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Abstract: The standard of care for treatment of early-stage lung cancer continues to be definitive surgery with

lobectomy or pneumonectomy. However, there are patients who refuse surgery or due to several factors, including

high operative risk, are not surgical candidates. Fractionated, standard-dosed radiation has been shown to offer

suboptimal control and survival rates. In these patients, stereotactic body radiotherapy (SBRT) is increasingly

becoming a viable, safe, and effective alternative to surgery. An emerging and expanding body of evidence is

showing the technical feasibility and ablative properties of relatively short courses and high doses of SBRT. This

review will focus on the emergence of the technique, the current status of its use and the future directions of study

that will further define how we use SBRT in the treatment of early stage non-small cell lung cancer (NSCLC).
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Introduction

It is estimated that there will be over 226,000 new diagnoses
and 159,000 deaths from lung cancer in the United States
in 2014 (1). In fact, lung cancer deaths annually total
more than deaths from breast, prostate, colon, brain and
uterine cancer combined. Additionally, lung cancer is the
leading cause of cancer mortality in both men and women
worldwide, with estimated incidence rates of over 2 million
cases annually, and death rates nearing 1.5 million annually
(2,3). One major reason lung cancer continues to be such a
major contributor to cancer deaths includes the combination
of the late stage of diagnosis of the majority of cases, and
the lack of an accepted, widely instituted screening program
to detect early stage disease. At present, only about 15% of
lung cancers are diagnoses at an early stage (stage I and II)
and over half are diagnosed with metastatic disease (1).
Smoking has been well established as a leading risk factor
for lung cancer. Despite the recent decreases in smoking
rates in the US (4), these reduced rates will likely not result
in a near-term decline in lung cancer mortality. With a
current base of over 90 million current or former smokers,
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lung cancer will continue to pose a major challenge for the
foreseeable future (5). Worldwide, lung cancer rates are
expected to rise in the coming years due to the increased
prevalence of smoking in developing countries (5). Other
significant risk factors for lung cancer include exposure to
radon gases and occupational exposures such as asbestos
and arsenic. Recent advances in our understanding of
tumor biology have also helped us understand more about
predictive and prognostic factors in lung cancer. DNA
repair pathways such as ERCC-1 (6) EGFR and ALK
mutational status (7), in addition to several other emerging
molecular targets will likely play a pivotal role in the
prognosis and treatment decisions in lung cancer in the
years to come.

Recent efforts to institute a lung cancer screening
program have had some success. The lung cancer screening
trial, published in 2011, showed that in current or heavy
previous smokers between 55-74, conducted prospectively,
that there was a 20% reduction in mortality for those
screened with low dose helical CT scan vs. those with chest
X-ray (8). The American Cancer Society and the American
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Thoracic Society have issued screening recommendations.
Recently, the United States Preventive Task Force has
also voiced their support and recommended screening for
individuals between 55 and 80 who currently smoke or
have a 30 pack year smoking history who have quit within
the previous 15 years. Unfortunately, the Task Force also
limits its recommendation for screening to those with the
willingness or ability to have curative lung surgery. This
may exclude patients that may benefit from the other
emerging treatment modality for early stage lung cancer,
stereotactic body radiotherapy (SBRT). Despite this, there
is hope that implementation of screening methods in the
coming years may increase the percentage of lung cancer
diagnosed in earlier, more treatable stages, and may help
further develop SBRT as a reasonable treatment approach.

Treatment of early stage lung cancer

The standard of care for definitive treatment of early
stage lung cancer continues to be surgical resection with
lobectomy or pneumonectomy. Several large trials have
been reported, showing five year overall survival for
patients with stage IA and IB disease of 71.25% and 57%,
respectively (9-11). Lesser surgical resections, to include
wedge resections, have shown worse local control and a
trend toward worse overall survival (12). Less invasive
techniques continue to be evaluated, but the current
standard surgical approach remains thoracotomy (11).
Patients who either decline surgery or are considered
unacceptable surgical candidates due to morbidity or
mortality concerns are generally offered treatment with
radiation therapy alone. Using traditional methods to
deliver radiation therapy, results for these patients have
been inferior to those for patients treated with surgical
resection. There are several potential explanations for
these worse outcomes. First, there is an obvious selection
bias. Patients treated with radiation represent a high-risk
group of patients with more medical comorbidities and
resultant worse performance status than those patients
offered surgical treatment. Secondly, the patients treated
with surgery alone undergo pathological staging as opposed
to the clinical-only staging of the patients treated with
radiation alone. Undoubtedly some patients with clinically
early stage disease would have been found to have more
advanced disease on formal pathologic analysis (13). This
is especially true for studies before the more modern CT
or even PET/CT era. Still, it must be remembered that
reported results for patients treated with radiation alone
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have shown worse local control as well as survival than those
seen with resection. Reported 5-year survival in patients
treated with traditional radiation treatment range from
6-32%. Local-only failure has been reported in 39-55% of
patients (14-17).

The dose of radiation used in treating these patients
remained stable for many years. Based on the increased
radiologic control seen with increasing dose in RT'OG 7301,
the standard radiation dose has been 60 Gy. About 65% of
the patients treated with at least 60 Gy were found to have
local control (18). However, these results likely overstate
the true rate of local control with this radiation dose, given
their reliance on clinical evidence of local failure. Another
series evaluated local control more rigorously (including
bronchoscopy) and found local control after 65 Gy given
without or with combination chemotherapy of 17% and
15%, respectively (19).

Multiple strategies for improving outcomes with
radiation alone have been employed. The most obvious
approach has been with dose escalation of conventionally-
fractionated radiation. One cooperative group trial reported
outcomes with doses of up to 83.8 Gy for patients with
V20 of <25% using a fraction size of 2.15 Gy. This phase
I/1I trial demonstrated acceptable toxicities but did not
show a dose response across the range of 70.9-83.8 Gy (20).
Unfortunately, a large multi-institutional randomized
controlled study comparing 60-74 Gy in locally advanced
patients, also failed to show any survival benefit (21).
However, other single institution studies have been
reported, with a series from Michigan delivering doses as
high as >100 Gy with acceptable toxicities (22). A series
from Memorial Sloan Kettering Cancer Center (MSKCC)
showed a local control advantage with increased dose,
with local control at 2 years of 14% for stage I-II patients
receiving <80 Gy and 88% for like-stage patients receiving
>80 Gy. This series also reported a doubling in medial
survival for patients treated with >80 Gy (23).

Another important treatment approach that has been
affirmed in the above studies, mostly in an effort to minimize
toxicity, has been to avoid elective nodal irradiation (ENI),
and instead target only areas of gross disease. The results
of these and other series offer strong arguments against the
elective treatment of at-risk areas of lymph drainage without
evidence of malignant involvement (24). An early report
from MSKCC showed a crude rate of elective nodal failure
in 171 patients treated without ENT of 6.4% (25); the 2-year
actuarial rate of failure was 9%. In RTOG 9311 and the
series from Michigan, no ENI was used and the resultant
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failure in these areas was less than 10% (20) and zero (22),
respectively.

Rationale for stereotactic radiotherapy

Standard fractionated radiation treatment is usually
given over a course of 6 to 7 weeks, at 1.8-2.0 Gy per
fraction. Changes to this schedule, such as increasing
dose with a longer course of conventional fractionation
has had mixed success of improving local control. One
important consideration in dose escalation involves the
increase amount of time required to give larger overall
doses. Any advantage gained by an increase in dose must
be balanced against a detriment seen with prolongation
of overall treatment time. There are radiobiologic studies
to support this dilemma. One modeling study suggested
that conventionally-fractionated doses of >100 Gy would
be required to provide 90% local control at 30 months.
To achieve this dose would require 10 weeks, instead
of the usual 6-7 weeks, of treatment with conventional
fractionation (26).

Another problem is that treatment interruptions are
more frequent with increasing radiation dose. Analysis of
three RTOG trials from the 1980s showed a detriment in
overall survival, particularly seen in patients with otherwise
favorable prognostic factors (27). Another pooled-analysis of
three RTOG trials from the 1990s evaluated treatment time
as a continuous variable. Of 474 total patients analyzed,
18% (n=87) patients had prolongation of treatment time
of more than five days. Multivariate analysis showed that
each day of prolongation translated to a 2% increase in risk
of death (28). Hyperfractionation, or more than one daily
fraction spaced at least 6 hours apart, is one approach to try
and avoid prolonged treatment delivery times. However,
once again, results have thus far have been mixed (29-31).

SBRT, in contrast, allows for a high dose to be delivered
in one or only a few treatment fractions. This is possible
based off technical advances with the use of intensity
modulation using, for example, multi-leaf collimation.
There are several potential advantages gained with this
treatment method. These include prevention of accelerated
repopulation, the ability to treat with BEDs in excess of
100, and treating to a point on the steepest portion of
the cell survival curve (26,32,33). There is also the added
convenience for the patient of requiring few trips for
treatment. Using SBRT techniques to treat malignancy is
becoming the object of study in several areas of the body.
Tumors of the liver, pancreas, cervix and head and neck
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have growing bodies of evidence suggesting the role of
SBRT in management in certain situations. In the brain,
radiosurgery (SRS, single fraction stereotactic radiation
therapy) has a well-established role in the treatment of both
benign and malignant tumors. Intracranial targets appear
particularly well-suited to radiosurgical approaches. Reasons
for this include, first, bony anatomy is a reliable surrogate
for target position (34) and second, reliable immobilization
can help eliminate internal intrafraction target motion (35).
Contrarily, thoracic targets are neither well-localized
by external anatomy nor are they static (36,37). These
represent the two largest treatment-delivery related hurdles
to delivering SBRT to targets within the lungs, and several
techniques and devices have been developed to overcome
these problems.

Motion management

Historically, achievement of reproducible patient
positioning and thus accuracy, was best accomplished with
the use of a rigid external frame. This is, in fact, the essence
of stereotaxy, defined as the use of position and movement
through space. True stereotactic treatment relies on the
generation and use of an external 3-dimensional (3D)
coordinate system; any point within this coordinate system
can be positionally described by its relation to the external
framework. However, the use of rigid external frames has
its own limitations. They tend to be cumbersome, large and
often require sedation or other methods of pain control in
order to be tolerated by patients. In the last two decades,
we have seen the emergence of imaging coupled with the
treatment machine with 3D techniques, so called “on board
imaging”. One example of this imaging is Cone Beam
Computed Tomography (CBCT). Producing a 3D CT
scan in real time can achieve comparable localization to
stereotaxy. The addition of placement of implanted fiducial
markers, discussed in more detail below, may offer an even
more robust and reproducible framework for accuracy of
tumor targeting.

Intrafraction motion management presents another
impediment to lung SBRT. Once again, recent technical
advancements are helping overcome this obstacle. Roughly,
these technical advancements can be divided into two
groups. The first group allows the target to move freely
relative to the treatment beams, but accounts for this
motion with either geometric or dosimetric considerations.
The most basic technique employs the concept of an
integrated tumor volume (ITV). Early SBRT studies of
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the lung utilized this method. It includes the addition of
margins based on population averages. For example, looking
at typical inspiratory and expiratory position changes, a
plan may involve arbitrarily adding 2 cm in all directions
in all cases. In most cases, this population-derived margin
is bigger than required and results in treatment of a larger
volume of normal lung. The addition of patient-specific
margins can be achieved by using fluoroscopic monitoring
of target motion throughout the respiratory cycle. An
emerging technique, most commonly described as 4D CT
scanning, can scan throughout physiologic movement and
place position into specified bins of location for each phase
of the respiratory cycle. Less technically, one may obtaining
both end-inspiratory and end-expiratory imaging and
creating a planning target volume that encompasses both
extremes.

Strategies in the second group are aimed at maintaining
the target position relative to the treatment beams throughout
treatment. Within this group are techniques aimed at
reducing target motion. Some of these include abdominal
compression, deep inspiratory breath hold (DIBH), or forced
shallow breathing. Also within this group are techniques
which allow for target motion but adjust treatment delivery
to maintain constancy between target and treatment beams.
These include respiratory gating, beam tracking, or couch-
based motion compensation. Data are published that support
these techniques. For example, in patients treated for liver
metastases, application of abdominal pressure has been found
to reduce excursion of the diaphragm to 7 mm (38). DIBH
has been shown to increase total lung volume, decrease
lung mass within expansion margins, and provide relatively
reproducible target displacements (39). Another series found
DIBH to be reproducible and reported a potential 30%
decrease in the V25 by reducing required target margins (40).
Reducing margins from 2.5 to 0.5 cm was shown to decrease
by 66% the amount of normal lung in the treatment volume.

Respiratory gating requires use of a modern CT
simulation machine able to obtain data in four dimensions,
dividing the respiratory cycle into typically 10 bins. This
allows target visualization throughout the respiratory cycle
and selection of an appropriate range of phases for treatment
planning and delivery. At the time of treatment, the patient’s
respirations are monitored via a reflective box placed on the
midsection and the treatment beam is selectively turned off
and on at the predetermined phases of respiration (41).

Implanted fiducial markers can be used both for patient
positioning as well as target tracking during treatment
delivery (42). Using an implanted gold marker seed, one
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series found that real-time tracking with free breathing could
be utilized. In this series, the treatment beam was gated based
on the position of the gold marker, successfully reducing the
target motion during beam delivery to within 5.3 mm (43).

Beam tracking is another technique. Systems using a
dynamic robotic arm and traditional linear accelerators with
multi-leaf collimators are both able to track target motion
through the sliding collimator leaves (44,45). Finally, there
is interest in couch-based motion management, in which
the treatment couch motion is equal and opposite to target
motion; this technique may be able to maintain consistency
in the beam’s eye view during treatment delivery (46).

At our institution, we routinely use SBRT for treatment
of early stage lung cancer. At the time of simulation, 4D CT
scans are obtained to delineate an I'T'V. Tight margins in
the range of 5-7 mm are employed around the ITV to limit
dose to normal lung tissue and other critical organs near the
target. The use of a gating technique is individualized based
on quantitative tumor motion. We use an algorithm that
employs respiratory gating in patients with more than 5 mm
of motion on 4D CT in those with non-apical tumors. The
gating window is determined based on the pattern of tumor
motion during different phases of respiratory cycle. A typical
plan for SBRT of a primary lung cancer is shown in Figure 1.
Image guided radiation therapy is delivered by use of CBCT
to localize the target and make appropriate shifts prior to
each treatment. Respirtory motion is monitored using the
RPM system (Varian Medical Systems, Inc, Palo Alto, CA).
Other systems, such as VisionRT (Varian Medical Systems,
Inc) are currently under development as alternatives to the
RPM system.

Early clinical experience with SBRT

Following early pioneering reports on stereotactic treatments
primarily of liver and lung tumors (47,48), a phase I study
by Timmerman er 4/. reported the results of 37 medically
inoperable patients treated with SRT. The maximum tumor
size was 7 cm, and all patients were treated using a rigid
immobilization frame along with abdominal pressure. Gross
tumor volume (GTV) was expanded by 0.5 cm radially and
1.0 cm cranio-caudally to create PTV. Three fractions were
delivered, starting with 8 Gy to the 80% isodose line with
increases up to 22 Gy per fraction. The maximum tolerated
dose (M'TD) was not reached in this series. With median
follow up of 15.2 months, there were two instances of acute
grade three lung toxicity and no instances of late lung toxicity
reported. The overall response rate was 87%. There were six
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Figure 1 Representative treatment plan of SBRT of a right upper lobe lesion. Target volume was 49 cm’. The prescription dose to the PTV

was 5,600 cGy in 4 fractions. Illustrated are multiple techniques to improve coverage including 3D planning, Volumetric Modulated Arc

Therapy (VMAT), and collimation of a multileaf collimator. SBRT; stereotactic body radiotherapy.

patients with local failure, two of which also failed distantly;
no patient treated with fraction sizes of >18 Gy experienced
local failure (49). This experience was subsequently updated,
now including 47 total patients. MTD had still not been
reached for patients with T'1 tumors, however three of five
patients with T2 tumors larger than 5 cm experienced grade
three or higher toxicity at the 72 Gy dose level. The MTD
for these patients was therefore 66 Gy (22 Gy x3 fractions).
Of ten local failures, nine were seen in patients treated with
<16 Gy per fraction (50).

Based on these encouraging results, a phase II investigation
was undertaken and published in 2006. This series included
70 medically inoperable patients with stage TINO (n=35) or
T2NO (n=35) non-small cell lung cancer (NSCLC) treated
with 3 fractions of 20 or 22 Gy, respectively, in the same
manner as above. With median follow up of 17.5 months,
two year local control was 95%. Unfortunately, eight patents
had experienced grade 3-4 toxicity; there were also a total
of six grade 5 toxicities, occurring from 0.6 to 19.5 months
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post-treatment. Four of these were due to pneumonia, while
the patient who experienced death at 19.5 months died as a
result of massive hemoptysis. The authors advised caution
when treating patients with centrally located tumors due to
the observed increase in toxicity (51). Reports from other
institutions have supported the finding of increased toxicity
for central tumors. RT'OG 0813 is a phase I/II study that is
looking specifically at centrally located tumors and is looking
at dose escalation of 5 fractions delivered over 1.5-2 weeks.
The study started at 50 Gy in 5 fractions and had gotten to
12 Gy per fraction, but preliminary reports are showing some
increased toxicity at that level. Final results have not been
reported, but will most likely recommend doses in the range of
10-11 Gy per fraction with total doses of 50-55 Gy.

RTOG 0236 was designed to mirror the single-institution
phase II study at the University of Florida detailed above.
Patients enrolled on this phase II study were to receive a total
of 60 Gy in three 20 Gy fractions. Patients with tumors of the
proximal bronchial tree were excluded from this experience.
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While a 3D coordinate system was required, implanted
fiducial markers were accepted as a replacement for external
fixation. Treatment margins were as above. They found 3-year
tumor control of 98%, 3-year local control of 91% and 3-year
loco-regional control of 87%. Median overall survival was
48 months and there was a 17% grade 3-4 toxicity rate with no
grade 5 toxicity (52).

Reports from overseas have also been encouraging. A
large retrospective Japanese series included a total of 275
patients with stage TINO (n=164) or T2NO (n=93) lung
cancer were treated with a range of doses, from 18-75 Gy
given in 1-22 treatment fractions. This series reported
excellent outcomes, particularly those who received a
biological equivalent dose (BED) of more than 100. Local
failure occurred in 8.1% of those patients treated to a BED
of >100 Gy, and the 5-year overall survival of operable
patients in this high-dose group was 71%. This compares
to a 5-year overall survival of 30% for operable patients
treated to lower doses (53).

Based off these findings, the Japan Clinical Oncology
Group opened a phase II trial of operable patients using
a dose fractionation scheme of 48 Gy in 4 fractions. They
enrolled 64 patients and showed an overall survival of 76%
with 6.1% grade 3 toxicity rate with no grade 4 or 5 toxicity.
In parallel, the RTOG launched 0618 and closed to accrual in
May 2010 meeting their goal of 33 patients. They used 18 Gy
in three fractions and limited the study to peripheral lesions.
They reported their findings at the 2013 ASCO annual
meeting and reported a 16% grade three toxicity rate with
no grade four or five toxicity. They showed a 2-year tumor
control rate of 92.3%, a regional control rate of 88.3% and
a distant failure rate of 15.4%. Two-year overall survival was
84.4%. An ASOSOG/RTOG joint trial attempted a Phase IIT
study direction comparing sublobar resection with SBRT in
high risk patients with stage I NSCLC. Unfortunately, after
2 years, the study had only accrued 10% of its target of 422
patients and closed in May 2013.

In Germany, a parallel experience using single fraction
treatment was reported by Fritz et /. Maximal tumor size was
<10 cm and central lesions were excluded. Thirty-seven of 40
treated patients were medically inoperable. A rigid stereotactic
frame was used, but abdominal compression was not. Patents
received CT scans at end-inhalation, end-expiration, and
mid-cycle. Expansions to PTV were larger, at 15 mm cranio-
caudally and 10 mm radially. Dose to the isocenter was 30 Gy,
with at least 80% coverage of the PTV. All patients
responded to treatment, with 47.5% showing radiographic
complete response (CR). There were a total of three local
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recurrences, giving an actuarial local control of 81% at
3 years. Asymptomatic radiation pneumonitis was seen in
75%, and transient pleural effusions in 25% of patients.
The only reported grade four toxicities were rib fracture in
5% of patients (54). The RT'OG has opened a phase II trial
comparing the German vs. the Japanese fractionation scheme
in RTOG 0915. They are looking at stage I peripheral
tumors who will receive either 34 Gy in a single fraction
(arm 1) or 48 Gy in four once daily consecutive fractions
(arm 2). The primary objective was to assess toxicity of the
two fractionation schemes. Accruing 94 patients they reported
in 2013 that adverse events were similar (P=0.337) as was local
control (97.1% and 97.6%, respectively) and concluded that
34 Gy in 1 fractions would be used as the experimental arm in
a planned phase I1I trial (55).

Future directions of study

One common scenario in the work up of a newly identified
suspicious lung lesion is the lack of a pathology-confirming
biopsy. In patients with advanced obstructive and/or
restrictive lung disease the morbidity of biopsy may outweigh
the need for tumor confirmation. Bradley er 4/. reported
a series of 91 patients treated with SBRT, of which 24%
were treated without biopsy-proven NSCLC (56). They
observed no difference in local control between patients
with vs. without biopsy proven NSCLC. Also, Verstegen
et al. compared patients with vs. without biopsy proven
NSCLC treated with SBRT and observed no difference
in local control or overall survival (57). At our institution,
we recently reported on a series of 55 patients treated with
SBRT, 23 without pathologic tumor confirmation. With
24 months of median follow-up, within the group without
tumor verification we found an 8.7% local failure rate and a
12-month overall survival of 83%. On Kaplan-Meier analysis
there was no significant difference in overall survival between
the patients with and without pathologic confirmation of
malignancy (P=0.27) (58). Obviously, larger prospective
studies will need to be accomplished to more accurately
show the validity of treatment in patients without confirmed
NSCLC. Likewise, SBRT appears to be a safe and effective
alternative in elderly patients over 80 years old (59).

Another scenario where SBRT may play an important
role is in the identification of multiple synchronous or
metachronous primary lung cancers (MPLC). There is
ample evidence that surgical resection remains the primary
modality of treatment of these patients (60-62), but often,
these patients are not surgical candidates. Given the high
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Figure 2 Representative treatment plan of SBRT for synchronous primaries, one in the right upper lobe and a second in the left upper

lobe. Two separate isocenters were used with separate gating of each lesion. Prescription dose was 4,800 ¢Gy to each lesion. Point max dose
constraints to the spinal cord (26 Gy, 6.5 Gy/fx), Chest Wall (30 Gy, 7.5 Gy/fx), Esophagus 30 Gy, 7.5 Gy/fx) and Heart (34 Gy, 8.5 Gy/fx)

were achieved. SBRT, stereotactic body radiotherapy.

relative risk of smokers that will be screened based on recent
US task force recommendations, multiple synchronous
tumors may increase from its current rate of 1% to 4% of
current lung cancer diagnoses (63). We recently reported
on a series of 18 patients with 36 separate MPLC lesions. A
total of 16 were not surgical candidates and 2 had refused
surgery. At a median follow up of 20 months we observed
local control of 81.5% with overall survival at 2 years of
62%. Grade 3 pneumonitis occurred in 17% of patients, all
successfully treated with steroid therapy (64). Figure 2 is an
example of a plan to treat multiple primaries.

The role of SBRT to oligometastatic disease in the
lung remains another area of active research. To date, the
literature consists of retrospective, single institutional
reviews. Results have been encouraging with good local
control and 2- to 3-year survival (65-68).

Conclusions

SBRT is being widely adopted as definitive treatment for
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patients with inoperable early stage NSCLC. While more
technically challenging, techniques to compensate for
motion management and tumor identification are allowing
more accurate and tighter treatment fields. Specific
dosing and fractionation schemes are not standardized,
but some caution should be used for centrally located
tumors. Current studies continue to evaluate 1-, 3-, 4- and
S-fraction schedules. Safety, local control and even impact
on survival have been encouraging. There are emerging
studies on the role of SBRT in operable patients and an
interest in comparing surgical resection with this novel
treatment. Whether these comparisons will reach target
accrual goals remains to be seen. Finally, SBRT may have
unique benefits in treating patients unable to undergo
biopsy, and in the setting of multifocal, recurrent and
oligometastatic disease.
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