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Introduction

Treatment of choice for stage I (T1-T2N0) non-small-
cell lung cancer (NSCLC) is surgery. But many patients 
are unable to tolerate the resection due to poor pulmonary 
reserve or medically inoperable due to multiple comorbid 
conditions. Five-year overall survival for untreated patients 
with stage I NSCLC is 5% and median survival 9 months  
(13 months for T1), as reported by Raz et al. based on 
California cancer registry (1).

Primary radiation therapy is considered to be reasonable 
therapy, for non-surgical early-stage NSCLC with reported 
5-year survival rates ranging from 10% to 30% (2).

A review of 156 medically inoperable patients with 
stage I NSCLC at Duke University between 1980 and 
1995 demonstrated a 5-year, cause-specific survival rate of 

32% with RT alone. Improved survival was significantly 
correlated with achieving local control and approached 
significance for higher RT doses (3).

The standard approach involves administering an 
approximate dose of 4,500 to 6,600 cGy in fractions of 180 
to 200 cGy. Historically, RT fields for early-stage NSCLC 
encompassed the primary tumor and regional lymphatics in 
the ipsilateral hilum and mediastinum. This “prophylactic” 
treatment was based on the identified risk of occult nodal 
involvement from surgical series ranging up to 20%, and 
surgical data indicating better control with more extensive 
resections (4).

However, large RT fields are potentially poorly tolerated 
in this population of patients with limited pulmonary 
reserves. More recent retrospective experiences have 
demonstrated similar survival results with fields limited to 
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the primary tumor or gross disease alone, compared to fields 
including prophylactic treatment to lymph node chains (5,6).

Several studies reported safety and feasibility of dose 
escalation using 3D conformal radiation therapy to the 
gross disease alone omitting elective nodal irradiation was 
studied (7,8).

In a report from the Netherlands, limited “postage-stamp” 
fields were treated using hypo fractionated RT (i.e., 4,800 cGy 
in 400 cGy fractions) with reported 3-year overall and disease-
specific survival rates of 42% and 76%, respectively (9).

The only dose finding study of stereotactic body 
radiation therapy (SBRT) for lung tumors was reported by 
Timmerman et al. from Indiana. They conducted a phase I 
study of dose escalation of a 3 fractions regiment, starting 
with 8 Gy ×3, and escalating to 10, 12, 14, 16, 18, 20 and 
22 Gy ×3 fractions, in patients with potentially resectable 
NSCLC but who were not surgical candidates for medical 
reasons (“medically inoperable”). Doses were calculated 
without correction for tissue inhomogeneity. Patients were 
enrolled into three separate dose escalation groups based 
on tumor size. While dose-limiting toxicity (DLT) was 
observed in one or two patients at several dose levels, the 
protocol defined maximum tolerated dose (MTD) was only 
observed in patients with large T2 tumors (5-7 cm in size) 
at 22 Gy ×3. In other tumor size groups, dose escalation 
was stopped prior to reaching the MTD (20-22 Gy ×3). 
Greater than 90% primary tumor control was observed 
with 20 Gy ×3; this total dose of 60 Gy corresponds to 
 a biologically equivalent dose (BED) (if expressed in 2 Gy/
fraction) of 180 Gy if using the formula BED = nd (1+ d/
alpha/beta), where n = number of fractions; d = dose per 
fraction; and alpha/beta =10 for acute reacting tissue), 
although it is not clear how applicable this conversion is to 
highly hypofractionated treatments (10).

In a subsequent single institution phase II study of this 
SBRT regiment, Timmerman and colleagues treated 70 
patients with early stage (T1-2, N0) inoperable NSCLC 
with 60 Gy in 3 fractions for T1 and 66 Gy in 3 fractions 
for T2.14 That study allowed enrollment of patients with 
tumors located anywhere within the lung, and confirmed 
high rates of primary tumor control: 95% at 2 years. 
After median follow up of 17.5 months, three patients 
demonstrated a local recurrence. The study was particularly 
instructive in terms of local toxicity: eight patients were 
deemed by the data safety monitoring board to have grade 3 
or 4 adverse events resulting from SBRT; the adverse events 
were primarily respiratory (decline in pulmonary function, 
pneumonia, pleural effusion, apnea) and/or skin reaction; 

they occurred a median of 7.6 months after completion 
of SBRT. Six patients may potentially have had grade 5 
(i.e., fatal) toxicity. In five patients, these grade 5 adverse 
events were respiratory: one fatal hemoptysis (associated 
with a local recurrence) and four infectious pneumonias; 
the sixth patient died of complications from a pericardial 
effusion. These deaths occurred a median of 10.4 months 
after SBRT (range, 0.6-19.5 months). Tumor location 
was a strong predictor of toxicity, with hilar or pericentral 
tumors showing an 11-fold increased risk in grade 3-5 
adverse events when compared to more peripheral tumors 
(P=0.004). Two-year freedom from severe adverse events 
was 54% for these central tumors, as compared to 83% for 
the peripheral tumors, defined as outside the “zone of the 
proximal bronchial tree”, which is a 2 cm radius around the 
main tracheo-bronchial tree: trachea; left and right main 
stem bronchi; right upper, middle, and lower lobe bronchus; 
and left upper, lingular, and lower lobe bronchus. The only 
other variable that was a predictor of toxicity, although not 
as strong as tumor location, was the size of gross tumor 
volume (GTV), with >10 cc tumors showing greater toxicity 
than smaller GTVs (11).

On the basis of these two studies, 60 Gy in 3 fractions 
was chosen as the dose for the RTOG-led phase II 
multicenter study, RTOG 0236, but patients with tumors 
within the above-described zone of proximal bronchial tree 
were excluded from the study. As in the prior phase I and 
II studies, the doses were calculated without correction for 
tissue inhomogeneity.

Five-year results of this study were presented at ASTRO 
2014. In the of 55 evaluable patients, Primary recurrence 
was 7% (4/55), lobar recurrence 20% (9/55), loco-
regional recurrence 38% (7/55-Nodal + adjacent organs), 
Disseminated failure entire lung: 31% (15/55). Disease free 
survival 26%, Overall survival 40% and Median survival 
were 4 years. Pulmonary toxicity observed was grade 3 in 
27% (15/55), grade 4 in 3.6% (2/55) and no grade 5.

Radiobiology of SBRT 

Radiation death is defined as loss of reproductive integrity 
of the cell when exposed to radiation. Traditionally it was 
explained by damage of DNA with radiation. Biologically 
effective dose (BED) based on the linear-quadratic (LQ) 
model is as follows:

BED = nd × (1−d/(α/β))

In this calculation, n equals the number of fractions and 
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d equals the fraction size. The α component represents 
the linear portion of the cell survival curve, where a single 
radiation event (DNA double-strand break) causes cell 
death. The β component represents the quadratic portion of 
the cell survival curve, where cell death results from at least 
two double-strand breaks (12).

But at hypo fractionated regimens that were used in 
SBRT vascular effects due to endothelial apoptosis appears 
to play a major role. Endothelial cells upon exposure to 
high dose of radiation (>10 Gy) acid sphingomyelinase 
is translocated to the plasma membrane of endothelial 
cells where it plays a role in generating ceramide from 
sphingomyelin. Ceramide release leads to activation of the 
apoptotic protein BAX (13,14).

BAX is part of the Bcl-2 family of proteins and is 
important pro apoptotic regulator. Activation of BAX 
leads to the release of mitochondrial cytochrome c, which 
signifies commitment of the cell to apoptosis via intrinsic 
pathway (15). Endothelial apoptosis peaks within 6 hours 
after radiation and causes micro vascular dysfunction and 
hence acutely disrupts tumor perfusion (16).

SBRT in metastatic setting

Rusthoven et al., studied patterns of failure after SBRT 
following first line systemic therapy for metastatic lung 
cancer. Local failure was noted in 64%, distant only 
failure was noted in 9% and in 14% failed both local 
and distant together. SBRT dose range was from 36-
60 Gy in 3 fractions. Time to first progression was  
3 months in local only failure compared to 5.7 months 
in disatant failure (HR: 0.44; 95% CI: 0.22-0.90). 
This study suggests that SBRT could improve time to 
progression (17).

Another Ph II study by Iyengar et al., treated metastatic 
NSCLC with <6 metastatic lesions with SBRT after early 
failure of systemic therapy. Failure rate was 6.4% in the 
SBRT treated lesions. Majority of patients progressed in 
new distant sites. Median progression free survival was 
14.7 months and overall survival was 20.4 months, which 
exceeded the historical controls (18).

These initial studies proved the benefit of aggressive 
local treatment in the oligometastatic setting and safety of 
treating the metastases with SBRT when the lesions are at 
least 5 cm apart. 

At present NRG-BR001 studying the safety of SBRT 
in treating multiple metastases particularly >3 or 2 lesions 
separated by less than 5 cm.

Mediastinal staging

Accurate mediastinal staging is essential for the treatment 
planning of SBRT patients with NSCLC to ensure they do 
not have lymph node metastasis. In addition to a traditional 
mediastinoscopy noninvasive methods have been developed. 
These include Computed tomography (CT) scans, FDG 
PET scan and endoscopic ultrasound-guided fine needle 
aspiration (EUS-FNA) and endobronchial ultrasound-
guided fine needle aspiration (EBUS-FNA).

CT provides an excellent anatomic detail in mediastinal 
staging of NSCLC. However, approximately 40% of 
nodes reported as malignant by CT criteria are benign, 
and 20% reported as benign prove to be malignant (19). In 
patients with clinical stage I tumors, 5% to 15% will have 
positive lymph nodes at surgery (20). Dwamena et al. in a 
metaanalysis showed an average CT sensitivity of 60% and 
specificity of 77% for the detection of mediastinal nodal 
metastases (21). In 2003, another meta-analysis by Toloza 
et al. reported the pooled sensitivity and specificity for CT 
at 57% and 82%, respectively (22). The 2007 American 
College of Chest Physicians (ACCP) Evidence-Based 
Practice Guidelines reported 51% pooled sensitivity and 
85% pooled specificity (23). Hence CT falls short in its 
ability to accurately stage the mediastinum.

The major benefit of fluorodeoxyglucose-PET scans in 
the lung cancer is its ability to provide functional information 
during the evaluation for intrathoracic and extrathoracic 
metastases. Numerous studies have demonstrated a higher 
sensitivity and specificity for PET than CT in the detection 
of malignant mediastinal nodes, with various meta-analyses 
reporting PET sensitivities of 74% to 85% and specificities 
of 85% to 92% (24,25). A high negative predictive value 
(NPV) of >90% in nodal staging has also been reported (26).  
Normal physiologic uptake and artifacts can lead to false-
positive (FP) results. The ability of PET to resolve small 
hypermetabolic abnormalities in nodes is limited (27). 
Takamochi et al. studied PET limitations in nodal staging 
in NSCLC and reported low spatial resolution as a major 
causative factor for their 20% False negative rate (28). PET 
also could not identify small tumor foci ranging from 1 to 
7.5 mm. A Cochrane data base (29) review of 45 studies 
concluded that sensitivity and specificity estimates for PET-
CT positivity criterion were 77.4% (95% CI: 65.3-86.1) and 
90.1% (95% CI: 85.3-93.5), respectively. They concluded 
that PET CT alone could not be used in mediastinal staging 
of lung cancer. Thus current imaging advancements have 
not, however, supplanted invasive staging (30,31).
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EUS-FNA is generally regarded as a safe procedure. 
Contraindications are few, and include inability to 
tolerate conscious sedation, esophageal obstruction, and 
uncorrectable blood dyscrasia. Complications are rare 
and usually minor (32). Lymph nodes as small as 4 to  
6 mm can be detected by EUS as long as they are in the 
vicinity of the esophagus and not obscured by tracheal 
air or intervening blood vessels. A recent review of 2,756 
patients demonstrated overall median sensitivity of 89% 
and NPV of 91% (19). A meta-analysis in 2008 by Puli  
et al. reported that FNA raised the sensitivity of EUS in the 
diagnosis of mediastinal adenopathy from 85% to 88% and 
the specificity from 85% to 96% (33). Prenzel et al. (34) 
reported that lymph node size was not a reliable predictor 
of metastatic involvement; 44% of metastatic lymph nodes 
in NSCLC patients studied measured <1 cm in short axis, 
77% of patients without nodal metastases had a lymph 
node >1 cm, and 12% of patients with nodal metastases 
had no nodes >10 mm. Sonographic characteristics of 
lymph nodes identified during EUS have also been studied. 
Features reported as predictive of malignancy include 
rounded contour, sharply circumscribed border, hypoechoic 
echogenicity, and >1 cm diameter. An increased number of 
these features has been associated with a higher likelihood 
that a particular lymph node is malignant (80% to 100%), 
with 25% of malignant nodes reportedly fulfilling all four 
conditions (35,36). Kramer and Groen (37) published 
a meta-analysis of 14 studies in 2003 and reported the 
sensitivity of EUS-FNA as 81% to 97% and the specificity 
as 83% to 100% for the diagnosis of posterior mediastinal 
lymphadenopathy. In 2007, Micames et al. published a 
meta-analysis of 18 studies and reported a pooled sensitivity 
of 83% and specificity of 97% (32). EUS-FNA is therefore 
been recommended for staging of the mediastinum when 
CT and PET do not show disease. Mediastinoscopy should 
only be performed for patient with a high probability of 
having nodal disease and the EUS-FNA was negative for 
malignancy.

Practical aspects of planning SBRT

SBRT typically refers to a radiation therapy technique in 
which an extracranial tumor receives high doses (7-30 Gy) of 
radiation following a hypofractionated prescription of 5 or less 
fractions. Provision of these high doses while also achieving 
normal tissue doses less than tolerance is characterized by 
tight conformation of the prescription dose to the target 
volume, steep gradient fall-off away from the target edge, 

and a high level of inhomogeneity of target dose. Due to the 
levels of conformity, inhomogeneity, and dose gradient fall-
off, accurate tumor delineation, dose modeling, and treatment 
delivery are of extreme importance even compared to 
conventional intensity modulated radiation therapy (IMRT). 
These high standards of accuracy and precision for SBRT 
have led to much tighter tolerances when traditional QA tests 
are performed on treatment machines, treatment planning 
systems, and even patient plans, i.e., the guidance document 
published by the AAPM on QA of Linear accelerators where 
machines used to deliver SBRT are separated from those used 
for only conventional IMRT or 3D. In addition to the need 
for increased accuracy, proper and successful SBRT to the 
lung requires the consideration of another component which 
is delivery to a moving target. Consideration of the need for 
increased accuracy and breathing motion must occur at all 
steps in the radiation treatment planning and delivery process 
for SBRT Lung. What follows is a discussion of practical 
aspects of the aforementioned process (38-41).

Physics preparation

Prior to beginning a treatment technique, it must be 
commissioned by the physics staff. As small fields (i.e., <3 cm  
× 3 cm) techniques are to be used, this will likely include 
the acquisition of further beam data and characteristics 
that likely will not currently be included in the planning 
system. The treatment device used will need to be tuned 
and adjusted to meet stereotactic tolerances. Perhaps a 
totally new treatment device is to be used in which case 
this device (i.e., Cyberknife, Vero, ViewRay, etc.) will 
need to be commissioned for complete clinical use rather 
than simply for a given technique. Even among individual 
machines, accessories to be used in SBRT lung may 
differ such as stereotactic cones, multi-leaf collimator 
(MLC), or even micro-MLC and, therefore each must be 
commissioned before use. Motion management systems 
will also have to be tested and implemented properly. This 
work will require the physicist to be familiar with new and 
unconventional equipment even including the detectors 
used for data acquisition. The use of redundant equipment 
such as detectors is highly recommended so that clinical 
data obtained with each is corroborated by that obtained by 
the other (41,42). Proper procedures for this are extensive 
and require significant attention to detail, thus the full 
discussion of the topic is beyond the scope of this writing, 
however, SBRT commissioning processes have been 
described extensively in literature including a few American 



439

© Translational Cancer Research. All rights reserved. Transl Cancer Res 2015;4(4):435-448www.thetcr.org

Translational Cancer Research, Vol 4, No 4 August 2015

Association of Physicists in Medicine (AAPM) task group 
(TG) reports. Recommendations from those guidance 
documents and others should be understood and followed 
(39,41-43).

Simulation

Simulation of a patient to be treated with SBRT to the 
Lung basically involves two parts:

(I) R e p r o d u c i b l e  p a t i e n t  p o s i t i o n i n g  a n d 
immobilization;

(II) Proper acquisition of patient data (i.e., imaging).

Patient setup and immobilization

Patient setup and immobilization has come a long way since 
the introduction of 3D imaging and conventional IMRT. 
In order to provide consistent and reproducible setup, 
stereotactic body frames have been developed by a number 
of vendors. Many of the current generation of frames 
includes a fiducial-based localization system, however, most 
clinics avoid the use of such in body radiosurgery due to the 
availability of accurate image guidance and the inconsistency 
of tumor location in the body compared to coordinates 
based on external fiducials. These frames often consist of 
vacuum bags conformed to a large portion of the patient’s 
body with the added option of active breathing management 
to be discussed later (44). Despite improvements in setup 
and immobilization for use in SBRT, the need for image 
guidance has been shown (Figure 1) (45,46).

Acquisition of patient data

Imaging and motion management
Technically, proper tumor diagnosis and/or biopsy is a major 

part of this process; however, for the sake of this discussion, 
the focus will primarily be on the imaging portion of this 
step. Currently, CT is the modality of choice for treatment 
planning for lung SBRT. This is primarily due to the 
feasibility of reasonably accurate dose calculations based on 
the relationship of electron density and CT number which 
allows for proper consideration of tissue heterogeneity 
and radiation transport. All simulations of SBRT lung 
patients will utilize CT and then will take it a step further 
with the use of 4D CT. 4D CT combines the capture 
of a representation of the patient’s breathing cycle with 
simultaneous CT imaging during the breathing motion. 
The patient breathing is graphed as a sinusoidal curve and 
during reconstruction the CT images are then organized 
based on the time point in the breathing cycle at which they 
were taken. Theoretically, each image would be mapped 
directly to the exact point in the respiratory cycle that it 
was taken and “binned” into a CT dataset with all other 
CT images scanned at that time point and each position. 
However, since there are infinite arbitrary time points in 
the cycle, the result would be CT datasets with limited 
numbers of images that would not represent the entire area 
scanned for all time points. For practical implementation, 
the respiratory cycle is divided into “phases” based on when 
in the cycle it occurs and each phase represents a range 
of time points in the cycle. Then, each CT image for a 
given slice position and given time point in a “phase” are 
sorted with all other CT images that occur at different slice 
positions but within the same “phase” of the respiratory 
cycle. Using the resulting datasets(typically 10 phases), one 
can hold the slice position constant, but rotate through the 
different phase datasets in order of their position in time 
on the respiratory cycle and the motion of the anatomy at 
that slice position should be represented as a “video”. The 
aforementioned method represents phase binning and is 
the most commonly utilized 4D reconstruction method; 
however, amplitude binning is also an option utilized based 
on needs, raw data, and desired results. Also, typically, 
prospective binning is performed, but strategies exist for 
retrospective binning when desired results are not achieved 
by the latter (47-49).

Vendors provide different techniques for capturing the 
breathing cycle which utilize different forms of “surrogates” 
for respiration. Varian’s RPM utilizes a camera system 
to watch external fiducials placed on the abdomen. The 
C-RAD Sentinel system implements a scanning laser 
over the abdominal surface. Philips interfaces with a 
bellows system around the abdomen that monitors air 

Figure 1 Patient immobilized for 4D simulation utilizing a body-
fix bag with evacuated plastic and a bellows belt for respiratory 
cycle capture.
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flow dependent on the position of the abdominal surface. 
Even the Microsoft KINECT has been tested for use 
in the acquisition of the respiratory cycle. Regardless 
of the system utilized, the desired endpoint is the same 
and certain uncertainties exist which should be taken 
into account during the remaining treatment planning 
process. Some of these uncertainties have been described 
as inaccurate binning of CT images into their respective 
phase, non-correlation of a respiratory surrogate to actual 
tumor motion, and non-reproducibility of respiratory 
cycle throughout patient treatment. These uncertainties 
should be accounted for during the treatment planning and 
delivery process (40,50,51).

In addition to the 4D phase datasets, the data obtained 
from 4D scanning can also be reconstructed into intensity 
projection datasets. Maximum intensity projection (MIP) 
datasets are represented by each voxel being assigned 
its maximum CT number that occurred during the 4D 
cycle. Average intensity projection (Ave-IP) and minimum 
intensity projection (mini-IP) follow the same logic, but 
with the average and minimum CT numbers respectively. 
Theoretically representing the maximum tumor motion, the 
MIP comes into play as a useful single shot representation 
of the motion displayed by the 4D phases. The Ave-IP often 
comes into play when considering the optimal image for 
dose calculation. Mini-IP is not used very often in regards 
to lung, but does offer value in radiation with tumors in the 
abdomen, such as liver or pancreas (40,52-54).

Rather than simply acquiring the full potential tumor 
motion in an image, one may also take steps to actively 
reduce target motion before imaging it. Many types of 
active motion control exist with the simplest being to 
image during a breath hold at a particular time point in the 
respiratory cycle (typically full inspiration or full exhalation) 
with the intent of treating with this same breath hold status. 
A few systems have been designed that can assist the patient 
in reproducing the same breath hold each time while also 
communicating with the radiation oncology staff about the 
actual status of the patient’s breathing. Another technique 
for motion reduction is to apply some type of abdominal 
compression. One form of this involves placing specially 
designed plastic wrap over the patient in their vacuum 
bag and then evacuating the air out from underneath it. 
A more rigid type of compression exists in the form of a 
frame that is placed over the patient’s abdomen where a flat 
pad can be screwed down to apply pressure to the patient’s 
upper abdomen until the desired tumor motion is achieved 
when reviewed with imaging. Another type of active 

motion management is referred to as respiratory gating. 
Implementation of this technique will involve physician 
review of the 4D CT. He or she will decide which of the 
phases contain the target within an acceptable margin and 
the target delineation and treatment will be adjusted to only 
treat the outlined area during those chosen phases. Many 
have begun utilizing the placement of radiopaque fiducials 
in or near the tumor. This is typically done by the surgeon 
and usually greater than three days before the patient’s 
scheduled radiation oncology simulation and assists in 
target identification and localization throughout the entire 
simulation and treatment process. Often, multiple types 
of motion management are used in tandem during the 
treatment process (40,41,43).

Imaging and target identification
In addition to motion management, one must consider 
the proper identification of the proposed target. Lung 
tumors, especially in the typical SBRT lung patient, can 
be shrouded by non-cancerous tissue that may obscure or 
even masquerade as the tumor itself. This can be especially 
problematic with tumors located near the diaphragm or 
in the presence of heavy atelectasis. The most common 
method of alleviating this issue is currently with the 
utilization of positron emission tomography (PET) often 
in conjunction with an anatomical CT (PET/CT). PET 
increases the specificity of imaging of malignant tissue 
and when fused with the planning images, can assist in 
accurate delineation of the tissues to be treated. Ideally, this 
PET image would be performed close to the simulation 
date and in the proposed treatment position to reduce the 
fusion uncertainty. This fusion can be performed rigidly 
or deformably using multiple types of software including 
most modern treatment planning systems (55,56). Another 
option to assist in target identification is the placement 
of radiopaque fiducials as mentioned above. The use of 
fiducials assists in target identification throughout the entire 
simulation and treatment delivery process (57,58).

Practical simulation considerations
As stated previously, the simulation should result in 
reproducible patient positioning and immobilization as 
well as proper acquisition of patient data for planning and 
treatment. For reproducibility, consideration should be 
given to items such as patient comfort, habitus, and mental 
status. Sometimes medication can be used to assist a patient 
in relaxation both at simulation and treatment. Ideally, 
a patient would be setup in such a manner so that pre-



441

© Translational Cancer Research. All rights reserved. Transl Cancer Res 2015;4(4):435-448www.thetcr.org

Translational Cancer Research, Vol 4, No 4 August 2015

treatment corrections could be maximally applied (robotic 
couches offer 6 degrees of correction and submillimeter 
corrections opposed to traditional treatment couches with 
only 3 degrees and subcentimeter corrections) however this 
may require a frame with infrared markers which will not 
fit over patients of a given habitus. Also, in some cases, the 
desired patient position may not be easily achievable due 
to patient’s historical injuries or such and the simulation 
technique may need to be adapted. In general, though, 
patients should be positioned head first and supine with 
their arms up inside their immobilization device. CT 
imaging should achieve ≤3 mm slice thickness (one could 
optionally use variable slice thickness on some scanners to 
scan thin slices in and near the tumor and thicker as you get 
away from it) and should cover all normal tissues of interest 
as accurate dose volume histogram (DVH) data will be 
necessary on these structures. Margin well above and below 
the area to be treated will be necessary for accurate dose 
calculation and also due to the probable use of noncoplanar 
beam angles (39,40).

Patient data that is also of interest during SBRT lung 
planning is the clearance distance between the gantry and 
the patient when various gantry, collimator, and couch 
positions are utilized. The acquisition of this data is usually 
performed in three basic ways. The first method is to simply 
scan a larger portion of the patient during simulation so that 
collisions can be anticipated virtually and avoided. A second 
method is to take the patient and their immobilization 
devices to the treatment room after simulation and perform 
a comprehensive dry run positioning the gantry, couch, 
and collimator at various places with the patient aligned 
roughly at isocenter. The third method basically ignores 
this possibility (not completely as the planner still tries to 
avoid collision) and a treatment dry run is performed before 
the first fraction. If a collision is discovered, then the plan 
is quickly adaptively planned to avoid the collision but still 
achieve the planning goals.

Treatment planning

The treatment planning process, in general, includes 
several steps such as delineation of target and normal 
tissue volumes, determination of prescription and 
fractionation schedule, and calculation and optimization of 
the dose distribution. This process has several additional 
considerations (some discussed above) when compared to 
conventional fractionation or non-lung treatments. Several 
Radiation Therapy Oncology Group (RTOG) trials exist 

that provide guidance and the opportunity for consistency 
in performance of the treatment planning process.

Contouring

Care should be taken to follow International Commission 
on Radiation Units (ICRU) and Measurements  guidelines 
on the definition of target volumes. The GTV is delineated 
using a combination of what is visible on CT and PET, 
implanted fiducials, and clinical experience on one static 
CT image. For SBRT lung, the clinical target volume 
(CTV) is equal to the GTV. At this stage, the GTV is then 
expanded to the internal target volume (ITV) so that the 
ITV includes the GTV at all stages of the respiratory cycle. 
If the treatment utilizes respiratory gating, the ITV will 
only include the GTV on the phases to be included in the 
actual treatment delivery. Once the ITV has been created, 
it can then be expanded to create the planning target 
volume (PTV) using a geometrical expansion to account 
for setup uncertainty. RTOG protocols recommend a  
5 mm expansion; however, one could justify a smaller 
number with high confidence in tumor localization. Normal 
tissues can be contoured according to RTOG guidelines. 
Typical evaluation structures for use during plan analysis are 
the body minus the PTV and the body minus the PTV with a  
2 cm margin. A copy of the PTV may also be created to 
allow for volumetric control of the block margin around the 
PTV for better conformity (Figure 2) (59).

Dose prescription

This decision is made by the treating physician who may 
follow various protocols and guidelines that have been 
published. Typically, single fraction, high dose regimens are 
reserved for peripheral floating tumors that are “far” away 
from the mediastinum. Some people use the bronchial tree 
plus 2 cm in order to gauge whether a tumor is peripheral 
or central. Central lesions or those where rib fracture are 
a consideration are typically treated with more reserved 
fractionations in 3-5 fractions. Often when evaluating dose 
regimens, the LQ model can be used to calculate BED. 
Studies have shown that when BED >100 Gy, local control 
and survival significantly improves. Further discussion 
of the LQ model and its use in SBRT lung can be found 
elsewhere. One should note that the indiscriminate use of 
this BED model is not recommended as the LQ model is an 
approximation and use with heavy hypo-fractionation is not 
yet verified and the need for improvements on the model 
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for use with SBRT have been indicated by some (60-62).

Dose calculation and optimization

General
Regardless of technique, there are certain considerations 
during the dose calculation and optimization phase of the 
treatment planning process. Typically, one must be prepared 
to use multiple beams or arcs and also that these beams or 
arcs will need to approach the patient from a noncoplanar 
direction. Energy selection >6 MV is highly discouraged to 
avoid the excessive lateral scatter that occurs in a low density 
medium such as lung. Due to the high gradients (possibly 
about 10-12% per mm) expected and encountered in this 
type of plan, the dose calculation grid must be set with a 
high enough resolution that the distribution is accurately 
characterized. For the sake of efficiency, initial planning 
can be performed at a lower resolution before changing it 
for the final stages of dose calculation and optimization. 
Quantitatively, TG 101 of the AAPM recommends grid 
spacing of ≤2 mm and strongly discourage grid spacing  
>3 mm. In addition to grid spacing, an appropriate algorithm 
must be selected that correctly handles lateral electron 
scattering in addition to the presence of heterogeneities and 
their interfaces. Most consider convolution-superposition 
algorithms a necessity and recommend Monte Carlo when 
available. Though not universally applied, many institutions 
take precautions to avoid calculating dose to “normal” lung 
when the goal is to treat “solid” tumor. These methods 

often include either using the Ave-IP for dose calculation or 
overriding the ITV to tissue density before dose calculation 
(39,40,52,53).

Regardless of planning technique, plans should be 
evaluated consistently using certain metrics. Typically, 
100% of the prescription dose should cover 95% of the 
PTV and 90% of the prescription dose should cover 99% 
of the PTV (D95 =100%, D99 =90%). A conformity index 
should be used to ensure that only the PTV receives the 
prescription. Though inhomogeneity of dose is expected in 
SBRT lung, a homogeneity index should be used to govern 
that the level stays within a reasonable range such as that 
suggested by RTOG. A gradient index monitors that the 
desired gradient is achieved outside of the PTV to spare 
normal tissue. Various versions of these indices have been 
proposed. It should be noted that the values expected for 
the indices discussed above will differ depending on the 
exact treatment machine, accessories, and technique used 
in the treatment. The amount tissue outside of the PTV 
exposed to above prescription level dose should also be 
evaluated. Of course, dose to normal structures should also 
be evaluated. Constraints for all of the above have been 
listed in the various RTOG trial documents and mostly 
unvalidated normal tissue constraints have been published 
(Table 1) (63).

Prior to treatment of the patient on the machine and 
just as with any complex mode of radiation delivery, each 
patient’s treatment plan must undergo quality assurance 
on the treatment machine to ensure machine capabilities, 

Figure 2 A three-view representation of the contours ITV (green) and PTV (red) for use in SBRT lung. The ITV was created by 
propagating the GTV contour from one phase of the respiratory cycle to all phases. The PTV was then created with a 5 mm expansion in all 
directions from the ITV. PTV, planning target volume; ITV, internal target volume; SBRT, stereotactic body radiation therapy; GTV, gross 
tumor volume.
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no dose calculation mistakes, and proper electronic 
transmission of treatment parameters to the treatment 
machine. Various methods of this process have been 
described and are offered by many different vendors. 
Physicists should put for significant effort to not only 
understand their QA devices and methods, but also to 
establish stringent enough tolerances for the pass or fail 
of each plan as typical tolerances for conventional IMRT 

may not be acceptable. As with acquiring commissioning 
data, the use of multiple systems for corroboration is highly 
encouraged.

3D static fields
This technique is usually marked by 8-15 static fields 
directed at the PTV. Beams are arranged around the PTV 
in 20-40 gantry intervals typically avoiding the contralateral 
lung. A normalization point is placed at the center of mass 
of the PTV and the prescription is normalized to 60-90% at 
this point. With certain machines and accessories, it may be 
necessary to use more than 1 isocenter in order to achieve 
coverage or the technique may be nonisocentric in order 
to achieve coverage. Little or no block margin around the 
PTV is applied per RTOG protocols; however, best results 
are achieved when methods are utilized to create a variable 
margin around the PTV (if using MLC or non-static 
collimation such as cones). Typically, this means a positive 
margin of a few mm where the block edge intersects with 
a large amount of lung and a negative margin when the 
block edge may intersect or be near tissue density areas 
such as the chest wall or mediastinum. In some cases, the 
block may need to be adjusted to ensure that nearby normal 
tissues are appropriately spared. During plan optimization, 
multiple plan characteristics can be adjusted such as 
gantry, collimator, and couch positions, block margins, and 
prescription normalization percentage. Of course, what can 
be adjusted and how much is dependent on the machine and 
accessories in use.

3D conformal arcs
This technique involves one or more arcs during which 
either the isocenter is placed in the target so that the beam 
is always directed towards the target or the collimating 
device will direct the beam towards the target during the 
arc rotation. This technique is often optimized similarly 
to that of 3D static; however, it has certain tradeoffs when 
compared to it. It is often more difficult to achieve the same 
gradient with arcs, though the delivery time will be much 
shorter. In some cases, a hybrid plan involving 1-3 arcs 
and a noncoplanar static field or two will achieve planning 
objectives while sparing the efficiency (Figure 3).

IMRT static fields
Similarly to the relationship between conventional 3D 
and conventional IMRT, inverse optimization produces a 
treatment plan that meets the discussed goals potentially in 
a more efficient manner. Applied optimization objectives 

Table 1 Our departmental table used during SBRT evaluation 
to ensure we are meeting planning criteria for RTOG 0813 for 
50 Gy in 5 fractions

Planning criteria Goal values

Coverage

V90% ≥99% 99%

V100% ≥95% 95%

Conformality

R100% ≤1.2 1.2

R50% 4.6

R105% Outside of PTV ≤15% 15%

D2 cm 2,588 cGy

Normal tissues (constraints per protocol)

Spinal cord, max dose 3,000 cGy

Spinal cord, V2,250 cGy ≤0.25 cc 0.25 cc

Spinal cord, V1,350 Gy ≤0.5 cc 0.50 cc

Esophagus, max dose 5,250 cGy

Esophagus, V2,750 cGy ≤5 cc 5.00 cc

Ipsilateral brachial plexus, max dose 3,200 cGy

Ipsilateral brachial plexus, V3,000 cGy ≤3 cc 3.00 cc

Trachea and ipsilateral bronchus, max dose 5,250 cGy

Trachea and ipsilateral bronchus, V1,800 cGy ≤4 cc 4.00 cc

Great vessels, max dose 5,250 cGy

Great vessels, V4,700 cGy ≤10 cc 10 cc

Heart/pericardium, max dose 5,250 cGy

Heart/pericardium, V3,200 cGy ≤15 cc 15.00 cc

Whole lung-GTV, V20 Gy <10% 10%

Whole lung-GTV, V1,250 cGy ≤1,500 cc 1,500 cc

Whole lung-GTV, V1,350 cGy ≤1,000 cc 1,000 cc

Skin, max dose 3,200 cGy

Skin, V3,000 cGy ≤10 cc 10.00 cc

Ribs, V3,200 cGy ≤1 cc (RTOG 0915) 1.00 cc

Ribs, max dose (RTOG 0915) 4,000 cGy

SBRT, stereotactic body radiation therapy; PTV, planning 
target volume; GTV, gross tumor volume.
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will be different with SBRT Lung as homogeneity within 
the PTV is not as important and a steep dose gradient is 
desired regardless of whether critical normal tissues are 
nearby. It should be mentioned that some institutions shy 
away from IMRT for SBRT lung due to the possibility of a 
large interplay effect within so few fractions. Some mitigate 
this issue with the use of gating and/or fiducial tracking. 
It should be noted that some studies have also found that 
this effect averages out over the total treatment, though 
the question remains whether the fractional dose is just 
as important as the total dose in SBRT lung. Regardless 
of feelings on the possible interplay effect, studies have 
shown that IMRT typically achieves better normal tissue 
sparing but less steep of a gradient when compared to 3D 
techniques and so may not be appropriate on a regular basis 
as this effect seems to magnify as target volumes become 
smaller (64-66).

VMAT
VMAT is the intensity modulated arc form of 3D conformal 
treatment and their relationship is similar to that described 
above between IMRT and 3D static fields. Interplay may 
still play a role in this delivery technique and similar results 
with normal tissue and dose gradient have been shown, 
therefore the same considerations for the use of VMAT in 
the lung should be taken into account (67-69).

Other delivery techniques
Depending on the equipment and device used, other 
techniques may be available that mimic any one of these 

four mentioned above. Different delivery machines have 
different degrees of freedom and ability to adjust for target 
motion (70). CyberKnife with its possibly fiducial-less 
tumor tracking and nonisocentric delivery have become a 
popular method of lung SBRT (71,72). Even TomoTherapy 
units have been used for lung SBRT in many places as well 
(73,74). Other devices used are newer and are still being 
tested clinically by centers who have implemented those 
machines. It should be noted that recent emphasis has 
been placed on lung SBRT delivered with very high dose-
rate. Due to the availability of linear accelerators without 
flattening filters, very high dose rates have become available 
and are being systematically employed in various centers 
around the world for lung SBRT treatment (75,76).

Treatment delivery

In today’s image guidance age, treatment delivery consists 
of two parts:

(I) Localization of target; 
(II) Radiation delivery.

Localization

The treatment delivery process begins with patient 
immobilization and setup just as it occurred during 
simulation. The treating therapists spend time to reproduce 
as closely as possible the setup that was acquired at simulation 
all the way down to exact vacuum pressure numbers and 
respiratory fiducial placement. Then, the patient is roughly 
aligned at the treatment isocenter based on external markings 
and imaging is performed. The imaging utilized can vary 
between sites; however, consistency typically exists for sites 
using similar machines for delivery. For traditional linear 
accelerators, cone-beam CT (CBCT) is the most common. 
However, relatively recently 4D CBCT has become available, 
but has not yet been adopted for widespread use even for 
SBRT lung. Fluoroscopy-based systems exist for traditional 
linear accelerators, but are most often utilized with other 
stereotactic machines. These systems are most useful when 
attempting to track tumor motion during delivery using 
implanted fiducials. Vendors are beginning to provide systems 
where the tumor can not only be tracked during delivery, 
but the collimating device or treatment couch can actually 
adjust to the actual tumor position. Currently, this “real-time” 
tracking requires the use of fiducials. Other systems may 
use megavoltage CT or even simplified magnetic resonance 
imaging. The latter is in development with current linear 

Figure 3 An axial cut of a characteristic dose distribution for 
lung SBRT delivered using a linear accelerator and MLC via two 
coplanar arcs. SBRT, stereotactic body radiation therapy; MLC, 
multi-leaf collimator.
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accelerator vendors and would be ideal due to improved soft 
tissue contrast and zero imaging dose (39,40,43).

Regardless of the imaging technique utilized, imaging 
must occur prior to treatment and then the patient will be 
adjusted based on the comparison of the current image to 
reference images created during simulation and planning. 
The size of these shifts often dictates whether imaging should 
be performed again before treatment. In some departments, 
shifts >5 mm require a repeat CBCT before treatment to 
verify correct localization. Repeat imaging is also sometimes 
performed prior to adjusting couch rotation for noncoplanar 
beams and at the end of treatment. If respiratory gating is to 
be used, that system must be set up and synchronized with 
the delivery system before beam on. The same must also 
occur for any fiducial/tumor tracking systems.

Radiation delivery

Many departments require the presence of the physician 
and physicist during stereotactic hypofractionated 
procedures. Once the staff is present and pre-treatment 
setup and imaging is approved, treatment delivery can 
commence. It is important that all staff is aware of both 
the patient and the necessary monitoring systems. Any 
significant patient motion or system malfunction such as 
gating may require a pause in treatment and a repeat of 
setup and imaging. Treatments often take time on the order 
of 20-90 min from setup to delivery completion depending 
on staff familiarity, plan complexity or delivery technique, 
and delivery mechanism. The use of flattening filters in 
linear accelerators has been shown to significantly affect 
total delivery time (75,76).

Summary

SBRT to the lung requires great effort on the part of all 
the radiation oncology staff. Its success and not to mention 
convenience for the patient cannot be ignored. Each person 
involved must be sure to invest in the necessary attention 
to detail and consideration of challenges that SBRT lung 
requires. Even though its success in lung cancer has been 
shown, implementation and use of this technique carries 
with it a significant amount of risk for harm even when the 
procedure is performed properly (77).
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