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s the second most common
cancer in the United States
with an estimated incidence of

more than 220,000 cases per year, lung
cancer remains the leading cause of
cancer mortality with 158,000 deaths
annually.! However, lung cancer is
not a homogeneous disease process,
but rather a complex entity that goes
far beyond traditional dichotomies of
small cell (SCLC) and non-small cell
lung cancer (NSCLC). Recent studies
have highlighted this fact, demonstrat-
ing that even within histologic subsets
of NSCLC, different treatment para-
digms may be required based on tumor
biology and tumor genetics.?? Further,
treatment techniques for surgery, radia-
tion therapy, and systemic therapy have
evolved as well, providing physicians
with new modalities and treatment op-
tions for patients regardless of stage.
As such, clinicians treating lung cancer
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are tasked with constantly re-evaluating
emerging data and techniques to offer
their patients evidence-based treat-
ment options. Such innovations and
paradigm shifts have been particularly
evident in radiation oncology, where
significant changes to treatment indica-
tions, techniques, and principles have
occurred over the past decade. There-
fore, the purpose of this review is to
provide clinicians with a framework
to make decisions regarding radiation
therapy in lung cancer based on recent
data as well as recent guidelines and
treatment pathways.

Discussion
Non-Small Cell Lung Cancer

In patients with early stage NSCLC
(T1-2NO0), the standard of care for many
years has been surgery with consid-
eration for adjuvant chemotherapy.*
However, many patients are deemed
inoperable due to inadequate pulmonary
function or other medical comorbidi-
ties, while some patients refuse surgery.
Traditionally, these patients were of-
fered definitive standard fractionation
radiation therapy, which was associated
with poor outcomes, even with dose es-
calation.>’” With the advent of advanced

treatment planning and delivery systems
in conjunction with image guidance, ste-
reotactic body radiation therapy (SBRT)
has emerged, allowing for the delivery
of large doses per fraction with highly
conformal dose distributions and real-
time online image verification. One of
the initial series evaluating SBRT came
from Indiana University where an ini-
tial phase I dose escalation study was
followed by a phase II study of medi-
cally inoperable patients (< 7 cm) with
early stage (T1-2N0) NSCLC. Patients
were treated with 60-66 Gy in 3 frac-
tions and with 4-year follow-up, local
control was 88% and cause-specific sur-
vival was 82%.%° Importantly, however,
grade 3 or greater toxicity was noted to
be higher with central tumors (27% vs.
10%).'° These promising initial findings
were confirmed by additional series.'!"!?
RTOG (Radiation Therapy Oncology
Group) 0236 was a multi-institutional
phase II trial of 55 patients (T1-2NO, <
5 cm, peripheral location, nonsurgical
candidates) in which patients received
SBRT (54 Gy/3 fractions); with 3-year
follow-up, tumor control was 98% with
a 91% rate of local (lobar) control and
87% locoregional control. Grade 3 tox-
icities were seen in 13% of patients with
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Table 1. Key Studies Evaluating Stereotactic Body Radiation Therapy
for Early Stage Non-small Cell Lung Cancer
Study Yearsof = Number of Median F/U Radiation Local All-cause Toxicity
accrual patients (months) dose recurrence survival outcomes
RTOG 0236 2004-2006 55 34.4 54 Gy/3 Fx 9.4% 55.8% Grade 3 toxicity: 12.7%
Grade 4 toxicity: 3.6%
RTOG 0915 2009-2011 94 30.2 A: 34 Gy/1 Fx A:3.0% A:61.3% Grade 3+ toxicity:
B: 48 Gy/4 Fx B:7.3% B:77.7% A:10.3%
B:13.3%
STARS/ROSEL 2008-2014 58 40.2 54 Gy/3 Fx 14% 95% Grade 3+ toxicity:10%
50 Gy/4 Fx
Indiana University  2000-2003 47 274 54-72 Gy/3 Fx A:21.1% A:87% Grade 3+ toxicity: 14.9%
Phase | 19.1 B:21.4% B: 80%
Indiana University ~ Unspecified 70 50 60-66 Gy/3 Fx 11.90% 42.7% Grade 3-5 toxicity:
Phase I 10.4% (peripheral)
27.3% (central)
Cleveland Clinic ~ 2004-2006 26 31 50 Gy/5 Fx 5.6% 52% Grade 3 toxicity: 3.6%
Foundation (dyspnea)
William Beaumont 2003-2008 124 30 48-60 Gy/ SBRT: 9% SBRT:72% Grade 2 or 3 radiation
Hospital 4-5 Fx Wedge:27% Wedge 87% pneumonitis: 11%
(p>0.16)
Kyoto University ~ 2004-2008 100 36 48 Gy/4 Fx 14% 59.9% Grade 3-4 toxicities:
71%
Washington 2004-2009 130 11 A: 45 Gy/5 Fx LRat1&2y: 1y:92% Chest wall pain: 16.2%
University (central, n=9) A:25%,50% 2y:85%
16 B: 50 Gy/5 Fx B: 0%, 0%
(central, n=11) C: 1%, 9%
13 C: 54 Gy/3 Fx
(peripheral, n=111)
Japanese Society 1995-2004 257 38 18-75 Gy/ BED >100 3y:56.8%  Pulmonary complications
of Radiation 1-22 Fx Gy: 8.4% 5y:47.2% > Grade 2:5.4%
Oncology BED <100
Gy: 42.9%

4% of patients developing grade 4 toxici-
ties and no grade 5 toxicities reported.'?
Table 1 summarizes key studies evaluat-
ing SBRT.%18

One of the greatest challenges fac-
ing clinicians is deciding on patient
eligibility for SBRT as well as appro-
priate dose and fractionation sched-
ules.!82! Table 2 presents a summary

of inclusion criteria for peripheral and
central tumors as well as evidence-
based fractionation schemes. An ad-
ditional question facing clinicians is
the role of SBRT in operable patients,
as initial studies have suggested com-
parable outcomes.'? Additionally, data
from William Beaumont Hospital sug-
gested lower rates of local recurrence

with SBRT and comparable cause-
specific survival as compared to wedge
resection, while a pooled analysis of
the Stereotactic Ablative Radiother-
apy (SABR) in Stage I Non-small Cell
Lung Cancer Patients Who Can Un-
dergo Lobectomy (STARS) and Trial
of Either Surgery or Stereotactic Ra-
diotherapy for Early Stage (IA) Lung
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Eligibility Criteria

Peripheral Tumors

Table 2. Patient Selection Criteria for SBRT
Central Tumors

Tumor Stage T1-2
Tumor Size <7cm
Nodal status Negative

Location
mediastinal/

>2 cm from proximal bronchial tree

Fractionation Schedules 34 Gy/1 fraction (RTOG 0915)

T1-2

<5cm

Negative

Within proximal bronchial tree or adjacent to
pericardial pleura

50 Gy/5 fractions (RTOG 0813)
60 Gy/3 fractions (Indiana University/ RTOG 0236) 60/8 (VU University Medical Center, Netherlands)
48 Gy/4 fractions (RTOG 0915)

Cancer (ROSEL) phase 3 trials evalu-
ating SBRT in operable patients found
improved survival with SBRT com-
pared to surgery at 3 years.'®!” Simi-
larly, a pooled analysis from Crabtree
et al found that when using propensity
analyses, SBRT was associated with
similar rates of local control and cancer-
specific survival compared with surgery
in patients with stage I disease.”> RTOG
0618 was a phase II trial evaluating
medically operable patients (T1-2NO,
< 5 cm, noncentral tumors) treated with
SBRT (60 Gy/3 fractions) with out-
comes expected in the next few years."”
For patients with locally advanced re-
sectable NSCLC, neoadjuvant chemo-
radiation can be considered. Eligibility
includes the patient being a surgical
candidate with respect to medical co-
morbidities and pulmonary function
(FEV1 > 2 L, predicted postoperative
FEV > 1.2 L) with limited N2 nodal dis-
ease, and without N3 or T4 disease.??
Patients typically receive 45-50 Gy
with concurrent chemotherapy with
restaging 2-4 weeks later, followed
by surgery. The Intergroup 0139 trial
compared this approach to definitive
chemoradiation and found no differ-
ence in median or overall survival at 5
years; however, improvements in pro-
gression-free survival with neoadjuvant
therapy were noted, as was improved
survival for the subset of patients un-

dergoing lobectomy.?* An increase in
treatment-related deaths was noted with
neoadjuvant treatment followed by sur-
gery (primarily in the pneumonectomy
cohort), although rates of grade 3-4
esophagitis were reduced compared to
definitive chemoradiation.?

For patients with locally advanced
unresectable NSCLC who are fit for
definitive therapy, chemoradiation is
the standard of care.* This represents an
evolution of treatment paradigms from
radiation alone to sequential chemother-
apy and radiation therapy to concurrent
therapy.*?*2¢ The basis for this recom-
mendation is several studies that have
demonstrated a benefit in survival with
concurrent therapy, as compared to se-
quential therapy.?*?° Further, a pooled
analysis comparing sequential and
concurrent therapies found a 4.5% im-
proved overall survival at 5 years with
concurrent therapy, as well as reduced
locoregional recurrences.?” However,
the tradeoff for this survival benefit was
an increase in acute grade 3-4 esopha-
geal toxicity (18% vs. 4%).2"” As for
radiation dose, preliminary data evalu-
ating dose escalation were promising.?®
However, RTOG 0617, a 4-arm phase
III trial, found no benefit to dose escala-
tion (74 Gy vs. 60 Gy) with a significant
improvement in overall survival noted
with 60 Gy, and reduced quality of life
with dose escalation.??3% At this time,

the role of dose escalation in patients
receiving concurrent therapy is limited,
but for patients unable to receive che-
motherapy, there are data to support
dose escalation when meeting organ-at-
risk dose-volume constraints.*’-!

While the role of postoperative radia-
tion therapy (PORT) is often considered
controversial, patients should be evalu-
ated for adjuvant radiation therapy when
there are positive margins or N2 nodal
involvement (and potentially N1 patients
not receiving chemotherapy).** For pa-
tients with N2 disease, while older data
support a benefit to PORT, recent subset
data from the ANITA (Adjuvant Navel-
bine International Trialist Association)
trial as well as a SEER (Surveillance,
Epidemiology, and End Results) analysis
have also demonstrated improved sur-
vival with the addition of PORT in N2
patients, which is reflected in evidence-
based guidelines.* Regarding sequenc-
ing, adjuvant chemotherapy is typically
followed by PORT. However, in patients
with positive margins, consideration
for adjuvant chemoradiation should be
made.*3335 With respect to adjuvant
chemoradiation, RTOG 9705 was a
phase II trial of 88 patients (stage II/IITA
disease following surgery), with patients
receiving concurrent chemotherapy (pa-
clitaxel/carboplatin) and radiation (50.4
Gy/28 fractions, 10.8 Gy boost for nodal
ECE or T3 disease). With 5-year follow-
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up, local failure was 15% and median
survival 57 months with an acceptable
toxicity profile.3

Small Cell Lung Cancer

Radiation therapy has represented a
standard approach to managing limited
stage SCLC for several decades with
the MRC trial from the 1960s demon-
strating improved survival with defini-
tive radiation as compared to surgery
in operable patients.>”3® Further, while
chemotherapy remains a mainstay of
treatment for SCLC, two meta-analyses
have demonstrated improved survival
with the addition of radiation to sys-
temic therapy.**4° More recently, con-
current chemoradiation has become the
standard-of-care approach, with radia-
tion traditionally combined with cispla-
tin and etoposide.’®* The Intergroup
0096 trial randomized 417 patients to 45
Gy/25 fractions or 45 Gy/30 fractions
(twice daily) with both arms receiving
cisplatin/etoposide, and radiation fields
that included the bilateral mediastinum
and ipsilateral hilum. At 8 years, hyper-
fractionation was associated with im-
proved 5-year overall survival (26% vs.
16%), with increased rates of esophagitis
(27% vs. 11%) and a trend for improved
local control; however, a criticism of this
trial is that the two arms did not receive
biologically equivalent doses, biasing
the trial toward hyperfractionation.*?
Dose escalation has been evaluated, as
have alternative schedules. One such
regimen, which uses the concomitant
boost approach (initially 1 fraction/
day, then twice daily to finish within 5
weeks) was evaluated in RTOG 9712
with concurrent chemotherapy with a
maximum tolerated dose of 61.2 Gy.**
Subsequently, this regimen was evalu-
ated on RTOG 0239 and found to have
a 2-year survival of 37%, with an 18%
rate of severe esophagitis and 3% treat-
ment-related deaths.** Similarly, stud-
ies evaluating the maximum tolerated
dose with once daily radiation therapy
reached a dose of 70 Gy.*>*® As such, the

CALGB (Cancer and Leukemia Group
B) 30610/RTOG 0538 trial is comparing
45 Gy/30 fractions twice daily with 61.2
Gy concomitant boost, and 70 Gy once
daily with results expected in the years to
come; however, the 61.2 Gy was closed
leaving the hyperfractionation and the
70 Gy arms open.*’ As for the timing of
chemoradiation, while individual stud-
ies have been mixed, a meta-analysis has
demonstrated an improvement with early
thoracic radiation therapy within 30 days
of starting chemotherapy.3847-0

The role of thoracic radiation therapy
in patients with extensive stage SCLC
remains controversial. Jeremic et al pre-
sented a randomized study of 210 pa-
tients with extensive-stage SCLC who
had a complete distant response and a
complete/partial response locally follow-
ing chemotherapy (cisplatin/etoposide).
Patients were randomized to further che-
motherapy without radiation or chemo-
radiation (54 Gy/36 fractions twice daily
with carboplatin/etoposide). The study
found that median survival (17 months
vs. 11 months) and 5-year survival (9%
vs. 4%) improved with thoracic radiation
therapy.’! A larger multi-institutional
randomized study included 498 patients
with a response to chemotherapy, with
patients receiving either thoracic radia-
tion therapy (30 Gy/10 fractions) or no
thoracic radiation with all receiving PCI
(prophylactic cranial irradiation). With
2-year follow-up, thoracic radiation
therapy improved 2-year survival (13%
vs. 3%) with improved progression-
free survival (24% vs. 7%) also noted.>?
However, recently RTOG 0937 was
published; this was a randomized phase
II trial in which patients with extensive
stage SCLC (1-4 metastatic lesions,
no brain metastases) who had a partial/
complete response to chemotherapy
were randomized to consolidative radia-
tion therapy to the thorax and metastatic
sites to a dose of 45 Gy/15 fractions (al-
lowed to treat 30-40 Gy/10 fractions if
necessary). A total of 97 patients were
enrolled and with short follow-up, con-

solidative radiation therapy was found to
delay progression with no improvement
in survival noted.> At this time, the role
of thoracic/consolidative radiation ther-
apy remains unclear with further data re-
quired; however, its use is supported by
evidence-based guidelines.®®

PCI represents a standard-of-care
treatment approach for patients with
limited and extensive stage SCLC.?® For
patients with limited stage SCLC, sev-
eral studies have confirmed a reduction
in brain metastases with PCI in patients
with a complete response to therapy, al-
though no survival benefit was noted.>*>3
However, a meta-analysis from Auperin
et al evaluated 7 randomized trials (987
patients) and found that that PCI im-
proved OS at three years (21% vs. 15%)
for patients with a complete response
to therapy.’® Additionally, larger radia-
tion doses were associated with a greater
reduction in brain metastases without
survival benefit. For patients with exten-
sive-stage SCLC, the EORTC (European
Organization for Research and Treat-
ment of Cancer) 08993 trial randomized
286 patients with extensive-stage SCLC
who had any response to 4-6 cycles of
chemotherapy to PCI (20 Gy/5 fractions-
30 Gy/12 fractions) or no PCL. At 1 year,
PCI reduced the rates of symptomatic
brain metastases (15% vs. 40%) and,
more importantly, improved survival
(27% vs. 13%), although neuroimaging
was not required beforehand.”” Regard-
ing dose, the standard PCI dose remains
25 Gy in 10 fractions, although alterna-
tives have been used, including 20 Gy/5
fractions in 60% of cases in the EORTC
study.*7 At this time, data does not sup-
port dose escalation for PCI. RTOG 0212
randomized 720 patients with limited
stage SCLC who had complete response
to chemoradiation to PCI with either
25 Gy/10 fractions or a higher dose (36
Gy/18 fractions or 36 Gy/24 fractions
BID), with all patients receiving base-
line neuroimaging. Results from this
study demonstrated no difference in the
incidence of brain metastases between
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Table 3. Dose Volume Constraints based on SBRT Fractionation

Brachial Plexus

Heart/Pericardium

Great Vessels

Trachea/

Large Bronchus

Rib

Skin

Stomach

V11.9Gy<5cc

Max Point: 17.5 Gy
V14 Gy<3cc

Max Point: 22 Gy
V16 Gy<15cc

Max Point: 37 Gy
V31 Gy<10cc

Max Point: 20.2 Gy
V10.5Gy<4cc

Max Point: 30 Gy
V22 Gy<1cc

Max Point: 26 Gy
V23 Gy<10cc

Max Point: 12.4 Gy
V11.2Gy<10cc

Max Point: 24 Gy

Max Point: 30 Gy

Max Point: 30 Gy

Max Point: 24 Gy

V18.8 Gy<5cc

Max Point: 27.2 Gy
V23.6 Gy <3cc

Max Point: 34 Gy
V28 Gy<15cc

Max Point: 49 Gy
V43 Gy<10cc

Max Point: 34.8 Gy
V15.6 Gy<4cc

Max Point: 40 Gy
V32Gy<1cc

Max Point: 36 Gy
V33.2Gy<10cc

Max Point: 27.2 Gy
V17.6 Gy<10cc

34 Gy/1 fraction 60 Gy/3 fractions 48 Gy/ 4 fractions 50 Gy/ 5 fractions
Lung V7.4 Gy <1000 cc V12.4 Gy <1000 cc V13.5 Gy <1000 cc
V7 Gy <1500 cc V11.6 Gy <1500 cc V12.5 Gy <1500 cc
Spinal Cord Max Point: 14 Gy Max Point: 18 Gy Max Point: 26 Gy Max Point: 30 Gy
V10 Gy <0.35¢cc V20.8 Gy <0.35cc V22.5 Gy <0.25cc
V7 Gy<1.2cc V13.6 Gy<1.2cc V13.5Gy <0.5cc
Esophagus Max Point: 15.4 Gy Max Point: 27 Gy Max Point: 30 Gy Max Point: 52.5 Gy

V27.5Gy<5cc

Max Point: 32 Gy
V30 Gy<3cc

Max Point: 52.5 Gy
V32Gy<15cc

Max Point: 52.5 Gy
V478 Gy<10cc

Max Point: 52.5 Gy
V18 Gy<4cc

Max Point: 32 Gy
V30Gy<10cc

Max Point: 27.2 Gy
V17.6 Gy<10cc

regimens with improved survival with
the standard PCI dose (42% vs. 37%, p
=0.05) at 2 years.*® Concerns, however,
exist regarding the potential neurotox-
icity associated with PCI. Health-re-
lated quality-of-life studies from the
EORTC trial demonstrated a negative
impact with PCI (primarily fatigue and
hair loss) with limited impact on global
health status.>® Strategies emerging
to reduce PCl-related toxicity include
hippocampal sparing, which is being
evaluated on NRG-CCO003, as well as
memantine. 6!

Radiation Therapy Techniques
Safe and effective SBRT requires
modern treatment planning and deliv-

ery techniques. Patients treated with
SBRT should undergo CT simulation
with respiratory motion management
(4D-CT, abdominal compression, and/
or gating) and immobilization. Standard
volumes include a GTV (gross tumor
volume, as defined on CT using lung
windows), which is equal to the clinical
target volume (CTV). Planning tumor
volume (PTV) margins can vary de-
pending on image guidance techniques,
with RTOG 0618 using a 5-mm radial
and 10-mm longitudinal expansion.'%-2!
Planning can be performed using co-
planar and noncoplanar beam arrange-
ments with typically 10 or more beams;
alternatively, rotational/arc-based tech-
niques (eg, volumetric-modulated arc

therapy) can be used.'*2!'2 An impor-
tant consideration in SBRT planning is
target volume coverage and normal tis-
sue constraints. When reviewing target
coverage, the following should be eval-
uated: 1) normalization to the center
of mass of the PTV, 2) isodose line of
60-90% encompassing 95% of the PTV
(such that 99% of the PTV receives at
least 90% of prescription dose), and 3)
restriction of where high dose is deliv-
ered (limit dose > 105% of prescription
to PTV, all tissue outside PTV receiv-
ing > 105% of prescription should be <
15% of PTV volume) while maintain-
ing conformality.!?! As for normal tis-
sue constraints, RTOG 0618 and RTOG
0915 provide constraints for SBRT of
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peripheral lesions, while RTOG 0813
provides constraints for central tumors;
published constraints are available as
well (Table 3).19-21:6364

Patients treated with definitive ra-
diation therapy for NSCLC and SCLC
should undergo CT simulation with
respiratory motion management (4D-
CT, breath-hold, or active breathing
control [ABC]) and immobilization.
For NSCLC, the GTYV is defined as
the primary tumor and involved nodes
(can use PET scan and other studies).
The CTV is defined as an expansion for
subclinical involvement, typically from
5-10 mm, with RTOG 1308 using an
8-mm expansion, excluding uninvolved
organs.® Accounting for respiratory
motion is the internal tumor volume
(ITV), which can be done by creat-
ing a CTV on the iGTV or by creating
a union of CTVs. PTV margin is typi-
cally 5 mm.% One question concerning
CTV volume centers on the role of elec-
tive nodal irradiation (ENI). In NSCLC,
data from Memorial Sloan Kettering
Cancer Center identified a 6% rate of
elective nodal failure when omitting
ENI, confirmed by a randomized study
from China.®®’” However, a report
from the International Atomic Energy
Agency supports a more nuanced ap-
proach rather than completely omitting
ENI, with potential utilization of ENI
based on factors including stage and
tumor location.®® For treatment plan-
ning techniques, both 3-dimensional
conformal radiation therapy (3D-CRT)
and intensity-modulated radiation
therapy (IMRT) can be used.?® While
IMRT has been shown to improve some
dosimetric parameters when compared
to 3D-CRT, clinical data comparing
techniques are limited.%" A recent
secondary analysis of RTOG 0617,
however, found that IMRT reduced
the rates of severe pneumonitis in pa-
tients receiving chemoradiation, while
a recent population-based study found
improved survival with IMRT for T3/4
tumors.”!7?

As with NSCLC, treatment tech-
niques in SCLC have evolved over
several decades. Classically, the field
design from the Intergroup trial in-
cluded the primary tumor as well as the
ipsilateral hilum and bilateral mediasti-
num, extending 5 cm below the carina
or to the ipsilateral hilum (whichever
was lower) with the clinical volume
expanded 1-1.5 cm.*? Field arrange-
ments included the use of oblique
off-cord fields for the afternoon frac-
tion in weeks 2 and 3. Since this study,
changes have occurred concerning tar-
get volumes and treatment planning. As
noted above, traditional SCLC volumes
included elective nodal irradiation.
However, data have emerged dem-
onstrating low rates of elective nodal
failure (< 5%), particularly when using
positron emission tomography (PET)
scans as part of treatment planning.”>-7
As such, current trials have moved
away from elective nodal coverage and
treat involved nodes only.

Another important question is
whether target volumes should include
prechemotherapy disease or postin-
duction volumes in patients not re-
ceiving radiation in conjunction with
the first cycle of chemotherapy. Cur-
rently, although data remains limited,
the use of postchemotherapy volumes
is supported by data demonstrating
no difference in the rates of marginal
failures with the use of postinduction
volumes.”® Regarding the current stan-
dard of care, CALGB 30610 mandates
CT-based planning with respiratory
management strongly encouraged, and
treatment planning with either 3D-CRT
or IMRT. Target volumes include the
GTV (as defined by physical exam,
CT, PET and/or MRI). The ITV incor-
porates tumor motion during the respi-
ratory cycle, while the CTV expansion
allows for occult disease without elec-
tive nodal irradiation.*’ When deliver-
ing PCI, the standard field arrangement
is opposed lateral fields covering the en-
tire cranial contents. However, with the

use of hippocampal sparing, new plan-
ning techniques are available.*

Conclusions

Radiation therapy represents a stan-
dard treatment option in the manage-
ment of lung cancer, from early stage
NSCLCs treated with SBRT to ES-
SCLC, which can be treated with PCI
and thoracic radiation therapy. Treat-
ment techniques continue to evolve to
help maximize the therapeutic ratio and
improve not only clinical outcomes, but
also toxicity profiles and quality of life
for patients receiving treatment.
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