported the results of pulmonary complete resection in a
large number of patients with lung metastases showing a 2-, -,
and 10-year survival rate of 70%, 36%, and 26% respectively.
In one of the largest published series on SBRT comprising of
175 patients (311 lesions), Siva et al. (15) has shown encouraging
results with an OS rate of 54.5%. The IRLM study (14) also
reported that a disease-free interval of more than 36 months
and single metastasis were good prognostic factors. In our
current study, gender (P=0.30), previous treatment with
chemotherapy (P=0.95), radiation dose (0.11), and nodule size
(P=0.97) were not statistically significant on univariate analysis.
Symptomatic pneumonitis requiring treatment or hospitalization
was not seen in any of the patients treated with SBRT.

Several reports have been published regarding the outcomes
of SBRT for metastatic lung tumors, but no standard treatment
regimens have been defined with respect to the optimal dose
and fractionation schedules. From published studies, the dose-
fractionation of SBRT varies from 40-60 Gy in 3-10 fractions. Our
institution had been using 5 Gy x10 from the inception of SBRT
at the University of Rochester in 2001, but we recently changed
the dose to 8-12 Gy in five fractions (2). Japanese studies have
shown the correlation of dose effect with improved LC rates.
With regards to the biologic effective dose, assuming an alpha/
beta ratio of ten, (BED,,), Hamamoto et al. (16) have reported
rather poor LC of 25% at two years using 48 Gy in four fractions
(105.6 Gy,,) where as another report by Norihisa et al. (12)
showed that LC rate of 43 metastatic lung tumors was 90% at
two years with 60 Gy in five fractions (132 Gy,,). A recent multi-
institutional phase I/1I study by Rusthoven et al. (17) reported a
2-year LC of 96% by 48-60 Gy in three fractions (124-180 Gy,,)
for 63 metastatic lung lesions. Similarly, McCammon et al. (18)
showed the dose-LC relationship of SBRT for 246 lesions
(primary or metastatic) by using a regimen of 54-60 Gy in three
fractions (151-180 Gy,,) achieving LC of 89% at three years.

Our earlier institutional report (2) showed a LC of 83%
with § Gy fractions for total doses of 50 to 60 Gy, whereas a
subsequent report showed LC of 87% at two and six years (3). In
the current study, SBRT was delivered to a median dose of 50 Gy
(range, 40-60 Gy) in five fractions with 1- and 2-year LC rates of
93% and 87% for all patients. Local progression occurred in four
patients within 12 months and the other 30 patients had excellent
LC and remained locally NED to date except one patient with

primary colon cancer who failed locally at 26 months.
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Onishi et al. (19) concluded that BED,, of >100 Gy at
isocenter is preferable for treatment of primary lung cancer to
achieve an optimal OS rate. For SBRT for pulmonary metastases,
the BED,, of published dose-fractionation schedules ranges from
70-162 Gy, with the 2-year survival ranging from 33% to 84% in
various studies (11,12,20,21). Norihisa et al. (12) have reported
a 2-year survival rate of 84% in their study, whereas Lee et al. (11)
have reported a 2-year survival rate of 68% from their study.
Onimaru et al. (20) and Wulf et al. (21) reported survival rates of
49% and 33% at two years. The median and OS in present series
was 16 months and 62%, 44%, and 23% at one, two, and three
years, respectively.

When comparing dose fractionation schemes, it is important
to recognize that different institutions prescribe dose differently
and use different methodologies to plan and deliver SBRT. The
dose can be prescribed to a point (i.e., isocenter), volume (i.e.,
GTV or PTV), or isodose line. Also, the PTV margins vary
from institute to institute depending upon set up accuracy.
Furthermore, defining the PTV reflects a difference in CT
scanning with regards to free breathing vs. breath holding and
fast vs. slow scan times (12). Also, some utilize 4-D scanning and
definition of an ITV. Difference in dose calculation by taking
in to account tissue heterogeneity corrections would affect
margin dose in lung tumors (12). Lastly, differences in planning
approaches (fixed vs. arcing beams; 3-D conformal vs. IMRT vs.
VMAT) may also be relevant.

The primary cancer site seems to have a significant effect
on outcomes of patients treated with SBRT. Milano et al. (22)
reported earlier results from our institution using 50 Gy in ten
fractions with 2-year LC of all lesions being 77%, concluding that
metastatic tumors originating from the pancreas, biliary, liver,
or colon were associated with poorer LC. Hamamoto ef al. (16)
also reported LC of 25% at two years and attributed the poor
outcome to a large proportion of metastatic tumors from the
colon (67%). Similarly Kim et al. (23) have also reported a
poor outcome with 3-year LC of 52.7% using 39-51 Gy in three
fractions. Takeda et al. (24) compared outcomes of primary lung
tumors with metastases treated by SBRT showing a LC of 94%
vs. 72% at two years (P<0.05). The present study also showed
poor outcome with colorectal cancers, as all of the local failures
were seen in this group.

In many studies, tumor size plays a significant role in predicting
the LC, as various studies have shown a trend for improved LC with
smaller size of the tumor and interval tumor volume (ITV <17 mL,
i.e., approximately 3 cm in diameter) (23). A study by McCammon
et al. (18) showed better LC in smaller tumors with GTV <8.9 mL
(P=0.003). Kim et al. (25) reported that tumors <2.5 cm

were associated with higher LC than tumors >2.5 cm;

100% vs. 82.3% in patients with primary or metastases lung
tumors. Oh et al. (1) also reported that tumors <2.5 cm have
better LC 98.3% vs. 77.8% (P<0.01). Our current study did not
show a statistically significant effect of tumor size on patient LC,
albeit with a relatively narrow range of size for most patients and
a heterogeneous patient population.

Weaknesses of our study include the small retrospective
nature, with a diverse population, in terms of primary site and
histology. Because the majority of patients were treated with
the same dose (50 Gy in five fractions), and the dose range was
not large, we could not adequately analyze a dose-response
relationship. Nevertheless, we are able to report promising
LC and survival outcomes in this cohort of patients with
oligmetastatic disease of the lung. Our conclusion is that SBRT
for oligometastatic cancer to the lungs is effective and well
tolerated for nonsurgical/chemorefractory patients.

Acknowledgements

The authors thank Ms. Laura Finger for editorial assistance.
Disclosure: The authors declare no sources of funding or conflicts
of interest.

References

Oh D, Ahn YC, Seo JM, et al. Potentially curative stereotactic body

—_

radiation therapy (SBRT) for single or oligometastais to the lung. Acta
Oncol 2012;51:596-602.

Okunieff P, Petersen AL, Philip A, et al. Stereotactic Body Radiation
Therapy (SBRT) for lung metastases. Acta Oncol 2006;45:808-17.

N

e

Milano MT, Katz AW, Zhang H, et al. Oligometastases treated with
stereotactic body radiotherapy: long-term follow-up of prospective study.
Int J Radiat Oncol Biol Phys 2012;83:878-86.

Salama JK, Hasselle MD, Chmura SJ, et al. Stereotactic body radiotherapy

b

for multisite extracranial oligometastases: final report of a dose
escalation trial in patients with 1 to S sites of metastatic disease. Cancer
2012;118:2962-70.

Hellman S, Weichselbaum RR. Oligometastases. ] Clin Oncol 1995;13:8-10.
Singh D, Yi WS, Brasacchio RA, et al. Is there a favorable subset of patients

X @

with prostate cancer who develop oligometastases? Int ] Radiat Oncol Biol

Phys 2004;58:3-10.

N

Kavanagh BD, McGarry RC, Timmerman RD. Extracranial radiosurgery
(stereotactic body radiation therapy) for oligometastases. Semin Radiat

Oncol 2006;16:77-84.

®

Yang JC, Abad J, Sherry R. Treatment of oligometastases after successful
immunotherapy. Semin Radiat Oncol 2006;16:131-5.

0

Nagata Y, Negoro Y, Aoki T, et al. Clinical outcomes of 3D conformal
hypofractionated single high-dose radiotherapy for one or two lung tumors



374

Singh et al. Five-fraction SBRT for oligometastatic cancer

10.

11.

12.

13.

14.

1S.

16.

17.

18.

using a stereotactic body frame. Int ] Radiat Oncol Biol Phys 2002;52:1041-6.
Hof H, Herfarth KK, Miinter M, et al. Stereotactic single-dose radiotherapy
of stage I non-small-cell lung cancer (NSCLC). Int J Radiat Oncol Biol
Phys 2003;56:335-41.

Lee SW, Choi EK, Park HJ, et al. Stereotactic body frame based fractionated
radiosurgery on consecutive days for primary or metastatic tumors in the
lung. Lung Cancer 2003;40:309-15.

Norihisa Y, Nagata Y, Takayama K, et al. Stereotactic body radiotherapy for
oligometastatic lung tumors. Int ] Radiat Oncol Biol Phys 2008;72:398-403.
Milano MT, Philip A, Okunieff P. Analysis of patients with oligometastases
undergoing two or more curative-intent stereotactic radiotherapy courses.
Int J Radiat Oncol Biol Phys 2009;73:832-7.

Long-term results of lung metastasectomy: prognostic analyses based
on 5206 cases. The International Registry of Lung Metastases. ] Thorac
Cardiovasc Surg 1997;113:37-49.

Siva S, MacManus M, Ball D. Stereotactic radiotherapy for pulmonary
oligometastases: a systematic review. ] Thorac Oncol 2010;5:1091-9.
Hamamoto Y, Kataoka M, Yamashita M, et al. Local control of metastatic
lung tumors treated with SBRT of 48 Gy in four fractions: in comparison
with primary lung cancer. Jpn J Clin Oncol 2010;40:125-9.

Rusthoven KE, Kavanagh BD, Burri SH, et al. Multi-institutional phase I/1I
trial of stereotactic body radiation therapy for lung metastases. J Clin Oncol
2009;27:1579-84.

McCammon R, Schefter TE, Gaspar LE, et al. Observation of a dose-

KY, Zhang H, Lundquist T, Joyce N, Schell MC, Milano
MT. Local control rates with five-fraction stereotactic
body radiotherapy for oligometastatic cancer to the
lung. ] Thorac Dis 2014;6(4):369-374. doi: 10.3978/
j.issn.2072-1439.2013.12.03

19.

20.

21.

22.

23.

24.

28S.

control relationship for lung and liver tumors after stereotactic body
radiation therapy. Int ] Radiat Oncol Biol Phys 2009;73:112-8.

Onishi H, Araki T, Shirato H, et al. Stereotactic hypofractionated high-dose
irradiation for stage I nonsmall cell lung carcinoma: clinical outcomes in 245
subjects in a Japanese multiinstitutional study. Cancer 2004;101:1623-31.
Onimaru R, Shirato H, Shimizu S, et al. Tolerance of organs at risk in small-
volume, hypofractionated, image-guided radiotherapy for primary and
metastatic lung cancers. Int J Radiat Oncol Biol Phys 2003;56:126-35.
‘Wulf J, Haedinger U, Oppitz U, et al. Stereotactic radiotherapy for primary
lung cancer and pulmonary metastases: a noninvasive treatment approach in
medically inoperable patients. Int ] Radiat Oncol Biol Phys 2004;60:186-96.
Milano MT, Katz AW, Schell MC, et al. Descriptive analysis of
oligometastatic lesions treated with curative-intent stereotactic body
radiotherapy. Int ] Radiat Oncol Biol Phys 2008;72:1516-22.

Kim MS, Yoo SY, Cho CK, et al. Stereotactic body radiation therapy
using three fractions for isolated lung recurrence from colorectal cancer.
Oncology 2009;76:212-9.

Takeda A, Kunieda E, Ohashi T, et al. Stereotactic body radiotherapy
(SBRT) for oligometastatic lung tumors from colorectal cancer and other
primary cancers in comparison with primary lung cancer. Radiother Oncol
2011;101:255-9.

Kim H, Ahn YC, Park HC, et al. Results and prognostic factors of
hypofractionated stereotactic radiation therapy for primary or metastatic

lung cancer. ] Thorac Oncol 2010;5:526-32.



REVIEW ARTICLE

New techniques for assessing response after hypofractionated

radiotherapy for lung cancer

Sarah A. Mattonen', Kitty Huang™*, Aaron D. Ward'?, Suresh Senan®, David A. Palma™’

'Department of Medical Biophysics, *Department of Oncology, The University of Western Ontario, London, ON, Canada; *Division of

Radiation Oncology, London Regional Cancer Program, London, ON, Canada; “Department of Radiation Oncology, VU University Medical

Center, Amsterdam, Netherlands

ABSTRACT

KEYWORDS

Hypofractionated radiotherapy (HFRT) is an effective and increasingly-used treatment for early stage non-small cell
lung cancer (NSCLC). Stereotactic ablative radiotherapy (SABR) is a form of HFRT and delivers biologically effective
doses (BEDs) in excess of 100 Gy, in 3-8 fractions. Excellent long-term outcomes have been reported; however, response
assessment following SABR is complicated as radiation induced lung injury can appear similar to a recurring tumor on CT.
Current approaches to scoring treatment responses include Response Evaluation Criteria in Solid Tumors (RECIST) and
positron emission tomography (PET), both of which appear to have a limited role in detecting recurrences following SABR.
Novel approaches to assess response are required, but new techniques should be easily standardized across centers, cost
effective, with sensitivity and specificity that improves on current CT and PET approaches. This review examines potential
novel approaches, focusing on the emerging field of quantitative image feature analysis, to distinguish recurrence from
fibrosis after SABR.
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tomography (PET)
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Hypofractionated radiotherapy (HFRT) for
early-stage lung cancer

HEFRT is an effective and well-tolerated treatment for early
stage non-small cell lung cancer (NSCLC) (1,2). Although
several HFRT schemes have been used historically in the
treatment of TINO or T2NO NSCLC, ranging from mildly
hypofractionated regimens [e.g., 5SS Gy in 20 fractions (3)], to
more potent stereotactic regimens (e.g., 54 Gy in 3 fractions),
evidence suggests that a biologically effective dose (BED) in
excess of 100 Gy, is required for optimal local control (4).

Such stereotactic regimens, referred to as stereotactic ablative
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radiotherapy (SABR) or stereotactic body radiotherapy (SBRT),
have been rapidly adopted into clinical use in the last decade (5).
SABR is a guideline-recommended treatment for T1/T2 NO
NSCLC when surgery, the gold standard treatment, is not an
option due to patient comorbidities or refusal (6-8). SABR is
arguably one of the largest medical breakthroughs in the curative
treatment of early stage NSCLC in the last two decades, with
improved population-based survival rates demonstrated after the
implementation of SABR (9-11).

Excellent long-term outcomes support this increasing
popularity of SABR as a treatment option for lung cancer. SABR
outcomes appear not only superior to more fractionated HFRT
regimens (12), but are comparable to standard surgical resection,
as supported by retrospective, single- or multi-institution, and
modeling studies, with the largest single-institution retrospective
study reporting a S-year local control rate of 89.5% (13-15).
Although three randomized studies comparing surgery to SABR
have failed to accrue, propensity score matched analyses are
available, and have shown comparable, if not superior outcomes
post-SABR (16,17). In high-risk patients with severe pulmonary
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comorbidities, SABR offers comparable rates of local control
without the attendant short-term mortality risks of surgery (18).
In the operable patient population, promising outcomes are
reported by two prospective clinical trials: RTOG 0618, reporting
a primary tumor failure rate of 7.7% (19), and JCOG 0403,
reporting a preliminary 3-year tumor control rate of 86% (20).
For institutions without the capability to deliver SABR, other
HEFRT regimens can also achieve reasonable local control at
early time-points: a recent Canadian multicenter study of HFRT
delivering 60 Gy in 15 fractions (BED of 75 Gy,,) achieved a
two-year local control rate of 88% (21).

Response assessment: lung injury after SABR

Response assessment following SABR is complicated by
the frequent presence of benign lung injury on follow-up
CT. Ablative doses of radiation delivered to the tumor and
surrounding lung parenchyma nearly always result in radiologic
lung injury (pneumonitis and fibrosis), appearing as an increased
density and opacity on CT in the area of the high-dose region,
and occasionally a corresponding increase in metabolic activity
on functional imaging in the months following SABR (22,23).
Such CT changes correlate closely with local delivered dose (24).
Such findings are not unique to lung SABR; they have also been
described in other organs treated with stereotactic radiotherapy
including brain and liver (25,26). From histopathological studies
obtained after resection for false-positive imaging studies,
these areas of lung injury are made up of a benign mixture of
inflammatory cells, fibrocytes and other benign features (27).
The appearance of fibrosis is very common, occurring in 62%
of patients within six months of treatment (acute) and 91%
thereafter (late), as classified by a common classification scheme
(22,23). This scheme classifies acute radiation pneumonitis into
consolidative or ground-glass opacity changes, which can further
be subdivided into diffuse (>S5 cm) or patchy (<5 cm). Late
radiation fibrosis can be categorized into modified conventional,
mass-like, or scar-like patterns. Although this classification
scheme is used to categorize radiological changes following
SABR, it is not used to distinguish recurrence from fibrosis.
Morphologic patterns of fibrosis can also vary with treatment
type; patients that underwent arc-based SABR had a predicted
probability of a modified conventional pattern of 96.3% versus
68.9% for those who underwent fixed-beam treatment (28).
Although such radiologic lung injury occurs in nearly all patients
by two years (22), only a small minority of patients develop
clinical symptoms.

Against this background of asymptomatic radiation-

induced lung injury, accurate assessment of local recurrence is

of paramount importance. Misclassification of a recurrence as
“benign fibrosis” can result in a missed window of opportunity for
curative-intent salvage treatment. Conversely, misclassification
of fibrosis as a recurrence may lead to unnecessary interventions,
such as biopsy, imaging, chemotherapy, and even surgery,
exposing patients to unnecessary risks and morbidity (27,29-32).
The ability to accurately assess response is particularly important
in light of the changing practice patterns for early stage NSCLC.
As a growing number of patients are being treated by SABR (5),
this clinical scenario will become more common. The treatment
of a fitter patient population may result in a larger proportion
of patients who are candidates for salvage treatment in the case
of recurrence. Finally, since recent data on potentially operable
SABR patients suggest that failure may be higher than in the
inoperable SABR cohort [with two-year lobar failure rates in
one recent multicenter study (defined as recurrence anywhere in
the irradiated lobe) as high as 19.2% (19)], accurate distinction
between recurrence and fibrosis to permit early salvage is a
pressing clinical problem.

Distinguishing a recurrent tumor from fibrotic lung changes
on CT can be challenging for several reasons (Figure 1). Both
radiation-induced lung injury and recurrent disease follow a
similar temporal course, with lung fibrosis continuing to evolve
two years after treatment, during which time, the majority
of local recurrences occur (22,33). In contrast to lung injury
following traditional 3D-CRT, which was often characterized by
straight edges that conform to treatment portals (34) (Figure 2),
the pattern of lung injury on CT following SABR can be
mass-like, due to the conformal nature of SABR (22,31,35).
Fibrosis may even appear on CT as an enlarging density and

therefore can the mimic the growth of a local recurrence (31).

Current clinical approach for assessing response

Current recommendations for imaging follow-up after SABR are
generally based on retrospective evidence and expert opinion,
rather than randomized data. Such follow-up serves three
major goals: detection of local recurrence, detection of regional
recurrence that may be amenable to salvage, and detection of
new primary lung tumors, which occur at a rate of 2-10% per
person-year (33,36). Based on the results of the National Lung
Screening Trial (37), the American Association for Thoracic
Surgery guidelines recommends four years of CT follow-up for
patients who have undergone treatment for lung cancer and are
eligible for additional treatment (38).

Tumor response assessment following definitive treatment
is typically categorized according to Response Evaluation
Criteria in Solid Tumors (RECIST) 1.1 criteria (39) as complete
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Figure 1. Radiological changes following SABR for an 85-year-old gentleman with biopsy proven adenocarcinoma. This patient received 54 Gy in

| -

3 fractions with the treatment plan shown in (A). Radiological changes are seen (B) where 0 m indicates the pre-treatment lesion measuring 2.0 cm.
At 3 months post-SABR, further enlargement of a ground-glass semi-solid opacity measuring 4.3 cm and at 6 months there is interval reduction in size

and a decrease in ground-glass opacity, with ongoing reduction in size by 18 months.

Figure 2. Radiation induced lung injury following a traditional anterior/posterior parallel opposed pair (treatment plan shown in Box A); (B) The

resulting benign injury conforms to the treatment portals and is easily distinguished by a straight line.
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Table 1. Selected studies using FDG-PET for detecting recurrence following SABR.

Number of recurrences

Number ) SuUv Sensitivity ~ Specificity Definition of local recurrence if not
Study . [proportion pathology max L
of patients o cutoff (%) (%) biopsied
proven %]

Essler, 29 6 [NR] 5.48 NR NR Increase in tumor volume of more than

et al. (50) 25% on CT, accompanied by metabolic
activity in FDG-PET

Bollineni, 132 6 [50] 5.0 NR NR Based on growth by more than 20% of

et al. (49) the tumor diameter compared with the
pretreatment

Zhang, 128 9[78] 5.0 100 91 PET/CT

etal. (47)

Takeda 154 17 18] 3.2 (early) 100 96-98 Increase in the cross-sectional tumor size

et al. (48) 4.2 (late) of >25% on successive CT scans at least

three times over a 6-month period

NR, not reported.

Table 2. High-risk features for recurrence on CT. Data from reference (51).

High-risk feature Sensitivity (%) Specificity (%)
Enlarging opacity 92 67
Sequential enlargement 67 100
Enlargement after 12 months 100 83
Bulging margin 83 83
Linear margin disappearance 42 100
Loss air bronchogram 67 96
Cranio-caudal growth of =5 mm and =20% 92 83

(disappearance of the target), partial (>30% decrease), stable
disease, or progression (>20% increase) according to the diameter
of the target tumor. However, RECIST 1.1 has limited use in
the post-SABR lung setting, since the target lesion may actually
represent lung fibrosis, and response may be mis-categorised
(11,40). Re-evaluation of RECIST 1.1 has been proposed (41).
Although FDG-PET scans are recommended in lung cancer
diagnosis and re-staging (42), functional imaging currently has a
limited role in the evaluation of tumor response and detection of
local recurrence. Lung injury following ablative radiation doses
can commonly result in a metabolically active FDG-avid lesion,
which may rise transiently immediately post-SABR and persist
after 12 months (43-4S). False-positive PET SUV,  readings as
high as 7.0 have been reported (27,46). Most evidence supports
a SUV,_,, of approximately 5.0 as a clinically useful threshold for
the distinction between recurrence and fibrosis (47-50). Table 1
summarizes selected studies using FDG-PET to assess treatment

response post-SABR.

Following SABR, recommended surveillance for patients
eligible for salvage treatment is routine CT imaging, often at
3-6-month intervals in the first year, then annually thereafter
(8,38). A systematic review of the literature on the role of imaging
in discriminating recurrence from fibrosis provides structured
recommendations based on the available evidence, citing high-risk
features (HRFs, Table 2) on CT (31,35,52) and specific
SUV,,., thresholds to estimate the probability of recurrence and
appropriate investigations into “no-risk” “low-risk” and “high-risk”
categories (23). The clinical performance of the HRFs was
validated by a blinded assessment of matched CT datasets
from pathology-proven recurrences and non-recurrences (51).
The concurrent presence of >3 HRFs provides a useful cutoff
(sensitivity and specificity both >90%) for detection of recurrence.

There are several advantages to the use of CT, rather than
routine functional imaging, in assessment of response post-SABR.
In contrast to FDG-PET imaging, CT is more accessible and
inexpensive, does not rely on isotopes with short half-lives, and
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is already part of standard-of-care follow-up for patients who
have received curative treatment for early-stage lung cancer,
and who are eligible for salvage. Importantly, standardization
of CT across centres is much less complex than standardization
of PET/CT. Lack of PET/CT standardization can be an
important confounder: measured SUVs can be affected by
multiple factors, including technical, physical, and biologic (53).
In order to generalize PET/CT findings, minimum performance
or harmonizing standards are needed for many factors
including uptake period, patient motion, inflammation,
blood glucose level correction, as well as scan acquisition and
reconstruction parameters. Standard machine settings and
reconstruction algorithms are widely available for CT imaging
of the chest, increasing the generalizability of any follow-up
recommendations. As such, new algorithms for early detection of
recurrence based on standard-of-care CT imaging could be easily
integrated into current clinical practice. However, novel imaging
techniques must move beyond qualitative image analysis and

simple RECIST measurements.

Quantitative image feature analysis

In contrast to qualitative image assessment described above,
quantitative image feature analysis extracts measurable
information from within an image, such as intensities or densities,
shape or morphology, or texture. Intensity refers the brightness
of an individual voxel; in CT imaging this can also be described
as density and is quantified in Hounsfield Units (HUs). HUs
measure the attenuation of a material relative to water (HU =0).
The shape or morphology of a region describes the geometry of
the external boundary. “CT image texture” is a set of more complex
measurements which describe local brightness variation or the
spatial arrangement of intensities in an image (54,55).

Image feature analysis has emerging roles in general medicine
and oncology. Numerous imaging modalities can be used for
quantitative image analysis at different body sites, including
CT, magnetic resonance imaging (MRI), ultrasound, and
mammography (56,57). Applications in oncology include the
computer-aided detection or diagnosis of diseases such as breast
and bladder cancer (56,57). Texture analysis of the liver has
suggested that texture parameters may distinguish high-risk from
low-risk colorectal cancer patients (58). Texture analysis on
MRI, CT, and PET has been able to diagnose and characterize
tumor heterogeneity for several tumor types and is showing
promise in response assessment and as a predictive biomarker
(59,60). In the thorax, the use of quantitative image feature
analysis on CT has been widely investigated in many benign

diseases, including characterizing pulmonary infections as well

as varying benign lung disease patterns (61-63). Texture analysis,
specifically the product of tumor uniformity and gray-level,
has also been correlated with tumor response following
chemotherapy in advanced stage NSCLC (64).

Quantitative image analysis workflow

Figure 3 demonstrates the typical workflow for quantitative
image feature analysis. In general, image acquisition should
be standardized to minimize any variability between
scanners, imaging parameters, or reconstruction techniques.
Standardization includes the use of the same scan protocol for
imaging acquisition, with consistencies in settings such as kV,
mAs, slice collimation, and slice thickness. Breathing instructions
and the use of intravenous contrast should also be consistent
across all patients, although patients with contra-indications
to contrast injection must be noted and studies analyzing the
effect of contrast on image feature analysis should be performed.
Reconstruction kernels or filters are used to determine image
quality of a CT scan and are chosen based on the intended
clinical application of the scan. Such decisions are a compromise
between spatial resolution and noise, and depending on the
organ being scanned, may require a smoother image with less
noise or a sharper image with higher noise. Reconstruction
kernels should also be consistent across all images and a higher
sharpness thorax kernel should be used when available. However,
optimal scan parameters and reconstruction kernels must be
investigated for the effect of variations among these settings on
quantitative image feature analysis.

Image feature analysis can be performed on any region of
interest (ROI), such as tumor, normal lung, or fibrotic regions;
such ROIs can be selected by means of manual, semi-automated,
or fully-automated methods. A manual method involves
delineation of an ROI by an investigator on each individual
slice using imaging software. Manual methods do not require
specialized algorithms, but can be tedious and time consuming,
and are subject to intra- and inter-observer variability (65). A
semi-automated method requires a smaller amount of user input,
and may require a user to initialize the segmentation by selecting
a point or ROI. A fully automated approach requires no user
interaction or input and the image is automatically segmented
based on a series of predetermined parameters. This makes a fully
automated approach quick and reproducible; however the lack
of user input or knowledge can be an issue in terms of reliability.
Therefore, semi-automated approaches to segmentation have
become increasingly popular as they are reproducible, fast, and
require minimal user input or knowledge (66).

After ROIs are delineated, quantitative measures can then
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Figure 3. Typical workflow for image feature analysis.

be extracted including measures such as density, morphology,
or texture, and these measures can be evaluated as predictive or
prognostic biomarkers. Extracted measures can be calculated
with a variety of input parameters and settings specific to each
case. Such measures range from simple first-order assessments
such as the mean HU density within a region, to complex
measures of the spatial relationship of voxel intensities, for
example analyzing neighboring voxels of varying distances apart.

Optimal features or sets of features for predictive or prognostic
biomarkers must be determined and validated through training
and testing on multiple data sets. This can include analyzing
individual features alone or a combination of these features
together. Due to the large number of metrics available as well as

the large number of possible combinations of these metrics, the

high-risk of type I error must be recognized when comparisons
and cross-validations are performed. As a result, initial exploratory
studies must be considered hypothesis-generating, and validation
on external datasets is crucial.

Common metrics used for image feature analysis

Image feature analysis metrics can be defined as first-order,
second-order, and third-order. First-order image appearance
features measure the global appearance of a ROI and do not
take into consideration relationships between adjacent voxels. A
common example includes the mean density based on CT HU.
The standard deviation of density can be used as a first-order

texture feature, which shows the global variability of densities
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FIRST-ORDER APPEARENCE
Mean density -677.8HU
Standard deviation of density 114.6 HU
SECOND-ORDER APPEARENCE
Energy 0.0054
Entropy 8.06

-794.5HU -661.2 HU
225.6 HU 229.4HU
0.0028 0.0021
9.03 9.59

Figure 4. Sample lung images showing the variations in two first-order appearance measures [mean density and standard deviation of density (first-

order texture analysis)] and two second-order appearance measures, energy and entropy. (A) and (C) have similar mean densities, but are better

differentiated by the first- and second-order texture measures. (B) and (C) have similar first-order texture values, but are better differentiated by the

second-order measures.
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Figure 5. A sample image (A) with its corresponding numerical intensity values (B). The gray-level co-occurrence matrix (GLCM) for this image can

be seen in (C), with the pixel relationship for analysis being one voxel to the right, as indicated by the reference and neighbor pixel.

within a region (Figure 4). Second-order appearance measures
characterize the intensity relationships between voxels pairs in an
image, whereas third-order measures (which are less commonly
used) consider the spatial relationship of three or more voxels in
an image. Extraction of second and third-order texture features
can be performed in many ways, including statistical methods,
structural methods, model-based methods, and transform-based
methods (67).

Statistical texture analysis is the most frequently cited method
of texture analysis. This approach describes texture through
high-order statistics of an image intensity histogram (67).

This analysis typically assesses neighboring voxel pairs;
however it can be done with multiple spatial directions
and distances. Second-order statistical texture features are
typically computed with the use of a grey-level co-occurrence
matrix (GLCM). As shown in Figure S, A GLCM is a square
two-dimensional matrix 4, in which the row and columns
correspond to image intensity values. Each element in the
matrix ¢(i,/) contains a non-negative integer corresponding
to the number of voxel pairs whose intensity values are i and
j. A variety of texture measures can be calculated from the
GLCM, such as energy, entropy, inverse difference moment
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A Radiation-induced lung injury

B Recurrence

Figure 6. Post-SABR consolidative and ground-glass opacity findings throughout follow-up for a patient with radiation-induced lung injury (A) and

recurrence (B). The zero-month (0 m) time point indicates the pre-treatment lesion. The solid lines enclose consolidative regions and the dashed lines

enclose ground-glass opacity regions.

(IDM), inertia, cluster shade, and cluster prominence (68-70).
In general, energy and entropy measure the orderliness of the
GLCM, or the homogeneity of the image. IDM and inertia
measure the contrast of the image, and cluster shade and cluster
prominence measure the symmetry of an image.

An example of images with their corresponding first-order
and second-order appearance measures is seen in Figure 4.
The variation in the number and distribution of vessels in
the image results in differences in feature measurements. For
example, Figure 4A and C have similar mean densities but are
better differentiated by the texture measures, both first-order
and second-order. Figure 4B and C have similar first-order
texture feature measurements but are differentiated by the
second-order measures of energy and entropy. Each measure
can extract specific information from the image, and overall
first-order measures are less sensitive to spatial variations in
intensities whereas second-order appearance measures are taking
neighboring voxels into account and are therefore sensitive to
the relationship of voxels.

Image feature analysis post-SABR

Several studies have examined simple dose-response relationships
of HU changes following SABR. Increasing densities on CT
post-SABR are seen with larger planning target volumes and longer
time post-SABR, and these are most evident in regions receiving
doses greater than 20 Gy (24). Density changes post-SABR have
also been shown to linearly increase to doses of 35-40 Gy and then
plateau thereafter (24,71). The spatial location of fibrosis following
SABR is on average 2.6 cm from the gross tumor volume (GTV)
position, although displacement of the fibrotic changes of >5 cm
can also be observed (72).

Quantitative image analysis has been investigated for
distinguishing RILI and recurrence following SABR (Figure 6).
A preliminary study of 13 RILI lesions and 11 recurrent lesions
(8 biopsy proven) suggested that first-order appearance
measures could significantly distinguish RILI and recurrence
patient groups at 9 months following treatment, with recurrence
patients having significantly brighter consolidative changes (73).
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The standard deviation of densities within regions of GGO
(first-order texture analysis) could also distinguish the groups at
nine months, with recurrence patients having a larger standard
deviation (variability) of densities. This indicates that these
patients have a more variegated texture within the GGO, as
seen in Figure 4. In contrast, size measures (RECIST or 3D
volume) could not differentiate the groups until 15 months post-
treatment. A preliminary study of predictive abilities of these
measures has shown that the first-order texture analysis within
the GGO was the best predictor of recurrence at nine months
post-SABR with accuracies of 74% (74).

Further investigation has evaluated texture changes in the
immediate post-SABR period. At 2-5 months post-SABR,
preliminary analysis suggests that the basic measure of ground-
glass texture alone can predict recurrence with 81% accuracy (75).
Several second-order texture features have also shown promise,
including energy and entropy, with leave-one-out cross validation
accuracies of 81% and AUCs of 0.79-0.81 (75). Patients with
recurrence had significantly higher entropy and lower energy
values. In contrast, traditional measures of response such as
RECIST performed inferiorly, with accuracy of 61% and an AUC
of 0.72. These results suggest that early quantitative appearance
changes may precede any changes in size, and as such may
serve as early biomarkers of recurrence in individual patients.
Quantitative image analysis allows for maximal information to
be obtained from images already being performed in clinical
practice, and can easily be translated into a useful clinical tool
to aid in treatment response assessment. Further quantitative
metrics, including additional second-order textural features and
shape analysis, should be investigated and validated for early

prediction of recurrence following SABR.

Future directions and potential pitfalls

Novel imaging modalities may allow for better assessment of
treatment responses following SABR or HFRT. In addition to
standard FDG-PET reporting SUV, . values, functional imaging
with additional metrics such as metabolic tumor burden markers
may show improvement for assessing response. Preliminary
studies have investigated using pre-treatment measures such as
metabolic tumor volume and total lesion glycolysis for assessing
clinical outcomes after SABR, however further studies with
larger samples and follow-up periods are needed (76). Additional
PET tracers such as 18-fluoroazomycin-arabinoside (FAZA) and
18F-fluoromisonidazole (F-MISO) are used for imaging hypoxia
in head and neck cancers (77,78) and could also be investigated
for assessing response following HFRT.

Perfusion imaging, such as dynamic-contrast-enhanced-CT

(DCE-CT) or MRI (DCE-MRI) characterizes vascular
properties of a tissue and can quantitatively map their spatial
distributions. Measures such as blood volume, blood flow,
permeability, and mean transit time can be calculated after
administration of a contrast agent. Both DCE-CT and DCE-MRI
have shown promise as prognostic or predictive biomarkers
in oncology, and their value in assessing response after SABR
warrants investigation (79,80).

Several potential pitfalls must be considered when evaluating
novel imaging modalities for response assessment. First, the
gold-standard definition of “recurrence” varies across studies, and
many studies use imaging-based definitions of recurrence, rather
than pathologic confirmation. Such imaging-based definitions
of the endpoint may introduce substantial bias and create a
self-fulfilling prophesy: if imaging features are used to define
“recurrence” (e.g., sequential growth of lesion) and then the
same features are assessed to predict these “recurrences”, their
performance may be artificially inflated. The majority of studies
include only a small number of biopsy-proven recurrences, with
remainder of patients defined as recurrence based on an increase
in tumor size on successive CT scans (48,49,81). Many also use a
modified progression criterion of two consecutive enlargements
on CT to define recurrence, which hampers response assessment
at an early time point, and suggesting that and that the usefulness
of PET is limited. Since recurrences are uncommon after
SABR, large databases are required to have sufficient events for
analysis, and any new promising markers require robust external
validation, since the chances of type I error are high when
multiple features are being assessed. Variations in standardization
of imaging protocols in both CT and PET studies must be
assessed for their impact on predictive ability. Finally, post-SABR
surgical studies, including registration of digitized histology to
CT, would be valuable for correlating imaging findings at the
voxel level with true pathologic outcome.

Distinguishing recurrence from fibrosis following SABR for
early-stage lung cancer is expected to become an increasingly
common clinical problem. Although recommendations exist for
CT- and PET/CT-based follow-up after SABR, better metrics are
required for early detection of recurrence, to allow for salvage,
and to avoid unnecessary investigations in patients with benign
radiation-induced lung injury. Promising new techniques may
involve more robust analysis of currently-obtained imaging,
such as CT texture analysis, or introduction of novel imaging
modalities into routine clinical practice. Large imaging datasets

are required for assessment and subsequent independent
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validation of novel new imaging biomarkers.
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ABSTRACT

The elucidation of driver mutations involved in the molecular pathogenesis of cancer has led to a surge in the application

of novel targeted therapeutics in lung cancer. Novel oncologic research continues to lead investigators towards targeting

personalized tumor characteristics rather than applying targeted therapy to broad patient populations. Several driver genes,

in particular epidermal growth factor receptor (EGFR) and ALK fusions, are the earliest to have made their way into clinical

trials. The avant-garde role of genomic profiling has led to important clinical challenges when adapting current standard

treatments to personalized oncologic care. This new frontier of medicine requires newer biomarkers for toxicity that will

identify patients at risk, as well as, new molecular markers to predict and assess clinical outcomes. Thus far, several signature

genes have been developed to predict outcome as well as genetic factors related to inflammation to predict toxicity.
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Introduction

In 2013, an estimated 228,000 new cases of lung cancer will
be diagnosed in the United States and more than 70,000
will die from the disease. The risk of developing lung cancer
for all American men and woman during their lifetimes
is between 6-7%. This risk increases with age, genetic
susceptibility and toxic exposures (e.g., smoking) (1). Lung
cancer is a heterogeneous group of carcinomas comprised
of several histologic subtypes: adenocarcinoma, squamous
cell carcinoma, and large cell and small cell neuroendocrine
tumors. The vast majority of molecular research focuses on
the most prevalent histologic subtypes: adenocarcinoma and
squamous cell carcinomas.

Since the initial heralding in the last decade of “the six
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hallmarks of cancer”, advances in the study of molecular pathways,
identification of biomarkers and novel targeted therapies have
made their way to clinical applications and widened the scope
of our understanding of the molecular pathogenesis of lung
cancer (2,3). The appropriate introduction of targeted therapies
into current standards of care remains an open area of clinical
investigation.

The current understanding of the mechanisms of transformation
from normal physiologic epithelial cells to malignant lung
cancer has evolved alongside our increasing knowledge of many
other cancer types and falls into a multi-step paradigm (4,5).
A series of either chromosomal or nucleotide aberrations
and epigenetic events in driver genes lead to immortality and
the malignant phenotype of lung cancer (6). It is theorized
that during this multi-step transformation, certain driver genes
cause “addiction” and are required for tumor maintenance
and targeting these biomarkers will lead to the eradication of
selective cancer cells.

Various lung cancer biomarkers have been identified,
including epidermal growth factor receptor (EGFR) mutations,
EML4/ALK fusion genes, p5S3 mutations, RAS/MAP kinase
mutations, Her-2 overexpression and PI3K/mTOR mutations.

A consequence of targeted radiotherapy in lung cancer is
damage to the surrounding organs at risk which include the lung
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Figure 1. Summary of intracellular signaling pathways containing the crucial driver genes in lung cancer which promote tumor cell proliferation,

survival, angiogenesis and metastatic potential.

and heart. The majority of molecular biomarkers of toxicity in
lung cancer focus on lung damage or pneumonitis. Attempts
have been made to combine dosimetric parameters in lung
radiotherapy with various lung biomarkers to define a group of

patients most at risk for severe lung toxicity.

Lung cancer molecular markers

The search for a cancer biomarker or targetable genetic
aberration requires years of preclinical studies in vitro
and in vivo. Currently there are approximately a dozen
biomarkers that have demonstrated clinical benefit and
another dozen are currently under investigation (7).
Of these, several are considered lung cancer driver genes by the
NCT’s lung cancer mutation consortium. These include EGFR,
KRAS, HER2, PI3K, BRAF and ALK fusions (4). Of these
EGFR, KRAS, HER2 and ALK fusions are predictive of response
to targeted therapies (5,8-11). These driver genes play an
important role in lung cancer tumorigenesis involving alterations
in their proliferative potential, apoptotic signaling, angiogenesis
and invasion/extravasation. Clinically relevant pathways are
depicted in Figure 1 and include the RAS/MAP kinase, PI3K/
AKT/mTOR, JAK/STAT pathways and cell cycle checkpoints. It
is known that, in varying degrees, these biomarkers are mutated,
amplified or overexpressed in non-small cell lung cancers. Table
1 outlines the relative frequency with which each driver gene
occurs in lung cancer (5,8,12,13).

EGFR

This family of receptor tyrosine kinases (RTKs) include the
EGFR or HERI and HER2-4 (14). They are a group of RTKs
with approximately 75% homology that once bound to an
extracellular ligand form homo- and heterodimers which leads to
their intracellular signaling (5). The vast majority of mutations in
this family occurs within the tyrosine kinase domain and correlate
with drug sensitivity (15). Therapeutic targets for this family are
summarized in Table 1 and include small molecule inhibitors,
gefitinib and erlotinib, and monoclonal antibodies, cetuximab and
trastuzumab. Interestingly mutations in EGFR seem to occur more
frequently in never-smokers, people of Asian descent, and women
with adenocarcinomas (5,15). These groups also seem to be more
sensitive to molecular inhibition. Several studies have found both
EGFR amplifications and most mutations correlate with improve
clinical outcomes (8). There are, however, mutations that
predict a negative response to EGFR inhibition which include
the T790M mutation, a concomitant KRAS mutation or MET
amplification. More recent studies suggest a D761Y mutation in
exon 19 and insertion within exon 20 leads to further resistance
to targeted therapy (16). HER2 mutations occur much less
frequently although mutations seem to correlate with those in
EGFR mutated patients. Targeting Her2-4, however, has not led
to improved outcomes in unselected patients and large groups
of patients harboring these mutations have not been identified
(8,9,17,18).
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Table 1. Lung cancer genetic aberrations and associated targeted therapy.
Biomarker gene Aberration Targeted therapeutic Frequency of aberration [%]
EGFR Mutation or amplification Gefitinib, erlotinib, cetuximab [10-25] (35% in Asian patients)
HER2 (ERBB2) Mutation or amplification Trastuzumab [5-10]
BRAF Mutation Sorafenib [2-3]
p53 Mutation or deletion Advexin a p53 adenoviral vector [30-50]
VEGF Overexpression Bevacizumab, afibercept
PI3K Modified and activated BEZ235, LY294002 [1-3]
mTOR Activated Rapamycin, RADOOI, CCL-779 [70-75]
RAS Mutation leading to activation Tipifarnib, lonafarnib [10-15] (20-30% in Adenocarcinoma)
MEK Activated Trametinib, salumetinib [1-2]
c-KIT Overexpressed Imatinib [1-2]
EML/ALK Fusion Crizotinib [5-13]
RAS/RAF/MAP kinase pathway ALK translocations (ALK/EML4 and ROS1)

In lung cancer, nearly all clinically relevant mutations in the
RAS family occur in KRAS. Once mutated RAS is activated and
may lead to cellular transformation and sustained proliferation
making this family an ideal candidate for targeting. Several drugs,
among them tipifarnib and lonafarnib, are known as farnesyl
transferase inhibitors and have been developed to target RAS
modification. In order to perform intracellular cell signaling (8),
RAS requires modification with a farnesyl group. This allows
proper attachment to the cell membrane. Without proper
modification and cell membrane localization, RAS becomes
ineffective.

BRAF is a part of a family of serine/threonine kinases
downstream of RAS. BRAF is mutated in lung cancer but this
occurs much less frequently than with melanoma (Table 1).
Because the mutations in BRAF differ substantially between
lung and melanoma, the translational use of vemurafenib for
treatment of lung cancer is unlikely. However, the use of oral
RAF kinase inhibitors like sorafenib is being studied. Sorafenib is
unique in that it is an inhibitor of the RAF/MAP kinase pathway
and has activity on multiple tyrosine kinases (VEGF and PDGF)
allowing for multiple pathways involved in lung tumorigenesis to
be targeted (8,11,19).

Once activated BRAF signals MEK1/2 which goes on to
activate the MAP kinase pathway through ERK1/2. These
downstream effectors are known to be constitutively activated in
human lung cancer cell lines. Oral inhibitors such as CI-1040 and
PD03244901 have been developed and studies are actively being
pursued (8,20).

The echinoderm microtubule-associated protein-like 4-anaplastic
lymphoma kinase fusion gene (EML4/ALK) is the most
common form of translocation. The fusion protein results in a
constitutively active tyrosine kinase (21). This fusion product
is more common in the young, low volume or never-smokers
with adenocarcinoma histology with signet ring features. ALK
rearrangements are clinically detected with fluorescence in
situ hybridization. A dual ALK translocation inhibitor called
crizotinib is available to suppress the effects. Both preclinical
and clinical testing has demonstrated radiosensitivity and
remarkable response rates of EML/ALK positive tumors to
therapy with crizotinib (9,22). Several second site mutations
L1152R, L1196M and C1156Y have been and confer resistance
to crizotinib treatment. ROS1 rearrangements have also been

identified recently to remain sensitive to crizotinib (8).
PSs3

The pS53 protein is a transcription factor that is modified in
various cellular stress situations. It functions to initiate apoptosis
or to arrest the cell cycle. P53 is well known, as it is the most
frequently mutated gene in human cancers (4). The majority
of mutations in p53 are inactivating mutations, or deletions,
although some missense mutations result in a gain-of-function
phenotype that portends a poor prognosis in lung cancer (8).
Classically, cigarette smoking is linked to transversion mutations in
lung cancer. Clinical applications to subvert pS3 have been made

by using adenoviral gene replacement vectors to re-introduce
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wildtype pS3 (4,8,21). This is based on the preclinical work
demonstrating that tumors that harbor a mutant p53 undergo
apoptosis if wildtype pS3 is re-expressed within the cell. Early
phase clinical trials have determined this vector to be safe and

effective in lung cancer and continued studies are planned (23).
The PI3K/mTOR pathway

Phosphatidylinositide-3 kinase (PI3K) encoded from the
oncogene PIK3CA belongs to a family of lipid kinases leading
to mammalian target of rapamycin (mTOR) activation that is
estimated to be activated in nearly 75% of lung cancers (8).
PI3K leads to inhibition of apoptosis and a regulation of
growth. PIK3CA is mutated in lung cancer (Table 1), leading
to high levels of kinase activity and downstream signaling.
When combined with radiotherapy, PI3K inhibitors such as
LY294002 and wortmannin reduce downstream effects which
stall the growth potential and cell killing of human cell lines.
These drugs are, however, rather toxic as they are nonspecific
and inhibit a broad range of this family of kinases. Most recently,
pharmaceutical companies are attempting to isolate isoform
specific inhibitors of PI3K for a variety of cancers, IC486068 and
1C87114 (8,18,21).

mTOR is a serine/threonine protein kinase. This kinase is the
main downstream effector of the pathway that leads to regulation
of cell growth. Two complexes, nMTORC1 and mTORC?2, form a
catalytic subunit allowing for both cellular activity and possible
therapeutic targeting. Several available therapeutic drugs are
available, including Sirolimus and derivatives such as CCI-779,
RADO01 and AP23576. Both have shown activity in lung cancer
and are under further current clinical study (8,21,22).

JAK/STAT

The Janus kinase (JAK) and Signal Transducer and Activator of
Transcription (STAT) pathway has been implicated in preclinical
study to increase cell proliferation and inhibit apoptosis through
downstream effects like BCL, Cyclin and MYC in lung cancer.
JAK localizes toward and is activated by ligand bound receptor
tyrosine kinases leading to phosphorylated sites recognized by
the SH2 domain of various STATs. They become phosphorylated
by JAKs and form homo- and heterodimers which localize to
the cell nucleus and regulate gene transcription. Interestingly,
several STATs may be phosphorylated directly by EGFR and other
kinases. Most notably, STAT3 has been linked to lung cancer
oncogenesis within cell lines that carry a mutated EGFR. In fact, in
EGFR mutants, STAT3 activation is necessary for cell growth and

survival. Downstream of STAT?3 is an inhibitor of apoptosis named

survivin which functions to increase cell proliferation through
the cell cycle and inhibition of apoptosis through caspases.
This pathway of signaling is an attractive therapeutic target and
preclinical work using TG101209 has demonstrated induced
radiosensitivity, likely through inhibition of STAT3 (8,21,22).

TGE-B and angiogenesis

Transforming growth factor beta (TGF-B) is a cytokine that
regulates multiple cellular processes, including cell survival,
growth and immunomodulation. TGF-p activates downstream
effectors in the SMAD family. TGF-p plays a dual role in lung
cancer. During early tumorigenesis, TGF-p induces apoptosis
and is responsible for growth inhibition. And, as we will see later,
it also plays a role in inflammation. However, in late stage lung
cancers, TGF-B induces angiogenesis (3,8,22).

Vascular density and angiogenesis correlate with advanced
stage lung cancers and poor survival. A critical mediator in
angiogenesis is the VEGF family. VEGF receptor inhibitors
include the monoclonal antibody bevacizumab and the fusion
protein aflibercept which bind circulating VEGF amongst others
currently under investigation. Assessing response after treatment
with bevacizumab has become a challenge. Pooling available
anti-VEGEF trials has allowed assessment of possible biomarkers
to measure outcome. In fact, recent data suggests biomarkers
such as circulating short VEGF-A, as well as modified expression
of receptors neuropilin-1 and VEGF receptor 1, are potential
candidates to predict outcome (8,24). A prospective biomarker
study named MERIDiAN will stratify patients based on their
short VEGF isoform and plans to address this issue.

Biomarkers of radioresistance

The development of radiation resistance relies on innate
tumor characteristics. Classically, the most important features
in the response of tumors and normal tissues to fractionated
radiotherapy are referred to as the “4 Rs”: repair of DNA
damage, redistribution of cells within the cell cycle, accelerated
repopulation and reoxygenation of hypoxic tumor cells (25).
During the accelerated repopulation phase, tumor cells begin
to repair their damage and proliferate at a markedly faster rate.
During this phase, several cellular mechanisms take place that lead
to resistance to radiotherapy: cellular senescence, DNA repair
and cell cycle checkpoints regulation. Unfortunately the pathways
and mechanisms of resistance are complex, and to date, are poorly
elucidated. However, several investigators have shed light on genes
likely related to both innate and acquired radioresistance. Innate

radioresistance refers to genes present prior to exposure to ionizing
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therapeutic radiation and the acquired genes are those whose
expression is changed after exposure to ionizing radiation. Using
various methods of gene expression profiling a series of pathways
involved in hypoxia, DNA repair and apoptosis have been studied
in human lung cancer cell lines. Eighteen key genes linked to
radioresistance were identified but of these genes only three have
been validated to date. The three validated genes were MDM2,
Livin a and TP5413 (18,26).

MDM2 involved in innate radiation resistance encodes a
protein called E3 ubiquitin-protein ligase which is an important
negative regulator of pS3 both through ubiquitinylation leading
to degradation and inhibition of transcriptional activation (27).
It has been demonstrated that up-regulation of MDM2
expression leads to radioresistance and targeted down regulation
with siRNA leads to a reversion back to radiosensitivity. The
remaining two validated genes are associated with acquired
radioresistance where Livin-a is up-regulated and TP53I3 is
down-regulated. Livin is a novel inhibitor of apoptosis (IAP)
which is normally not expressed at high levels. In 2011, it was
found that levels of expression are highly up-regulated after
exposure to radiation leading to acquired resistance, especially in
isoform a. The tumor protein pS3 inducible protein 3 (TPS313)
gene is nearly turned off subsequent to fractionated radiotherapy
leading to a depression of pS3 cell death signaling (18).

Other potential mechanisms of resistance to radiation
include mutations in EGFR and RAS. Preclinical studies have
shown low levels of apoptosis in human cell lines with KRAS
mutations in codon 12 (12V). It is theorized that this low level
of apoptosis is mediated through modification of ERK. This may
explain the resistance to radiotherapy. Various investigators have
demonstrated a link between high levels of survivin expression
and radioresistance (28,29). Radioresistance through mutations
in EGFR has been studied and linked to various intracellular
pathways yet no clear mechanism has been discovered.

Immunotherapy in lung cancer

Over the past several years, the importance of immune responses
in cancer stem from the update of “the hallmarks of cancer”
which included several new mechanisms important to cancer
cell proliferation and evasion of the body’s innate system of
immunosurveillance (30). It was noted that cancer cells require
the ability to thrive in a chronically inflamed environment and
evade and suppress the immune system. With this knowledge
researchers have begun to seek out mechanisms to effectively
activate immune reactivity, counteract immune suppression and
characterize cancer specific antigens that are present throughout

the cell’s lineage.

The basis for immunotherapy lies in mounting an adaptive
response to cancer specific antigens. This relies on the tumor
microenvironment, myeloid suppressing cells like T-regulatory
(Treg) cells and the discovery of conserved cancer cell antigens
(30-33).

In fact, Suzuki et al. have begun to clarify the importance of
the tumor microenvironment on the risk of recurrence (33). The
tumor microenvironment was studied by separating eight tumors
infiltrating immune cells from the tumor and surrounding stroma
and studying the expression of several cytokines in nearly 1,000
early stage lung cancer patients. Several markers were found to
be significantly strong predictors of the risk for a recurrence at
five years. These markers included an elevated forkhead box P3
(FOXP3): CD3 ratio and high levels of interleukin-7 receptor.
The interleukin-7 receptor was also linked to worse overall
survival. It was also noted that high levels of interleukin-12
receptor P2 was associated with a lower risk of recurrence. It
turns out that FOXP3 is a marker for Treg cells. The expression
of FOXP3 was also noted in the tumor stroma emphasizing
the necessity of the tumors microenvironment in the relapse
potential. IL-12 and its associated receptor acts as a tumor
suppressor that is associated with less aggressive tumors. On the
other hand, IL-7R has been shown to enhance angiogenesis by
upregulating VEGF-D and acts through the JAK/STAT pathway.
Several therapeutic targets have been suggested to counteract these
newly found prognosticators in early lung cancer cells including
cyclophosphamide which may deplete Treg cells and alter the
FOXP3:CD3 ratio, reintroducing IL-12 or stimulating the IL-12R
and blocking angiogenesis and the STAT family (33-35).

Several other mechanisms have been thoroughly studied to
manipulate the immune environment including cytotoxic T
lymphocyte anigen-4 (CTLA-4), programmed death 1 (PD-1),
PD-1 ligands and damage associated molecular-pattern molecules
(DAMPs) (33). CTLA-4 is expressed on CD4 cells and inhibits
cytotoxic T lymphocytes. Ipilimumab is an antibody which targets
CTLA-4. A clinical response relies on nonspecific alterations in
immunogenicity through changes in total lymphocyte number
and dendritic cells as well as altering expression of indoleamine
dioxygenase. Ipilimumab has demonstrated a progression free
survival in advanced stage, metastatic lung cancer in combination
with chemotherapy. Other inhibitors of T cells include the PD-1
receptor which is a co-inhibitor factor present on T cells that is
activated by PD ligands 1 and 2 (PD-L1 and PD-L2). Both PD-1
and PD-L1 have been targeted clinically in metastatic lung cancer
demonstrating an objective response in 10-33% of patients with
squamous cell carcinoma. Much lower response rates have been
noted in adenocarcinomas (34,36). DAMPS such as heat-shock
proteins (HSP) and high-mobility group box 1 (HMGB1)
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enhance autophagy which is down regulated in cancer cells.
It is theorized this may play a role in the abscopal effect and
manipulation of DAMPS may increase the chances for systemic
control of disease (34,35,37).

Lung cancer vaccines have been developed and demonstrated
impressive results in several clinical trials. Targets range from
conserved proteins, molecular biomarkers to nonspecific targets.
Mucin 1 (MUC1) is a cellular adhesion molecule expressed on
many epithelial cells and is largely conserved within malignant
lung cancer cells. MUCI targeting vaccines including BLP-25
and TG4010 have demonstrated improvements clinical
outcomes in early phase trials. BLP-2S is the only MUC1 vaccine
that has thus far demonstrated a significant improvement in
overall survival. The phase IIB trial demonstrated a 31% 3-year
overall survival compared to 17% with best supportive care
(34,38). Although no benefit in survival was demonstrated in
metastatic disease. Importantly, the administration of BLP-25
was administered with cyclophosphamide to inhibit T cell
suppression. Several phase three trials including the START
and INSPIRE trials are currently assessing BLP-2S in the phase
III setting. The TG4010 vaccine acts by inducing MUCI and
IL-2 expression through transfection with a recombinant
vaccine virus. There have been promising results in early phase
studies yet no significant improvement in clinical outcomes.
Clinical outcome with this technique relies on the expression
and recognition of transfected targets and phase three studies
are now excluding patients with increased NK cell activity as
these patients tended to have worse outcomes and toxicity. The
CIMAvax EGF vaccine has demonstrated an improved median
survival through targeting the EGFR receptor but this effect is
limited to those patients that produce a good antibody response
to the vaccine. MAGE-A3 is another conserved protein that has
been targeted for vaccine development which in phase II studies
has led to a trend to improved overall survival. This has led to
the MAGRIT phase III study. Belagenpumatucel-L is a vaccine
targeting TGF-p. The high-dose arm had a significantly improved
median survival of nearly one year without significant toxicity.
This has led to a phase II trial (NCT00676507) (34,38).

Combining immunotherapy with radiotherapy has been
postulated to improve clinical outcome. Commonly after
standard fractionated radiotherapy most cells undergo apoptosis
as their mechanism for cell death which is non-immunogenic.
But it is theorized that with hypofractionated therapy cells in
combination with immunomodulaters may make tumor cells
more immunogenic. In fact, Shaue et al. demonstrated in a
murine melanoma model a threshold where doses of 7.5 Gy were
immunostimulatory yet less hypofractionated doses were not

effective (39). The exact mechanism of enhancement of the innate

and adaptive immune systems is unclear but there have been
several reports demonstrating marked reduction in systemic
disease after local radiotherapy (39,40).

Status of personalized care in lung cancer

Personalized medicine has become a hot topic due to the lower
costs of genetic testing and the voluminous research each year
that demonstrate new molecular biomarkers. Rather than treating
tumors based on stage and anatomical location the ultimate goal
of personalized oncology is to identify sub-classes of molecular
tumor types, which will lead to improved treatment strategies and
prognosis.

Biomarker driven clinical trials utilizing first generation
EGEFR tyrosine kinase inhibitors (erlotinib and gefitinib), as
well as ALK inhibitors such as crizotinib have improved clinical
outcomes with demonstrated response rates between 50-75%
(16,41,42). In fact, these studies have led to a recent change in
the National Comprehensive Cancer Network 2013 guidelines
for non-small cell lung cancer which recommends molecular
testing in the work-up of metastatic lung cancer patients. Now,
many clinicians and several multi-disciplinary tumor boards are
recommending molecular testing be done earlier and earlier in
the clinical presentation of disease.

Although molecular testing is becoming a part of our
clinical acumen in lung cancer serious limitations of our
current targetable biomarkers exist. The largest limitation in
applying these data to the general population lies in the fact that
Americans only harbor between 10-30% of ALK and EGFR
mutations and between 80-90% of all lung cancer patients do not
harbor these mutations at all (8,16,43). In patients that harbor
a targetable mutation between 25-50% of them do not respond
to therapy. Efforts to determine the mechanisms of resistance
amongst patient’s harboring these mutations as well as emerging
ALK inhibitors and second generation EGFR inhibitors will
hopefully address this key issue.

Our understanding of the molecular pathways of driver mutations
and their mechanisms of resistance will continue to improve. Many
of the aforementioned molecular biomarker subtypes will likely be a
part of our growing clinical armamentarium as the fight continues to
tailor therapy to each tumor.

Molecular markers: clinical applications and

outcomes

The application of novel therapeutics to disrupt driver gene
pathways has met with mixed results. Attempts to use these

molecular biomarkers earlier in the pathogenesis of lung cancer
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are under active investigation.

Erlotinib, crizotinib and bevacizumab have played a role in
improving clinical outcomes in metastatic lung cancer (11,44-47).
Yet, the use of concurrent or adjuvant EGFR inhibitors has led
to inferior or equivocal results compared to current standard
therapy (47). Also, the use of concurrent bevacizumab remains
perilous. Many clinicians believe that the unselected nature of
these trials has led to unexpected results. Logically, patients that
harbor these mutations should have improved clinical outcomes
(45,46,48). This has been noted with the addition of crizotinib in
patients harboring the fusion gene with metastatic disease (49).
Researchers await the results of the cetuximab data from the
RTOG 0617 trial to determine if the addition of targeted therapy
will lead to improved clinical outcomes in combined modality
therapy. Excitingly, personalized targeted therapy is being
explored in an upcoming RTOG trial assessing the efficacy of
induction targeted therapy followed by standard therapy. Of
course, the drawbacks in this design are that induction therapy
will delay local therapy. But the safety of combining these
therapies with combined modality therapy remains unclear and
adjuvant therapy has demonstrated poor results.

Further genetic testing has been explored to identify sub-groups
of patients with improved outcomes. In fact, a 5-gene signature
was identified and validated by researchers in Taiwan (50).
Using gene expression profiling, risk scores and decision-tree
analysis, the researchers found DUSP6, MMD, STAT1, ERBB3
and LCK were independent predictors of relapse free and overall
survival. They performed a microarray analysis of 16 genes in 125
patients and grouped patients into high risk and low risk groups.
Using their S-gene signature, the median overall survival in the
low risk group was 40 months while the rate for those in the high
risk group was 30 months with a P<0.001. Relapse free survival
was also significant; 29 months in low risk patients and 13 months
in high risk patients. Importantly, these genes functions were
observed in various realms of tumorigenesis, including apoptosis,
cell differentiation and metastatic potential.

Preclinical studies have found other predictive biomarkers,
including inhibitors of DNA binding ID1 and ID3.
Immunohistochemical staining for ID1/3 was performed in 17
stage III lung cancer patient that received combined modality
treatment. Interestingly, a dramatic improvement in progression
free and overall survival was demonstrated. In patients without
ID1/ID3 co-expression, the median progression free survival was
30 months compared to 1 month in those with co-expression.
The median overall survival for patients without ID1/ID3
co-expression was 45 months and for those with co-expression was
six months (51). It is theorized that these genes may correlate with

the extent of hypoxia leading to resistance to radiotherapy (52).

Recently, there has been a remarkable uptrend of clinical trials
addressing the use of targeted therapies earlier in the pathogenesis
of disease (53). Importantly, the application of these novel
therapeutics is being tailored to individual tumors which will
hopefully improve clinical outcomes. The characterization of
driver genes and prognostic biomarkers like the S-gene signature
and ID1/3 expression is an exciting revelation in lung cancer but
we still require further study and validation in large randomized
trials to determine if these biomarkers are clinically relevant.

Radiation pneumonitis and novel biomarkers

for toxicity

Radiation pneumonitis is characterized by inflammation of the
lung after delivering therapeutic doses of radiation to the thorax.
Clinically significant pneumonitis is considered any toxicity that
will require medical intervention. Clinically significant radiation
pneumonitis occurs in approximately 5-50% of patients with
lung cancer and is one of the most common clinical toxicities. It
is also one of the most dangerous (54). Approximately 80% of
clinically significant pneumonitis manifests in the first 10 months
following therapy. The frequency of different clinical endpoints
varies among patients with radiation pneumonitis: 20-80% will
have a radiologic abnormality, 5-50% will have shortness of
breath and <3% will develop a bronchial stricture.

Quantitative analysis of normal tissue effects in the clinic
(QUANTEC) is the guide radiation oncologists use to interpret
dose volume histograms. The recommended dose-volume limits
generally used (many caveats exist) in clinical practice include:
the volume of lung receiving over 20 Gy (V,,) of less than 30-35%
and a mean lung dose of less than 20-23 Gy (S5). These
constraints portend a risk of less than 20% risk of pneumonitis.
In patients after a pneumonectomy, more stringent limits include
a V<60%, V,,<10% and a mean lung dose of <8 Gy. There are
also factors that affect risk for pneumonitis. Classically, young age
groups (<60-70 years old) and active smokers have a lower risk
of developing pneumonitis. The use of concurrent chemotherapy
increases the risk of radiation pneumonitis.

Acute radiation pneumonitis (within 12 weeks of
radiotherapy) and subsequent pulmonary fibrosis which forms
within the first 1-2 years results from a cascade of inflammatory
cytokines and vasculature changes. Below is a depiction of
several key markers of pneumonitis during the pathogenesis
of fibrosis (Figure 2). The alveolar epithelium of the lung is
made up of Type I (>90%) and Type Il pneumocytes and
upon exposure to radiotherapy there is a large loss of type I
pneumocytes through apoptosis. The Type II alveolar cells

begin to proliferate and produce surfactant apoproteins to repair
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Figure 2. Mechanism of Pulmonary Toxicity. Radiation therapy is targeted at a right lower lobe lung mass (upper left panel). The irradiation of normal

tissue during radiotherapy (black box, inset) causes certain patients to develop radiation pneumonitis, which is associated with release of IL-6 from

neutrophils, TGF-B from fibroblasts, and apoproteins in surfactant from type II alveolar cells (black box inset, magnification). Pre- and one year post-

radiotherapy axial CT slices from a patient that developed radiation pneumonitis in the right lung is displayed (lower panel, left and right, respectively).

Ilustration created by Nicholas G. Zaorsky, M.D.

the surrounding damage. Cells within the extracellular matrix
including macrophages, fibroblasts along with circulating T
helper cells begin secreting cytokines including IL-6 and TGF-p
recruiting other inflammatory cells and beginning the cascade
leading to collagen deposition and fibrosis within the lung
parenchyma (56).

Recently, biomarkers and organ interactions have become
important predictors of radiation pneumonitis. Inflammatory
cytokines are known to participate in the pathogenesis of
radiation pneumonitis and they pose a possible serum biomarker
for toxicity. An early study linking serum markers to lung toxicity
was the ROTG 91-03 trial studying stage II and III lung cancer
patients undergoing 60-66 Gy of radiotherapy but were not
surgical candidates (57). Some patients in this trial were able to
receive concurrent or sequential chemotherapy but during the
initial phases of the trial patients received radiotherapy alone.
They found that after 10 Gy, elevated serum IL-6 (>0) predicted
for acute grade 2 or higher radiation pneumonitis. At the same

time, elevated levels of surfactant apoproteins (>797) after 20 Gy
were correlated with late radiation pneumonitis. They also
noted that a diffusion capacity of <54 and age >60 portends
a higher risk of radiation pneumonitis. The remainder of the
serum markers studied failed to correlate well with pneumonitis,
including TNF and TGF-p.

TGEF-p is the most heavily studied and scrutinized inflammatory
biomarker for lung toxicity because it has conflicting data
regarding its predictive ability for radiation pneumonitis
(58,59). Several studies have linked elevations in TGF-B levels
to radiation pneumonitis. They reported that levels of TGF-p
differ significantly during radiotherapy and that sampling time
determines the level of serum concentration. Other studies found
that technical factors related to testing blood samples may explain
the elevations in TGF-p levels. Still others found that normal tissue
production of TGF-B during radiotherapy was influenced by the
genetic background of the tumor and the patient (52,59).

Nonetheless, a combined analysis from Michigan and China
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found that elevation of serum TGF-p1 levels during radiotherapy
(at four weeks) compared to pre-treatment TGF-B levels predicted
for pneumonitis. The addition of mean lung dose helps stratify
patients at the highest risk. Using a TGF-f ratio of >1 and mean lung
dose of >20 Gy as risk factors, they categorized patients into three
groups: no risk factors (low risk), one risk factor (intermediate risk)
and both risk factors (high risk group). The risk of pneumonitis
for each group was <5% for low risk, 50% for intermediate risk and
66% for the high risk group. A similar study was performed using
TGF-B levels at the end of therapy and V30 (58). They were also
able to adequately stratify each set of patients based on these two
factors. Several investigators have found the combination of
inflammatory markers with dose-volume characteristics seems
to be the best predictor for pneumonitis, rather than being
compared to any factor alone. Unfortunately, these studies found
a marker that must be drawn during therapy and in some cases
this was too late to make any significant change in the outcome.
A recent sophisticated study that searched for single nucleotide
polymorphisms (SNPs) of TGFB1 gene found genotypes at lower risk
for radiation pneumonitis. This study randomly acquired DNA from
164 lung cancer patient’s resected tumor specimen and genotyped
each sample to reveal SNPs in the TGF-$ gene. The CT/CC
genotypes in rs1982073:T869C TGFf1 allele had a lower risk of
developing radiation pneumonitis after radiotherapy independent
of dosimetric factors such as mean lung dose and V20 (41).
This may allow pre-treatment assessment of pneumonitis risk
and further allow personalized radiotherapy treatment planning.
Strikingly, there is data linking parameters of radiation dose
administered to the heart to lung toxicity. A single institutional
review of hundreds of dose volume parameters found several
variables, heart D10, lung D35 and maximum dose of the lung,
were significant predictors for radiation pneumonitis in their
cohort of patients (60). Due to the confounding variables within
this type of analysis, further assessment and generalization
to other patient populations are needed prior to using these
variables in everyday practice. Additionally, heart toxicity has
been linked to several biomarkers including pro-BNP and
troponins (61). Though, no studies have linked these biomarkers
to heart toxicity after completing radiotherapy to the lungs.
Other mechanism based biomarkers have been developed
to determine improved outcomes in patients taking targeted
therapies. These mechanism based biomarkers are well known
side-effects, such as an acneiform rash with EGFR inhibitors,
hypertension for VEGR inhibitors, hypothyroidism with
multitargeted tyrosine kinase inhibitors and hyperglycemia
with mTOR or PI3K inhibitors. Through analysis of the most
recent targeted therapy trials in lung cancer, as well as analysis

of other anatomic sites, trends were identified linking improved

clinical outcomes in those patient’s that experienced mechanism
based toxicities (62). Conversely, it is postulated that a lack of
mechanism based toxicity is a surrogate for lack of effective tumor
response. These data are interesting, yet they remain preliminary.

Lately researchers have begun combining targeted therapies
in lung cancer with standard chemoradiotherapy. This raises a
question: How will the addition of targeted therapies alter the
therapeutic window?

Several early phase clinical trials assessing the safety and
efficacy of adding bevacizumab to standard chemoradiotherapy
in lung cancer have found an alarming rate of tracheoesophageal
fistulas. Tracheoesophageal fistulas are normally an exceedingly
rare occurrence in the treatment of lung cancer. However, in
a small pooled analysis, investigators found more than 10%
incidence of tracheoesophageal fistula formation prompting the
early termination of these investigations (44,63,64). Another
early phase trial assessed the incidence of clinically significant
pneumonitis. When combined with chemoradiotherapy
in advanced lung cancer, they found a clinically significant
pneumonitis rate of 67% (44,63). Although these studies are
relatively small, they demonstrate an alarmingly high rate of
significant lung and esophageal toxicity occurs with the addition
of bevacizumab in standard chemoradiotherapy. This finding
has prompted many researchers to abandon the addition of
current generation VEGF inhibitors in combined modality lung
cancer treatment. Additional studies using next generation anti-
angiogenic factors are needed to further characterize the safety
and efficacy of this modality of treatment.

The controversial multi-institutional RTOG trial 0617 also
assessed whether the addition of targeted therapy to combined
modality therapy may improve outcomes. They used a 2x2 factorial
design comparing standard dose (60 Gy) versus high dose
radiotherapy (74 Gy), with and without the addition of cetuximab.
Paradoxically, there were significantly more local failures in the high
dose arm, 34% versus 25% in the standard dose arm. Also noted
was a startling stratification in survival, with a median survival in the
standard dose arm of 28.7 months and 19.5 months in the high dose
arm. The only significant difference in toxicity was esophagitis was
three times higher (65). Many questions about these results remain
unanswered. Some postulate that overall treatment time plays a
role. Using tighter treatment margins without using 4D CT scans to
determine tumor motion or awaiting the additional dosimetric data.

The appropriate timing of targeted therapies to use in combined
modality therapy remains unclear. To address this issue, a trial in
the pre-activation stage RTOG 1306 will add targeted therapies as
an induction therapy for advanced stage lung cancer. Patients with
stage III non-squamous, non-small cell lung cancer with N2 or

N3 disease will be enrolled. All patients will have surgical staging
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and tissue sent for molecular testing that searches for EGFR
mutations and ALK translocations. Patients will be randomized
based on their mutation analysis to receive either standard
chemoradiotherapy or induction therapy with either erlotinib or
crizotinib based on their mutation status.

The era of personalized medicine continues to bloom by allowing
tailored treatments in addition to standard therapy. However,
there are many unknown variables to consider when adding novel
therapeutics to other cytotoxic therapies, as we have not completely
defined the various therapeutic ratios. We have begun to define
newer markers of toxicity. These latest findings will help next

generation trials assess and prevent toxicity in lung cancer patients.

Hypofractionated radiotherapy and pneumonitis

Hypofractionated radiotherapy is employed as a means of either
dose escalation or shortening overall treatment times for both
early and late stage lung cancer (66). However, the optimal
dose, fractionation and schedule remain under investigation.
There are several early phase clinical trials with data maturing
which have combined hypofractionated radiotherapy with
targeted agents including erlotinib (NCT00983307) and
ZD1839 (NCT00328562). As of November of 2013, there
are no active clinical trials assessing targeted therapies and
hypofractionated radiotherapy registered to clinicaltrials.gov,
which highlights a need for continued investigation. Patient
factors and dosimetric information related to pneumonitis in the
setting of hypofractionated radiotherapy is derived from early
phase clinical trials and large retrospective analysis. A recent
phase I study assessing hypofractionated attempting to raise the
biologic effective dose (BED) over 100 Gy for patients of all stages
revealed 16% grade 2 and no grade 3 radiation pneumonitis.
However, six patients experienced grade 4 or § radiation toxicity
including hemoptysis, lung abscess and bronchocavitary fistula.
Univariate analysis demonstrated a significant association of high
grade toxicity and total irradiation dose over 75 Gy with a 2-year
incidence of toxicity of 31% vs. 1.8%. The maximal tolerated dose
in this trial was 63.25 Gy in 25 fractions. The dose parameters
which significantly predicted for 5% toxicity at two years were a
D3cc of 75 Gy and a Dmax of 83 Gy (66). The high grade toxicities
were attributed, by the investigators, to high doses as mentioned
above being delivered to central structures including the proximal
bronchial tree. The rate of pneumonitis for stereotactic body
radiotherapy (SBRT), a form of ultra-hypofractionated therapy
which employs image guidance and smaller treatment margins, has
demonstrated rates of pneumonitis between $-21% (67).

As the use of these techniques has increased, more attention

has been paid to the size of the tumor volume treated and the dose

to the uninvolved lung. Several studies revealed larger primary
tumor volume, mean lung dose, and maximum dose to the tumor
predicted for higher rates of pneumonitis (67,68). Reasonable
dosimetric guidelines include a mean lung dose less than 6 Gy, a
contralateral mean lung dose less than 3.6 Gy, and a V20 <10%.
Factors which may predict for increased risk for pneumonitis
include concurrent systemic therapy, active smoker, advanced age
(>65), central location, and size of treatment volume (>145 cc)
(66-69). Since the available toxicity data is more robust in the
setting of hypofractionated or SBRT alone, it is prudent that
combination targeted therapy and hypofractionated or SBRT
be conducted on prospective clinical trials to allow detailed
assessment of possible toxicities as available dosimetric and

patient factors may underestimate the rates of high-grade toxicity.

Lung cancer is a heterogeneous group of tumor sub-types. Each
type carries individualized mutations in multiple driver gene
pathways. Classically, cancer therapies have been applied based
on anatomic site, stage and other limited prognostic information.
With the explosion of data that demonstrates targetable
biomarkers in cancer, we are faced with new challenges to balance
toxicity with clinical outcomes.

Genetic signatures have been discovered that influence
outcome and one day may identify groups of patients that benefit
from more aggressive therapy. Novel organ specific toxicity-
related biomarkers in combination with radiotherapy derived
parameters will improve treatment decisions and allow real-time
treatment modifications to prevent long-term toxicity.

New approaches based on tumor and normal tissue characteristics
are necessary to continue improving clinical outcomes. New multi-
disciplinary tumor boards should be formed based on genetic tumor
characteristics rather than tumor sites. Medicine requires an ever-
increasing level of sophistication to interpret studies and design
clinical trials. Technology, data management and analysis and novel
therapies will improve more rapidly than ever before impacting our
ability to predict and change clinical outcomes.
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BETWEEN YOU AND ME

Stories of Special K patients

Special K is street drug made from the anesthetic ketamine and it is abused by a select group of patients. They are usually young and
come from wealthy families and have promising prospects for their lives. But due to various reasons they become drug abusers, and
cannot extricate themselves from the drug habit. As a urologist, I thought I would never have contact with this group. However, by
chance, I provided care for some of these patients and began to learn more about them. The underlying story with each of them poses an
important question for physicians. When a disease has become a social problem, what role should medicine play in it?

The first time I met Mr. Huang, a Special K patient, was in 2007. He was tall and handsome, but slow and sluggish when talking and
acting. In spite of having visited hospitals many times, no one could figure out the nature of his disease. When approaching diagnosis, I
asked three questions. What brought you to the hospital? Tell me more? Do you have any questions for me? What happened later with
Mr. Huang indicated how useful this approach can be. If I hadn’t followed it, I probably would have missed the diagnosis.

He told me, “I have to pee every couple of minutes. But each time I do not urinate very much. Plus, it is very painful’. Actually, many patients
with urinary tract infections have similar symptoms, and the patients usually recover with 2-3 days of treatment. So, I thought this case
was not unusual. But the fact that Mr. Huang had received treatment in many different hospitals for more than six months without
helping him was curious and it worried me a lot.

I'handed Mr. Huang a questionnaire, since his simple subjective description of the disease didn’t help me to understand his condition
very well. It is helpful to quantify things and get more details. Astonishingly, what he wrote on the questionnaire indicated a very serious
problem. “I have to squat to pee, and I can’t fall asleep at night. I even wish I could live on the toilet”, Mr. Huang told me when he noticed
that his questionnaire result was not what I expected. Reviewing the information I tried to decide which disease could account for
his symptoms. Only tuberculosis seemed like it could explain his condition. Therefore, in the following days I started a work-up for
tuberculosis. However, Mr. Huang had an imaging examination first, and it showed that his bladder was only the size of a ping-pong ball.
Such severe organ damage was rare in my experience, and the existing medical knowledge I was aware of couldn’t explain it!

A few days later, I realized that I needed to dig out the answer from the patient himself. So I asked my second question: tell me more?
Mr. Huang then told me, “I've been taking Special K. These urinary problems all appear after my using drugs, but I do not know whether they
are related”. I asked him, “Is there anyone else around like you? I mean the ones who also take Special K, and have urinary problems?” He said,
“Quite a few! They have problems in urinating as well, but do not have as much pain as I do”.

Well, now I had a clue about what was going on. Special K is a new type of drug that is abused. It is especially popular in recent years.
Traffickers grind the commonly used medical anesthetic ketamine into fine powder to sell as Special K. Due to its inexpensive price
and the fact that people think they cannot get addicted to it as easily as to heroin, which has serious side effects, Special K has become
particularly popular among young people. So this is how the responsibility of the government and the police came to be related to my
medical practice.

At that time, my friend Peggy discovered in Hong Kong a patient with bladder contracture due to abuse of Special K. I did not expect
the same disease to occur in the mainland so soon. Since then, if my patients have similar symptoms to those of Mr. Huang, I ask them:
“Tell me more”. Over time, I have learned to distinguish this group of patients from others. They are usually anxious and helpless young
people, having long-term medical treatments but all ending up without a cure. But I have found that the people who are helpless may
not only be the patients themselves, but also their families, and even we doctors.

All we can do is to give the patients symptomatic treatment to temporarily relieve pain. In the early stage of the disease, drug
treatment is the most effective way to relieve the symptoms. When it progresses into the late stage and the bladder or kidneys are
damaged, this cannot be reversed. “To cure sometimes, to relieve often and to comfort always” applies to such a disease. But in fact, the
ones we comfort are more frequently the family members rather than the patients.

Young Jia came to the hospital accompanied by his mother. His father visited him once in a while but left in a hurry every time. All
the clothing and personal belongings that Young Jia had were expensive. He was usually silent, and like many patients he looked forlorn.
His father talked to me three times. I remember clearly what he said each time, “I have money! Don’t worry about the expense as long as you
cure my son’s disease”. His mother looked older than her age. What she said the most was, “Dr. Wi, please help me”.

Young Jia gradually became comfortable with me, and he even burst into tears once when I had a long talk with him. Jia’s father
had deep pockets, and an affair that took up much of his time. Without his disease, Jia would rarely see his father. His mother could do
nothing to help him but cry. Although Jia also had enough money, he felt doleful and vexed. That was probably the reason why he took
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Special K. He was just killing time.

Jia’s younger sister who was studying in France encouraged him to cheer up after she found out about his disease. She told Jia, “Brother,
you have to be all right and come to my commencement”. His sister was actually the impetus for Jia to come to the hospital. I told Jia, “Your
mom and dad do love you, just the same as your sister does. They just express their love in different ways”. He kept silent for a second,
and then nodded.

Actually Jia’s disease was not serious. He was discharged after a few days’ treatment, and his whole family felt very happy with that, so
did I. But unfortunately, he came back to the hospital a few months later. I've seen a lot of cases like Jia’s family: a sick child, a seemingly
successful father, and a helpless mother. In fact, they were all helpless, and they were so helpless that they frequently called me after
their son was discharged from the hospital. They begged me to call their child to help to solve their continuing family problems. I could
tell they did not trust each other anymore as they were unable to communicate effectively. Why did they attempt to get their doctor to
shoulder the responsibility for maintaining their family relationships?

Ms. Meng was a civil servant who had a sinecure in a remote city. Her job was so easy that she had time to play cards regularly, and
to kill time by taking Special K. She had been taking it for seven years, which was quite a long time. When she came to the hospital, her
kidneys were seriously damaged.

She was a wife and mother. But now these two roles had disappeared. I had concerns about Ms. Meng, and I know I shouldn’t let my
emotions affect my relationship to patients. However, she had been deceiving everyone about her illness, including her colleagues for
fear of losing her job. She also deluded her husband with the reason she needed to see a doctor, and attempted to talk me into concealing
the fact. She also tried to hide the fact from me that she had been taking Special K when I first treated her. What’s more, she cheated the
patients in the same ward in the hospital. She said she had to borrow some money for an urgent problem but instead she used the money
to buy drugs.

“Why can’t you just extricate yourself from the drugs”, I asked, though I felt it was useless to ask her such question right after I
finished it. She said, “When feeling painful, I feel much better after taking Special K. 1 cannot enter their world, nor judge whether such
words are real or not. I asked, “Have you ever thought about your children?”. This was the only moment I saw the honesty from her eyes.
She could not even believe what herself had said. The structures of her personality were completely in chaos.

Soon after Ms. Meng’s discharge, she gave me a phone call saying she had relapsed. Still she poured out lies and concocted excuses.
I know that no matter how painful she suffered physically and mentally, she could not find way out of this vicious circle of deception.
Nobody knows what is going to happen to her.

As a urologist, I did not have much experience with drug addicts, and I still do not know how to communicate with them. But I do
know that although they have physical disease, psychological problems are crux of their situation. More and more of my experience
indicates how fragile the relationship established between these patients and me is. Equality, respect, and trust are the basic principles
of communication between doctors and patients. As for this particular group, although they are overwhelmed with pain when they
see doctors, they determine to stop taking Special K, their families advise them earnestly and kindly to stop, and the doctors try hard to
persuade them and communicate with them, the outcome is more often than not disappointing.

The disaster brought about by taking drugs comes like a rain storm. All I can do is to hold up an umbrella for the patients, shielding
them temporarily from the rain so that they won't get too wet, and lead them to where it does not rain. If they insist to stay in the rain
and refuse to leave, how can I help them?

When the medical and social problems are intertwined, we all need to think how we can improve the outcome.
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