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Abstract

The efficacy of stereotactic body radiotherapy (SBRT) has been well demonstrated. However, it 

presents unique challenges for accurate planning and delivery especially in the lungs and upper 

abdomen where respiratory motion can be significantly confounding accurate targeting and 

avoidance of normal tissues. In this paper we review the current literature on SBRT for lung and 

upper abdominal tumors with particular emphasis on addressing respiratory motion and its affects. 

We provide recommendations on strategies to manage motion for different, patient specific 

situations. Some of the recommendations will potentially be adopted to guide clinical trial 

protocols.
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1. INTRODUCTION

Advanced treatment techniques such as Intensity Modulated Radiation Therapy (IMRT) and 

Stereotactic body radiotherapy (SBRT) are capable of delivering highly conformal radiation 

doses. Furthermore, SBRT uses hypofractionation and high local doses to extra-cranial 

diseases such as peripheral stage I non-small cell lung cancer (NSCLC) and has been 

reported to provide excellent local control and survival comparable to surgery1–3. In order to 

spare critical structures and normal tissue, SBRT uses tight margins and accommodates 

inhomogeneous dose distributions. However, internal target motion may greatly affect the 

conformal radiation therapy for the management of thoracic and abdominal lesions4. 

Respiration is the most relevant source of motion for these lesions including lung, liver, and 

pancreatic cancer5. In particular, respiratory motion of lung tumors has been considered to 

be one of the largest sources of uncertainty in the radiotherapy of lung cancers6. Therefore, 

for the management of cancer in these patients, the respiration induced motion of lung and 

upper abdominal targets and critical structures must be monitored and accounted for.

Respiration induced motion may also lead to artifacts in images from computed tomography 

(CT), cone-beam computed tomography (CBCT), magnetic resonance imaging (MRI), and 

positron emission tomography (PET) because the typical image acquisition time per slice 

of 1 s or less is only a fraction of a respiratory cycle. Although any single slice appears 

unaffected by respiratory motion, consecutive slices occur at different phases of the 

respiratory cycle resulting in errors in the apparent size, shape, location, and volume of 

anatomic objects7–9. The effects on the image of the patient and on the dose distribution vary 

widely depending on a variety of factors such as the magnitude and frequency of the motion, 

the reproducibility of the motion during a single fraction (intrafraction), the reproducibility 

of the motion from day to day (interfraction), and the proximity of moving targets to organs 

at risk. Respiratory motion, if not taken into consideration, leads to artifacts and 

uncertainties in imaging and consequently affects the whole treatment process diminishing 

the accuracy of radiation therapy during imaging, planning, and treatment delivery10. 

Subsequently, these effects on planning and diagnostic images lead to uncertainties in 

localizing targets and critical structures, in addressing inhomogeneities, and in choosing 

planning margins. Target localization in image guided radiation therapy (IGRT) is also 

affected. Therefore, respiration induced motion must be addressed at all steps of the 

planning and treatment processes.

In this paper, we review the literature on respiratory motion as it pertains to SBRT including 

its measurement, reproducibility, monitoring, and management. Techniques including large 

treatment margins, respiration limiting devices, breath hold, gating, and tumor tracking are 

all evaluated.

This paper has also been reviewed by NRG Oncology who anticipates using it to help define 

guidelines for multi-institutional clinical trials involving SBRT for tumors of the thorax and 

upper abdomen. NRG Oncology is a non-profit research organization that conducts 

oncologic clinical research; broadly disseminates research results; and combines the work of 

the National Surgical Adjuvant Breast and Bowel Project (NSABP), the Radiation Therapy 

Oncology Group (RTOG), and the Gynecologic Oncology Group (GOG).
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2. MOTION IN RADIATION THERAPY

2.A. Extent of Motion

Respiration is quasi periodic with a relatively predictable pattern for each patient11. 

Respiratory motion is patient specific12, and respiratory characteristics may vary in period, 

amplitude, and regularity13. Respiratory motion patterns can vary between fractions and 

even within a fraction14; therefore, there are no general patterns of respiratory behavior that 

can be assumed for a particular patient prior to observation15. Lung tumor motion was found 

to be associated with diaphragm motion, the superior-inferior tumor location in the lung, the 

size of the gross tumor volume (GTV), and the T stage of the disease16. The range of 

respiratory motion has been reported to be up to 50 mm15, 17–22. The largest tumor motions 

were observed in the lower lung13, 16. It was also observed to be largest in the superior-

inferior direction with increasingly smaller components in the anterior-posterior and left-

right directions15, 16, 23. However when generally considering lung tumors without respect to 

their locations within the lung, the tumor motion is typically less than 5 mm16. Liu et al 

reported that only about 40% of lung tumors move more than 5 mm and about 12% moved 

more than 10 mm16. However, organs in the upper abdomen such as the liver, kidneys, and 

spleen move significantly as a result of respiration–typically more than 10 mm23, 24.

2.B. Internal Target Volume (ITV)

Tumor motion must be quantified for treatment purposes23. The International Commission 

on Radiation Units and Measurements (ICRU) specified in its ICRU reports 50 and 6225, 26 

the different terminologies that are needed to define the target volume. In order to account 

for tumor motion, the ICRU introduced, in its ICRU report 62, the concept of an internal 

target volume (ITV). The ITV accounts for geometric uncertainties due to physiological 

organ motion which may include movement of the bowel, beating of the heart, or 

respiration. It also accounts for changes in tumor size and shape. ITV is defined as the 

clinical target volume (CTV) plus an additional margin to account for the aforementioned 

movement uncertainties and possible changes in tumor shape and size. The margin required 

is known as the internal margin (IM) and may be asymmetric based on the location within 

the body. To determine an ITV for a lung or upper abdominal tumor, the GTV is first 

delineated on each image representing the various respiratory bins that constitute the four-

dimensional (4D) CT, PET, or MR imaging. The GTV is expanded to the CTV to account 

for microscopic disease. The ITV is then determined to be the envelope of motion of the 

CTV. The concept of the internal gross tumor volume (IGTV) was proposed as another 

method to more efficiently determine the ITV27. The IGTV expands the GTV to explicitly 

account for the GTV’s variations in position, size, and shape which can be derived directly 

from imaging studies28. In this method, the ITV is determined to be the IGTV plus a margin 

that accounts for microscopic disease. A margin is then added to the ITV to account for 

patient setup uncertainties, and this new volume is the planning target volume (PTV). Figure 

1 illustrates these volumes: the red contour is the GTV, the yellow is the IGTV, the green is 

the ITV, and the blue is the PTV.

Information on the extent of tumor motion is vital to assigning appropriate margins for 

radiotherapy9.Lung and upper abdominal tumor motion can be measured using different 
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techniques including: fluoroscopy13, 29, Cine MRI30, 4D MRI31, 32, slow CT33, breath hold 

CT34, 4D CT16, 35–37, 4D PET38–40, and ultrasound41, 42.

2.C. Imaging studies for motion measurement and evaluation

2.C.1. Fluoroscopy—The earliest method for observing and measuring motion 

particularly in lungs was fluoroscopy13, 23, 43. Fluoroscopy is limited in that it cannot 

provide cross-sectional anatomical information, and it depends on high contrast for 

visualization such as implanted fiducials or soft tissue in lungs13. It is relatively quick, and 

in conjunction with IGRT localization, it may be used to confirm tumor or organ motion at 

the time of treatment44.

2.C.2. 4D CT—4D CT or motion correlated CT is a powerful method for observing internal 

organ motion. A 4D CT data set includes multiple 3D images each of which represents a 

different portion or bin of the respiratory cycle. Generally, the binning methods used are 

either phase binning—associating each 3D CT image with a phase or fraction of the 

breathing cycle period—or amplitude binning—associating each 3D CT image with a 

fraction of the full breathing amplitude. Each 3D image in the 4D CT image set has a 

common phase or fraction of the amplitude.

A 4D CT is acquired either prospectively or retrospectively. In prospective respiration 

correlated CT, CT images are acquired only at one respiratory bin at a time. By repeating CT 

image acquisitions for the individual respiratory bins, each bin of respiration can have a 

corresponding 3D CT image. Retrospective respiration correlated CT is acquired in the 

following sequence:

1. at every table location, multiple axial CT images are acquired along the superior-

inferior direction of the patient so that the entire respiratory cycle is represented;

2. simultaneously the respiration signal is acquired;

3. the respiration signal is synchronized with the CT images;

4. the acquired projection CT images are then post-processed according to the 

respiratory bin associated with each image resulting in multiple 3D CT image 

data sets each of which represents a specific breathing bin of the patient’s 

respiratory cycle.

Often, the 4D CT image set includes 10 different 3D CTs. Irregular respiration makes the 

acquisition of high-quality 4D CT images very challenging45. The method of binning the CT 

images based on the respiratory signal can affect the quality of the 4D CT images. In 

phantom studies, Abdelnour et al found that “consistency error” (which they define as a 

measure of the ability to correctly bin over repeated cycles: average binning error ± standard 

deviation within one bin) ranged from 11% ± 14% to 20% ± 24% for amplitude binning and 

from 18% ± 20% to 30% ± 35% for phase binning46. This suggests that amplitude binning 

more accurately bins the images, but it is more sensitive to irregular breathing particularly to 

amplitude irregularities which can cause image gaps46. Binning methods are an active area 

of research. One such study relies on Fourier transforms of the CT images and on internal 

anatomical structures to sort the 4D CT images47. The technique they employ does not rely 
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on external surrogates to track respiratory motion, and the results suggest that their method 

has fewer artifacts than a method that relies on external surrogates47.

2.C.3. 4D CBCT imaging—A cone beam computed tomography (CBCT) scanner 

integrated with a linear accelerator can be a powerful tool for motion evaluation of tumors 

and organs on the treatment table. Respiratory correlated CBCT has been developed and 

consists of retrospectively sorting images in projection space yielding subsets of projection 

images that each corresponds to a certain breathing phase. These subsets are then 

reconstructed to form a set of 4D CBCT images. Sonke et al also used the diaphragm 

position in the projections to sort the images instead of using an external surrogate to define 

the respiratory phase of each projection48. They found that the motion artifacts found in 3D 

CBCT images were substantially reduced by switching to 4D CBCT images; however, the 

quality of 4D CBCT images is adversely affected by breathing irregularities and aliasing 

artifacts caused by the limited number of projections for each breathing phase48. When 

comparing fluoroscopic images to the 4D CBCT images of a phantom simulating brathing, 

they found that the phantom’s center of gravity differed by less than 1 mm(48).

2.C.4. 4D PET/CT imaging—4D PET/CT scans can be used to add respiratory correlated 

functional imaging to a 4D CT scan. Following a 4D CT scan, a 4D PET scan is acquired in 

the gated mode. Based on a respiratory signal, the respiratory cycle is divided into phase 

bins of equal time and each PET signal is correlated with its respective phase. 4D PET/CT 

imaging has been shown to be a clinically feasible method to correct for respiratory motion 

artifacts in PET images including the reduction of smearing, improved accuracy of the PET 

to CT co-registration, and an increase in the measured SUV38–40

2.C.5. 2D Cine MR imaging—Cine MR images can be used to characterize tumor motion 

and to develop a gating scheme for radiotherapy particularly for abdominal cancer. In a 

study by Heerkens et al, 2 cine MRI scans of 60 s each were performed in 15 pancreatic 

cancer patients—1 in the sagittal direction and 1 in the coronal direction49. A Minimum 

Output Sum of Squared Error (MOSSE) adaptive correlation filter was used to quantify 

tumor motion in each orthogonal direction (craniocaudal, lateral, and anteroposterior). They 

examined the stability of the breathing phases and created a gating window assessment that 

incorporates tumor motion, treatment time, and motion margins. It was found that gated 

deliveries for radiotherapy of pancreatic cancer is best performed around the end exhale 

position and that motion patterns and motion amplitude differ substantially between 

individual patients49. Cine MRI images have been used to detect larger differences in hepatic 

intra-fraction tumor motion when compared with free breathing 4D CT images most notably 

in the superior/inferior direction50. Cine MRI images may be useful when treating without 

respiratory management particularly in patients with unreliable 4D CT imaging50. Among 

other factors, the absence of ionizing radiation using MRI has facilitated the application of 

cine MRI for the development of motion models in several different treatment sites including 

the abdomen51, thorax52, 53, liver50, 54, breast55, and rectum56 among other sites. The 

emergence of on-line MRI-guided radiation delivery has also permitted the increased 

utilization of cine MRI techniques for real-time motion assessment and the construction of 

motion models57.
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2.C.6. 4D MR imaging—4D MR images can also be used to image the motion of 

abdominal tumors and organs31. Hu et al used an external bellows to monitor respiration and 

to trigger image acquisitions at predetermined respiratory amplitudes31. The respiratory 

signal was also linked to each image so that it could be sorted into the appropriate 

respiratory phase resulting in a 3D MR image for each respiratory phase31. Cai et al 

compared 4D MR images with 2D cine images of a phantom and found the absolute 

agreement to be within 1 mm32. 4D MRI has been used to assess motion for several other 

treatment sites including the lung58, liver59, and abdomen51, 60 among others.

2.C.7. 4D Ultrasound—4D ultrasound is a technology under development for 4D 

abdominal imaging and tracking41, 42. It might find a niche in the future. Table I lists 

advantages and disadvantages of the various imaging modalities.

2.D. Images for radiotherapy treatment planning

4D CT images are often used for target and critical structure delineations and may be 

supplemented with 4D PET/CT, Cine MRI, 4D MRI, fluoroscopy, and/or 3D CT images. 

From these images the GTV, IGTV, CTV, ITV, and PTV are defined. Because 4D image sets 

represent the GTV at various respiratory phases, a number of 3D images corresponding to 

the different respiratory phases must be evaluated together to identify the range of motion of 

the GTV (and/or critical structures) among the various phases and particularly the phases 

used for treatment delivery. The GTV or critical structures can be delineated on each image 

of the 4D image set. The individual contours can then be combined on one of the images in 

the set corresponding to a given phase. This given phase may be the end expiration phase or 

the phase nearest the midpoint of the breathing cycle (CT50 where CT0 is end inspiration) if 

treated with gating near end expiration, or it may be the mid-ventilation phase if treated with 

free breathing.

A Maximum Intensity Projection (MIP) image can be created from the image set; however, 

this is most appropriate in the lungs where the contrast is between the GTV and lung and 

where other structures will not obscure the GTV. The MIP image represents the highest 

intensity value encountered along the viewing ray for each pixel in the volumetric dataset for 

the respective breathing phase. The summation of MIP images for each breathing phase 

therefore results in a composite view of the lung tumor incorporating all phases of motion. 

An Average Intensity Projection (AIP) can be created from the image set and represents the 

average motion of the GTV (and critical structures) over the phases included. A study by 

Park et al found MIP images to be accurate to within 2–3 mm of the real target motion span 

for regular (constant amplitude and period) target motions but could underrepresent the 

motion span by more than 10 mm for irregular motion62. Tian et al compared 3D free 

breathing scans with MIP and AIP images by calculating the same plan to each scan while 

using the same target volume contours to evaluate the dosimetric effects caused by the 

different CT datasets61. They found slightly better target volume coverage using MIP 

images61. The free breathing scans were more prone to image artifacts61. If targets are close 

to denser tissue, the target and other tissues may overlap and obscure the target in the MIP 

images61.
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2.E. Consistency of breathing

Measuring the effects of respiratory motion is necessary for planning, but it may not be 

sufficient for treatment delivery. Respiration can vary from moment to moment in amplitude 

and period; phase relationships from one anatomical location to another can vary; and 

baseline drifting can be observed37, 63, 64. Baseline drifts–a change in the mean position of a 

waveform measured over several periods (including the respiratory trace, the tumor, or an 

organ) are particularly problematic37, 64–67. These studies carefully evaluated variables in 

respiration. When evaluating respiratory motion, and the variables affecting it for each 

patient, the extent of uncertainty is critical to understand. For instance, a baseline drift of 2 

mm is expected to be adequately compensated for by a 5 mm margin for motion68.

Although respiration is generally inconsistent, the end expiration phase is relatively stable 

and less affected by these inconsistencies. Furthermore, most people generally spend more 

time near end expiration than near any other phase13, 67, 69. Therefore, the end expiration 

phase or CT50 is often used for contouring, planning and evaluation. However, the lung 

volume is least at end expiration, so with everything else being equal, the percentage of lung 

receiving any given dose will be higher. In a dosimetric study planning SBRT for pancreatic 

cancer, Taniguchi et al found a reduction of dose to the duodenum using the end expiration 

phase as opposed to the end inspiration phase due to the changing anatomical relationship of 

the duodenum to the pancreatic tumor caused by respiration.70. The V20 to the duodenum 

averaged 5.9cc when planned on end expiration and 7.2cc when planned on end 

inspiration70.

A simulation study by St. James et al illustrated the potential problem with relying on a 

motion study at one time to quantify motion at another time71. Their simulations suggested 

that the part of the planned ITV could be outside of the treated ITV more than half of the 

time for small target volumes when respiration is inconsistent, and this emphasizes the need 

for strategies that mitigate the problems with inconsistent respiration71. Ge et al compared 

4D CT measurements of fiducials to fluoroscopic measurements to arrive at essentially the 

same conclusions as St. James et al72. Section 4.F.3 addresses the dosimetric effects of 

various CT datasets used for treatment planning. Section 3 discusses several strategies can 

be used to mitigate the effects of respiratory motion including the use of large margins, 

respiratory limiting devices, breath hold techniques, gating, and target tracking.

3. METHODS OF ADDRESSING MOTION

3.A. Large margins

The simplest and historically most common method for accommodating intrafraction motion 

is to use large margins that cover the full range of motion. As has already been noted, 

respiration-induced tumor motion is anisotropic; therefore, the internal margins should also 

be anisotropic27. These margins are best defined after measuring the motion of the target 

volumes and/or the critical structures. Although reported values of target or organ motion are 

valuable for reference, they should not be exclusively relied upon to choose treatment 

planning margins for SBRT or stereotactic radiosurgery (SRS).
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Even though sufficiently large margins can cover the full range of motion of a target or avoid 

the full range of motion of an organ at risk, other issues remain. Large margins which are 

required to cover the tumor motion due to respiration may lead to unnecessary irradiation of 

normal tissues near the target. The effects of tumor motion need to be minimized to focus 

the prescribed dose on the target and decrease complication rates in normal tissues73. As 

discussed in section 4.A below, the MLC interplay effect might be significant, but large 

margins cannot limit these effects. Any significant change in respiration (i.e. coughs, 

sneezes, baseline drifts, etc.) might shift the target volume outside of the large treatment 

margins or shift critical structures inside of the treatment margins. In addition, such changes 

may not be observed and cannot be addressed unless breathing is monitored during the 

treatment.

3.B. Respiration limiting techniques/devices

Tumor or critical structure motion can be restricted through abdominal compression74–78. 

The application of abdominal pressure during imaging and treatment delivery is used by 

many centers to minimize respiration-induced tumor motion for both lung and liver lesions. 

Patients are forced to take shallow and fast breaths when their upper abdomens are pushed 

down by a pressure device to limit diaphragm caudal excursion. Heinzerling observed a 

significant difference in the control of both superior–inferior (SI) and overall motion of 

lower lobe lung and liver tumors with the application of medium and high compression 

when compared with no compression76. The mean overall tumor motion was 13.6 mm, 8.3 

mm and 7.2 mm with no compression, medium compression, and high compression 

respectively76. Wunderink et al conducted a study on the effectiveness of different levels of 

abdominal compression on reducing respiration induced motion of liver tumors; their study 

included 12 patients78. They reported that the mean excursions were reduced to less than 5 

mm in all directions for 10 of the 12 patients78. The two exceptions had cranio-caudal 

excursions reduced from 20.5 mm to 7.4 mm for one patient and from 21.1 mm to 5.9 mm 

for the other patient78. Ecclles et al investigated the effectiveness of abdominal compression 

in reducing liver tumor motion using cine T2-weighted MRI images75. They reported a 

mean decrease in tumor motion with abdominal compression of 2.3 and 0.6 mm in the 

craniocaudal and anterior-posterior directions, respectively75. They concluded that a 

clinically significant (>3 mm) decrease in tumor motion was observed in 40% of patients 

and an increase in tumor motion was observed in <2% of patients in the craniocaudal 

direction75. Bouilhol conducted a study on twenty seven patients with non-small cell lung 

cancer74. All patients underwent two 4D CT scans with and without abdominal 

compression. They determined tumor motion amplitude, defined the ITV, and evaluated the 

influence of abdominal compression on lung dose-volume histograms. They observed that 

the most significant impact of abdominal compression was obtained in patients with lower 

lobe tumors74. Minor or negative effects of compression were observed on other patients and 

lung sparing was not substantially improved74. Mampuya et al compared the differences of 

overall survival (OS), local control (LC) and disease-free survival (DFS) in patients with 

non-small lung cancer treated with stereotactic body radiotherapy (SBRT) for primary lung 

cancer with and without abdominal compression77. They reported that the differences in the 

3-year OS, LC, and DFS rate between the two groups were not statistically significant, and 
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they conclude that abdominal compression along with bony anatomy alignment provided no 

benefit to their patients77.

Active breathing control (ABC) is another method for decreasing respiration-induced tumor 

motion during a course of radiotherapy79–81. It is used to limit respiratory motion repeatedly 

and reproducibly for a period of time that can be comfortably tolerated by the patient. 

Breathing is temporarily suspended in a reproducible phase of the respiratory cycle. The 

operator of the device uses a computer-controlled valve to close the flow of air to the patient 

at a predetermined point in the respiratory cycle, causing a controlled breath hold. A nose 

clip is used to prevent nasal breathing and to ensure that patients breathe through the 

mouthpiece. The ABC system usually digitizes breathing volumes throughout the breathing 

cycle. In this way, visual control of the breathing cycle is possible. Both the inspiration and 

expiration paths of patients’ airflow can be temporarily closed at a predetermined flow 

direction and breathing volume. The CT or radiotherapy treatment machine is activated only 

during the time when breathing is temporarily suspended. Wong et al reported that scan 

artifacts associated with normal breathing motion were not observed in the ABC scans and 

the liver volumes were reproducible at about 1%, and lung volumes were reproducible to 

within 6% in scans with ABC81. Dawson reported that no motion of the diaphragm or 

hepatic microcoils was observed on fluoroscopy during ABC breath holds79. Gagel reported 

a statistically significant reduction of respiratory motion in the upper, middle, and lower 

regions of the chest when ABC was used80. For thirty-six patients with unresectable tumors 

of the chest included in their study, the mean displacement ranged from 0.24 mm (chest 

wall/tracheal bifurcation) to 3.5 mm (diaphragm) for expiration and shallow breathing, and it 

ranged from 0.24 mm (chest wall) to 5.25 mm (diaphragm) for normal inspiration80.

3.C. Breath hold

Respiratory motion can be restricted via breath hold techniques. A highly reproducible 

breath hold CT scan can be acquired for treatment planning, and the breath hold can be 

repeated daily during radiation therapy. Various respiration monitoring tools are available to 

assist in maintaining the reproducibility of breath holds, and such tools are essential for 

accurate SBRT or SRS treatment using breath hold techniques. These monitors include 

spirometers82, cameras tracking reflective markers on the torso83, 84, camera or laser 

systems that directly track the torso (e.g. AlignRT® by VisionRT Ltd., London, UK and C-

Rad Sentinel™ by C-RAD AB, Uppsala, Sweden)85, 86, mechanical devices tracking the 

torso87, strain gages affixed to the torso82, thermal sensors near nostrils82, fluoroscopic 

images of implanted fiducials88, and implanted transponders85.

Spirometers can be used to measure the volume of a breath and can be attached to valves to 

limit breath holds to specific volumes such as with ABC. Video coaching or audio-video 

coaching can be used to guide the patient to hold his/her breath at repeatable positions in a 

breathing phase. This is discussed below in Section 3.F.

Several factors must be considered when choosing the breathing phase and depth at which to 

have patients hold their breath. The end expiration phase is the most reproducible 

phase13, 66, 89, 90. Nakamura et al found a 5 mm internal margin was necessary to account 

for variations in GTV (pancreas) position with repeated, video-coached breath holds at end 
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expiration91. However, not all patients can tolerate repeatedly holding their breath especially 

at end expiration92. The end inspiration phase is not as reproducible as the end expiration 

phase, but lung volumes are largest at deep inspirations improving the lung DVH89.

Note that when acquiring planning CT’s, breath hold volumes may differ from free 

breathing volumes even if the phases match93,94. It is imperative that the planning CT be 

acquired in the same manner as treatments will be performed.

3.D. Gating

Treatments can also be synchronized with the respiratory motion by gating the treatments 

using a breathing monitor. By setting thresholds within the breathing monitor, the beam can 

be turned on and off at specific breathing amplitudes or phases. Typically a 4D CT is 

acquired to determine which phases or amplitudes to include within the gating window. The 

window is chosen to limit the target and/or critical structure motion to acceptable limits (e.g. 

within 5 mm of end expiration)44, 85.

Much work has been done to evaluate the reproducibility of respiratory gating methods, and 

the evaluation is critically dependent on the method of monitoring respiration, on the choice 

of whether or not to coach the patient, and on how coaching is implemented. The most 

accurate method of monitoring the target location is to directly observe it; however, this is 

often not possible. Fiducials can be placed in the target and monitored by using fluoroscopy, 

kV imaging, or, if the fiducial is a transponder, by using technology designed for the 

transponder85. Shirato et al developed a fluoroscopic real-time tumor tracking technique 

consisting of four sets of diagnostic X-ray sources and imagers (any two of which offer an 

unobstructed view of the patient however the gantry is rotated) which are connected to an 

image processor, a display, and a gating control unit88. They used the system to gate the 

linac when the position of a moving gold marker (the system recognizes the marker 30 times 

per second using any two X-ray systems) is at its planned target position within a given 

tolerance. They tested the accuracy of the system to be within 1.5 mm and measured the 

additional dose from the diagnostic x-rays in a phantom to be from 0.01% to 1% of the 

target dose for a 2.0-Gy irradiation of a chest phantom88. The geometric performance was 

also evaluated in 4 patients with lung cancer. The range of motion of the tumor markers 

during irradiation was 2.5–5.3 mm but would have been 9.6–38.4 mm without tracking95.

Implanting fiducials is invasive and involves certain risks (e.g. possible pneumothorax)85. 

Other techniques do not directly monitor the target but monitor respiration. This indirect 

monitor can be a marker on the chest or abdomen of the patient. It can be the displacement 

of the chest or abdomen itself. It can be a thermistor, a spirometer, or a strain gauge. 

Reproducibility of various techniques is discussed below in the section on coaching.

Several issues must be considered when choosing to gate radiotherapy. Gating will be based 

on either amplitude or phase. Phase-based gating is easier to coach, but the most recent 

studies suggest that amplitude-based gating has less residual motion66, 89, 96. As was already 

noted in an imaging study, Abdelnour et al found that amplitude-based binning was more 

consistent and accurate than phase-based binning46. In a study of 24 patients, George et al 

found the average residual motion to be up to 0.7 mm less for amplitude-based gating as 
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opposed to phase-based gating66. Gating is done around certain respiratory phases referred 

to as the treatment phases that are either around end inspiration or around end expiration. 

End expiration is more reproducible, but at end inspiration, the volume of lung receiving 

high doses of radiation is reduced89. Coaching is an important aspect of gated therapy and is 

discussed in the section on coaching (Section 3.F.). When using only a few respiratory 

phases for planning and for creating reference images, a CBCT acquired for patient 

alignment will have to be registered with the reference CT such that the treatment phases are 

properly aligned (e.g. if the reference CT represents the end expiration phase(s), the superior 

edges of the target volume in the CBCT should be registered with the reference CT)85, 97. 

4D CBCT or fluoroscopic images can also be used to register daily alignment images with 

the reference images85, 97.

3.E. Tumor Tracking

Real-time dynamic multi leaf collimator (DMLC) tumor-tracking radiation delivery uses the 

DMLC to continuously align and reshape the treatment machine apertures to follow the 

target motion in real time. This allows for tighter margins to be applied and for adapting the 

dose delivery to the target motion98. Keall et al have used real time 3D DMLC tumor 

tracking with Volumetric Modulated Arc Therapy (VMAT)99, 100. The tumor position was 

measured electromagnetically, and new leaf positions were created to conform to the shape 

and location of the moving target at each instant. They reported a significant improvement in 

dose distribution to moving targets with DMLC tracking as compared with those without 

tracking99, 100. Falk et al also used real time DMLC tracking to adjust the MLC positions 

according to the target movement using the information from Varian’s real-time positioning 

monitoring (RPM™) system101. Plan validations with DMLC tracking gave much higher 

gamma index pass rates (98%) versus those with no motion compensation (70–75%)101. 

Davies et al experimentally validated an algorithm for DMLC tracking of a moving target 

during VMAT to investigate the potential of the Agility™ (Elekta AB, Stockholm, Sweden) 

multileaf-collimator for use in motion-compensated VMAT delivery102. They validated 

plans for five patients and reported an increase in the mean gamma index pass rate from 

approximately 60% without tracking to 88–93% with tracking in VMAT delivery102.

Tacke et al implemented specialized algorithms which continuously optimized and corrected 

the MLC aperture according to the motion of the target volume during the dose delivery103. 

This dynamic target tracking control system was designed for a Siemens 160 MLC. They 

experimented with various motion patterns on phantoms equipped with radiochromic films 

placed between solid water slabs and on a moving lung phantom. They reported an increase 

in the gamma success rate of validated plans from 19% to 77%103. The system’s 400 ms 

latency and 5 mm leaf width limited its dosimetric accuracy103.

The Vero™ SBRT system uses a gimbaled linac to track tumors104. The beam is rotated 

around the linac assembly’s center of gravity to track an implanted fiducial. Real-time beam 

positions recorded with an electronic portal imager, gimbal log files, and orthogonal X-ray 

images are acquired simultaneously, logged, and used to identify and track the fiducial104. 

Poels et al verified this technique on a phantom using tracking data from a liver patient and 

two lung cancer patients104. Their results indicated that gimbaled tracking could achieve a 
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90th percentile error of less than 3.5 mm based on electronic portal images and X-ray 

images104. Depuydt et al also reported on initial assessment of the Vero™ Dynamic 

Tracking workflow and concluded that the Vero™ tracking solution proved to be fully 

functional with performance comparable to other real-time tracking systems105.

The Synchrony™ Respiratory Tracking System (Accuray Oncology, Sunnyvale, CA) 

correlates external markers with orthogonal stereoscopic images of fiducials implanted in or 

near the target volume to create a model of the target motion63, 85. The model is then used to 

move the CyberKnife® robotic linear accelerator to track the target, and periodically 

additional X-ray images are acquired to verify and/or update the target motion model85, 106.

3.F. Coaching

Monitoring and evaluating respiration is essential to determining its effects on tumor and/or 

critical structure motion. Free-breathing is not consistent in period or amplitude; this makes 

predicting respiratory motion challenging and limits the usefulness of breathing 

evaluations63. As discussed in Section 3.D., implanted fiducials can be used to track tumor 

and/or critical structure motion; however, such invasive procedures have inherent risks and 

cannot always be used85. A technique that improves breathing reproducibility would 

improve the monitoring and evaluation of respiration. Using external surrogates to monitor 

breathing avoids the risks inherent to implanting fiducials. Coaching while monitoring the 

abdominal wall, chest wall, or lung tidal volume has been demonstrated to improve the 

reproducibility of respiration66, 87, 90, 107–111.

Ionascu et al found that external surrogates placed on the abdomen of each patient could 

localize the internal targets to within 5 mm112. Likewise, Koch et al found that the mid-

upper abdominal wall movement was well correlated (correlation coefficient > 0.7) with the 

superior-inferior motion of internal structures for all patients imaged113. However, they 

found that anterior-posterior motion was not always well correlated113. Ahn et al measured 

an average correlation of 0.77 between internal organ positions (e.g. diaphragm) and skin 

markers using fluoroscopy studies73. However, Hoisak et al found that the abdominal wall 

displacement did not necessarily correlate well with tumor motion, and the correlation 

varied significantly even over different acquisitions during the same session for some 

patients (0.39–0.71 in one case)114. They found that the correlation between respiratory lung 

volume and tumor position was better but still not always satisfactory (0.51–0.77 in one 

case)114. None of these studies included coaching.

It is imperative that the techniques used to monitor and evaluate the motion also be used to 

monitor and treat the patient. Hunjan et al found that external marker motion was poorly 

correlated with the internal target motion when comparing end inspiration and end 

expiration breath holds with the same respiration phases under free breathing conditions94. 

Similarly, Haasbeek et al observed shifts of more than 5 mm at end inspiration and end 

expiration when comparing coached and uncoached 4D CT scans115.

With the introduction of audio coaching, the correlation between the abdominal wall 

position and the target position increased from a range of 0.89–0.97 to a range of 0.93–0.99 

in Nakamura et al’s study109. The correlations in Michalsky et al’s study (17 of 21 cases had 
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Pearson correlation coefficients > 0.7) and in Goossen et al’s study (0.72–0.98) did not show 

as high a range as those in Nakamura et al’s study (0.93–0.99), but they were still better than 

the uncoached correlations in Hoisak et al’s study (0.39–0.71)90, 110, 114. Mageras et al also 

concluded that audio coaching improves breathing regularity111. However, audio coaching 

does tend to cause other changes in respiration. George et al and Nakamura et al noted that 

patients breath more deeply when following audio coaching66, 109.

Onishi et al introduced a video coach to improve the reproducibility of end inspiration breath 

hold positions87. With video coaching, the superior-inferior position reproducibility of an 

internal lung structure was found to be 2.0 mm on average, and without the coach it was 4.2 

mm on average87.

Using audio/video coaching, Goossen et al found correlations ranging from 0.91–0.9990. 

Stock et al found the reproducibility of the marker position to improve from 0.745 without 

coaching to 0.930 with audio/video coaching at deep inspiration breath hold65. Kim et al 

found that the root mean square error of the diaphragm displacement was reduced from 2.6 

mm to 1.6 mm with the introduction of audio/video coaching108. Likewise, the root mean 

square error of the period was reduced from 1.7 s to 0.3 s, and that of the baseline drift was 

reduced from 1.6 mm/min to 0.9 mm/min108. Neicu et al and George et al also demonstrated 

that breathing patterns are improved using audio/video coaching66, 107. Audio/video 

coaching improves the reproducibility of the target position and the correlation between it 

and surrogates; however, not all patients can follow audio/video coaching90, 107, 108 or even 

just video coaching87.

4. TREATMENT PLANNING AND PHYSICS

4.A. Multileaf collimators (MLC) and respiration interplay

Because targets and critical structures can move significantly during treatments that involve 

MLC motion, these interplay effects must be considered. This was considered in TG-76 of 

the American Association of Physicists in Medicine (AAPM)93. The authors concluded that 

the large number of fractions in conventionally fractionated treatments “smooths out” the 

interplay effect resulting in satisfactory dosimetry as long as the full range of motion of the 

target was included in all of the treatment ports93, 116, 117. However, in SBRT the fractions 

are fewer in number and the modulation of the dose is higher; therefore, SBRT plans are 

expected to be more sensitive to the interplay effect68, 117–119. Stambaugh et al divided the 

effects of tumor motion on dose into two effects: gradient and interplay119. Gradient effects 

are caused by the tumor moving beyond the planned margins and outside of the high dose 

region, and interplay effects are caused by the tumor moving relative to the modulation of 

the dose which can be highly inhomogeneous in SBRT treatments119. Siochi et al68, Zhao et 

al120, and Chen et al118 have shown that gradient effects are detrimental to SBRT treatments 

especially because PTV margins are so small in SBRT plans68, 118, 120. Stambaugh et al 

studied the MLC interplay effects with simulated motion up to 30 mm for typical SBRT 

plans, and found that the Dmean to the target did not decrease by more than 1% for typical 

breathing cycles119. Chen et al measured the interplay effects on an artificially highly 

modulated plan and found differences at the top of the sharp peaks of 12% for 10 mm of 

motion, 6% for 8 mm of motion, and 3% for 6 mm of motion118. Jiang et al evaluated the 
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dose to a single point in a moving phantom (20 mm of motion) and found that the interplay 

effect caused a maximum dose deviation of up to 18% for a single fraction (5 fields) and up 

to 30% for a single field117. The significance of the interplay effect increases as the 

amplitude of the motion increases, as the treatment fractions decrease, as the dose rate 

increases, and as the dose inhomogeneity increases making it a particular concern for lung 

and abdominal SBRT. Methods such as gating, abdominal compression, breath-hold, and 

tumor tracking can be used to limit motion during treatment and thus mitigate the interplay 

effect.

4.B. General Considerations

Accurate treatment planning for the treatment of lung cancer is confounded by several 

technical factors including tissue heterogeneity and the physics of radiation transport in low 

density lung tissue, the impact of motion on dose distributions, technical issues related to 

treatment planning using 4D-CT datasets, and the physics of small field dosimetry which is 

of particular concern for the treatment of small lesions commonly encountered in SBRT. 

Sections 4.B-4.F will focus on a review of the literature and provide recommendations 

(where supported by data) pertinent to accurate treatment planning for cancer in the lung or 

upper abdomen. Comprehensive reviews of current techniques for lung cancer treatment 

planning and delivery are presented by Martel121, Senan et al122, and Slotman et al123. 

Comprehensive reviews of current planning and delivery techniques for cancers in the upper 

abdomen are presented by Davis et al124, Scorsetti et al125, and Solberg et al126.

The goal of treatment planning is to optimize the therapeutic ratio, that is, to maximize the 

dose to the target while minimizing dose to surrounding normal organs. This is challenging 

for lung and upper abdominal tumors given the often substantial respiration-induced motion 

and the factors listed above.

4.C. Planning Margins

Motion management at the time of simulation is often handled using 4D-CT in which a 

motion envelope of the target can be generated. The motion envelope is referred to as the 

internal target volume (ITV)26 and it accounts for respiration-induced movement of the 

clinical target volume (CTV) during treatment. The ICRU Report No. 6226 also recommends 

that a margin (planning organ at risk volume, PRV) be added to an organ-at-risk to account 

for variation in the OAR position. Margins added to the ITV to create the PTV must be 

designed with an understanding of the random and systematic setup uncertainties associated 

with patient setup127. Imaging frequency has an impact on margins. In general, more 

frequent imaging (e.g. daily vs. weekly) allows one to better account for systematic and 

random uncertainties facilitating margin reduction128. Daily IGRT based setup has been 

shown to significantly reduce residual uncertainties and consequently planning 

margins129, 130.

For ITV-based treatment planning, in the context of locally advanced stage NSCLC, typical 

margins for the PTV are on the order of 5–10 mm if daily IGRT is employed during 

treatment. In the absence of motion compensation or daily IGRT, margins should be much 

larger (10–20 mm) to minimize the likelihood of missing the target131, 132. In the case of 
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SBRT, where motion management and daily IGRT are the recommended standard-of-

care131, PTV margins can range from 3–10 mm123, 129, 133, 134. Margins tend to be larger in 

the superior-inferior direction where respiration-induced motion is more dominant relative to 

motion in the axial plane135. When gating is used for treatment, margins can generally be 

reduced and some groups have thus defined the PTV as CTV + 5 mm120, 136, 137. A margin 

expansion of a few millimeters is necessary to account for residual tumor motion and setup 

uncertainty120, 137. In a retrospective study using recorded tumor motion data, Zhao et al 

calculated the dose delivered to the PTV and CTV using the initial plan for 6 patients137. 

They found that a margin of 5 mm around the CTV for respiratory motion (baseline drifts) 

was sufficient to maintain 99% of the prescribed mean dose to the CTV137. Nelson et al 

acquired multiple (up to 8) 4DCT scans on each of 7 patients and analyzed the margin 

necessary to accommodate the GTV and CTV motion138. They found that the margin could 

be reduced up to3 mm if the plans were gated using a 30% duty cycle; however, only 1 of 

their patients had respiratory motion greater than 10 mm138.

Importantly, gating margins must be designed with careful consideration of the strength of 

the surrogate used to assess the actual tumor position during treatment139. Studies have 

shown that with the use of external surrogates to track tumor motion, phase offsets exist, and 

the motion traces can sometimes be entirely asynchronous63. It has therefore been 

recommended, when external surrogates are used for evaluating the tumor position, that 

imaging be performed, at the very least prior to treatment, to assess the 3-D tumor motion 

trajectory63 (e.g. fluoroscopy or 4D CBCT).

4.D. Block Margins

In general, treatment plans should be designed to minimize dose to surrounding normal 

organs and thereby limit the risk of treatment toxicity. This implies that sharp gradients will 

exist in the dose fall-off outside of the target131.

3D-CRT planning must be performed with consideration of the “block” margin (PTV-to-

MLC margin). For SBRT planning, RTOG/NRG protocols require the external border of the 

PTV to be covered by a much lower isodose surface than usually used in conventional 

radiotherapy planning—typically ~80% but ranging from 60–90% of the dose 

maximum140, 141. This implies highly heterogeneous dose distributions with hot spots within 

the GTV of 25% on average and ranging up to 67%140. The >90% 2-year local control rates 

associated with SBRT of early stage lung tumors may indeed be linked to these 

heterogeneous dose distributions. In order to generate such non-uniform dose distributions, 

the block margin should be small. Planning studies have shown that block margins of 0 mm 

for 3D-CRT plans yield optimal hot spots within the tumor while simultaneously forcing a 

much sharper dose falloff in the normal lung tissue. The sharper falloff results from steeper 

dose gradients when normalizing to a much lower isodose surface (60–90%) for the 

target142.

4.E. Tissue Heterogeneity and Motion

In general, when electrons impinge upon low-density, lung-type tissue, they undergo 

significant lateral scattering causing energy to be transported away from the central axis. 

Brandner et al. Page 15

Med Phys. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



This results in reduced central axis dose to the tumor and smearing of the edges of the dose 

profile143. When coupled with tumor motion (which tends to smear out dose distributions) 

the reduction in the tumor dose and in the coverage of the extent of the tumor can be 

significant. When dealing with small tumors, as in the case of SBRT, this problem is further 

confounded by the loss of lateral charged-particle equilibrium which results from the use of 

small field sizes. For small field conditions, the lateral ranges of the secondary electrons 

become comparable to (or greater than) the field size144. Under such circumstances, the dose 

to the target is determined primarily by the secondary electron interactions. Moreover, as the 

energy of the beam increases, the range of the secondary electrons increases causing 

increased lateral scattering into distal lung tissue and increasing the region of dose “re-

buildup” in the tumor. Consequently, the dose reduction to the tumor is greater at higher 

energies145. Pencil beam (equivalent path-length type) dose algorithms do not account 

explicitly for transport of secondary electrons, and can therefore be severely limited in 

accuracy under non-equilibrium conditions. The AAPM Task Group No. 105143 provides 

examples of numerous studies reported on the inaccuracies associated with pencil-beam type 

algorithms for dose calculations in the lung. The AAPM TG Report No. 101131 recommends 

that pencil-beam algorithms not be utilized for SBRT-based lung dose calculations and that 

convolution-superposition or Monte-Carlo type algorithms be used to compute more 

accurate dose distributions.

Although convolution/superposition or Monte-Carlo-type algorithms are now available in 

most commercial treatment planning systems, beamlet calculations for IMRT optimization 

are often still computed using pencil-beam algorithms. This issue can be mitigated by 

performing an intermediate dose calculation using the convolution/superposition algorithm 

which is now currently available in some treatment planning systems. This problem can also 

be handled by performing Monte-Carlo-based beamlet calculations within the optimization 

routine146. With regard to management of motion in the IMRT setting, investigators have 

developed optimization approaches in which setup uncertainties or tumor motion are 

incorporated a priori into the optimization process to produce treatment plans that are robust 

to the motion147, 148. In particular, the Monte-Carlo-based fluence-translation method can be 

applied to account for systematic lung tumor motion especially in cases where the tumor 

trajectory can be estimated149.

4.F. Other technical issues related to treatment planning of cancer in the lung or upper 
abdomen that involves motion

Detailed studies involving large patient cohorts and capturing the issues associated with 

differences of lung tumors according to tumor location, size, differences in planning 

phase(s), and type of treatment (e.g. incorporating the full range of motion vs. gating or 

tracking) are quite limited. With the now standard-of-care use of 4D-CT for lung cancer 

treatment planning, the literature is scant with regard to information on the following 

pertinent topics. This section will summarize highlights relevant to the specific topics.

4.F.1. What is the role of MIP in generating the ITV?—Automatic tools have been 

developed to improve efficiency in the contouring of GTVs on multiple datasets to form an 

IGTV and the ITV. Studies have shown the MIP to be an effective tool for automatic 
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contouring of targets on multiple phases of the 4D-CT150–153 but caution that the MIP 

should be validated against the ITV formed by contours on each of the respiratory-correlated 

CT datasets152. Other studies point out that the MIP cannot be used for tumors located in the 

mediastinum or for tumors located near normal tissues with equal or greater density (e.g. 

those near the diaphragm or in the upper abdomen)151.

4.F.2. How many respiratory-correlated CT phases should be used to create 
the ITV?—Increasing the number of datasets in defining the ITV—while likely improving 

the accuracy of the ITV contour—increases the contouring workload significantly and 

thereby decreases clinical efficiency. Research on the topic of the optimal number of datasets 

is limited. In one study, investigators performed an analysis of 4D-CT datasets from 10 lung 

cancer patients focusing on the N phases closest to the exhale phase where N=6, 7, 8, 10154. 

In evaluating D95 of a given N relative to a plan based on N=10, some reduction (8/10 

phases) was possible for most, but not all, of the patients, and the ITV reduction was small. 

They concluded that a general rule based on the number of datasets could not be established 

in creating the ITV154. In comparing N=2, 4, 10 phases for 15 lung patients treated without 

gating, other investigators found no statistically significant differences between N=4 (end-

exhale/inhale and mid-exhale/inhale) and N=10 suggesting that the use of 4 phases is an 

efficient alternative to 10 phases in generating the ITV155. This study was previously 

corroborated by phantom experiments from an independent group156. In a study of patients 

treated for pancreatic cancer by Tai et al, they found that an ITV created using just 3 phases 

(end inspiration, end expiration, and the mid-exhale) overlapped with the ITV created with 

10 phases with an accuracy of more than 95% if the target motion is 8 mm or less157. More 

comprehensive studies on the optimal number of datasets for generating the ITV for a large 

number of datasets with diverse tumor motion including hysteresis13, location, size, and/or 

other characteristics are clearly warranted.

Various tools have become available to assist with contouring including deformable 

registration and automatic segmentation. These tools can be valuable when propagating 

contours from phase to phase; however, they require careful validation and case-by-case 

evaluation.

4.F.3. What is the most accurate CT phase for treatment planning?—In general, 

studies performed to determine possible dosimetric advantages among the free breathing 

(FB), MIP, and AIP, CT datasets are limited. In one particular study for 20 lung cancer 

patients being treated with SBRT, the authors concluded that dosimetric characteristics of 

AIP plans are similar to those of FB plans61. They also noted that FB datasets were more 

prone to significant image artifacts compared to AIP datasets, and because MIP datasets tend 

to overestimate or underestimate the target volume when the target is close to more dense 

tissues, the AIP dataset is most favored for planning and dose calculation for lung SBRT61.

Research on the time-weighted average tumor position in the 4D-CT dataset has shown that 

the mid-ventilation CT is able to accurately accommodate motion with a significant 

reduction in PTV margin compared to the standard free-breathing CT approach158. The AIP 

CT dataset, has also been shown to be a good surrogate for accurate lung cancer planning 

using 4D-CT159–161. In one such study, insignificant dose differences were noted between 
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the AIP CT and the full 4D-CT calculation (incorporating deformable image registration and 

dose accumulation) in both phantom experiments as well as patient-specific treatment plans 

justifying the claim that the use of the AIP CT enables simplification of the 4D dose 

calculations for lungs in clinical practice161.

In the context of gating, studies have shown that deep-inspiration breath-hold offers the 

potential to not only reduce respiratory motion but also increase normal tissue sparing from 

the increased lung volume162. However, the reproducibility of the deep-inspiration position 

must be carefully assessed, and the general applicability of this technique for lung cancer 

patients who often have significant co-morbidities (e.g. COPD) must be considered. Breath-

hold approaches include the ABC device where the lung volume is controlled and patients 

with tumors in the thorax or abdomen are treated with breath-hold near end inspiration81. 

ABC enables margin reduction and normal tissue sparing; however, the applicability to the 

general lung cancer population must be considered given the often considerable co-

morbidities among these patients.

4.F.4. Are ITV or PTV density overrides necessary for accurate treatment 
planning?—In forming the ITV, automatic tools such as the MIP are often utilized to 

improve efficiency. When the ITV from the MIP is mapped onto the planning CT (either a 

free-breathing CT or average CT) the anatomy between the MIP and planning CT is not 

necessarily aligned. This raises a concern about the surrounding anatomy of the target within 

the planning CT dataset. If one were to map the ITV contour onto a free-breathing CT with 

artifacts in the vicinity of the tumor, it is likely that the density of the tumor will not be 

uniform, i.e. the tumor might be fragmented and include parts of surrounding lung tissue. 

This scenario would create a possible problem with regard to dose coverage and/or 

optimization in the context of IMRT. The target is likely to receive inadequate dose coverage 

if it is comprised of significant low-density lung tissue. Under such circumstances, it is not 

unreasonable to consider overriding the target density in the planning CT dataset.

In one study, researchers compared VMAT plans created on free breathing scans (FBP), time 

averaged scans (AVGP), free breathing (FB) scans with the internal target volume 

overridden to tumor density (ITVP), free breathing scans with the PTV overridden to tumor 

density (PTVP), and FB scans using a hybrid scheme, in which the ITV was set to tumor 

density and the PTV minus the ITV was set to a density intermediate between lung and 

tumor (hybrid density, HP). The plans were created for phantom experiments and 5 patient-

specific cases163. The authors concluded, based on the phantom measurements, that the 

hybrid density method (HP) may provide more accurate dose modeling and decreased 

normal lung irradiation for lung SBRT compared to the commonly used FBP and AVG 

planning approaches (for 3D plan using 1%/1mm gamma evaluation, HP passing rate = 

85%, FBP passing rate = 69%, and AVG passing rate = 65%, but using 2%/2mm, all 

methods passed with greater than a 96% passing rate)163. For the patient cases, all methods 

yielded similar D95 values; however, the PTVP and HP plans yielded significantly lower 

conformity indices than the other techniques (e.g. 1.11 versus 1.13)163. In general, research 

on this specific topic is limited, and additional studies are necessary.
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4.G. Imaging for position verification and localization

Image guidance is imperative to achieve the accuracy in patient positioning and in target and 

normal tissue localization necessary for the tight margins required for SBRT164. Purdie et al 

found a mean difference of 6.8 mm when comparing bony anatomy alignment versus target 

alignment using CBCT. Their mean residual error after CBCT localization was 1.9 mm165. 

If fiducials are implanted in the target, planar images can localize the target, CBCT 

consistently localizes targets more accurately and provides necessary information regarding 

possible deformation and nearby organs at risk164. Higgins et al evaluated various 

interfraction imaging protocols to determine if daily CBCT imaging is necessary. They 

derived setup margins of 3–4 mm if daily CBCT was used versus 5–9 mm if CBCT was 

done less often than every fraction166.

Once localized, the target must remain localized for the duration of treatment which is more 

challenging for the long treatment sessions involved in SBRT. Hugo et al compared 

pretreatment CBCTs to post treatment CBCTs and calculated the 95% confidence level for 

the lung target shifts to be 2.4 mm superior-inferior, 2.3 mm anterior-posterior, and 1.9 mm 

left-right167. In a similar study, Purdie et al plotted the lung target shift versus the time 

between the initial CBCT and the repeat CBCT. They found that beyond 34 minutes, the 

shift grew larger with a mean deviation of 5.3 mm165.

Although a powerful tool for IGRT, CBCT is susceptible to artifacts due to respiratory 

motion48. Fluoroscopy is useful for evaluating motion44, but it does not provide volumetric 

information. 4D CBCT has been used on patients by Sonke et al. Over the treatment session, 

their mean deviation of 4.1 mm is slightly better than that in Purdie et al’s study, but the time 

between imaging was 28 minutes as opposed to Purdie et al’s average of 34 minutes132, 165. 

Sonke et al also evaluated the systematic and random localization inaccuracies in each 

direction: systematic inaccuracies of 0.8 mm left-right, 0.8 mm superior-inferior, and 0.9 

mm anterior-posterior, random inaccuracies of 1.1 mm left-right, 1.1 mm superior-inferior, 

and 1.4 mm anterior-posterior132.

CBCT localization also lends itself to the possibility of adaptive planning. Various 

investigators have begun exploring the possibilities and challenges of adaptive planning as 

summarized by Mageras et al164.

CT-on-rails is another powerful tool for position verification and daily localization that also 

lends itself to adaptive planning. CT-on-rails integrates a diagnostic CT scanner into a 

radiotherapy treatment room. The distinguishing feature of such a system is the moving 

gantry CT scanner which is mounted on rails at the end of the treatment couch opposite the 

treatment gantry. The couch is usually rotated to 180° to acquire the daily image with the 

patient in the immobilization position. The couch is then rotated back to the linac side to 

proceed with treatment.168 The in room CT image can be aligned with the reference CT 

(planning CT) based on soft tissue and bony contrast168, 169. CT-on-rails has the advantage 

of more consistent and accurate registration with the planning CT as compared with 

CBCT168, and it allows image guided adaptive radiotherapy by modifying the treatment 

parameters according to changes in the patient’s anatomy before each treatment or during 

the course of radiotherapy169.
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4D CT-on-rails was used for target localization for 10 free breathing liver SBRT patients and 

more accurately localized target volumes than 3D CBCT170. In another study, CT-on-rails 

was used along with on line adaptive planning for 10 pancreatic patients171. All daily CTs 

were acquired with gating and were registered with the planning CT (50% phase) with the 

center of mass of the ITV aligned171. Online adaptive planning based on the CT of the day 

effectively accounted for interfractional variations that cannot be corrected for by IGRT 

repositioning, and this offered improved OAR sparing and permitted smaller PTV 

margins171. Table I lists advantages and disadvantages of the various imaging modalities.

5. DISCUSSION AND CONCLUSION

The efficacy of SBRT for lung and upper abdominal tumors has been demonstrated. 

Accurate target coverage and protection of critical structures are paramount to effective 

SBRT, but motion poses a particular challenge for these sites. Based on this review of 

literature, several recommendations follow:

1. A motion study should be performed for all SBRT lung and upper abdominal 

tumors and critical structures using 4D CT, 4D PET/CT, Cine MRI, 4D MRI, 

and/or 4D CBCT techniques.

2. The full range of motion of the treatment phases for the target and nearby critical 

structures must be incorporated into planning contours.

3. Planning image data sets can be derived from MIP, AIP, end expiration, CT50, or 

free breathing CT images with the following caveats:

a. MIP and AIP images can be used for lung targets, but not abdominal 

targets.

b. MIP images can be used if the full range of motion of the target does 

not overlap the full range of motion of any other structure other than 

low density lung.

c. Free breathing CT images can be used if the phase of the free breathing 

CT matches a treatment phase.

d. When treating with gating near end expiration, the end expiration phase 

or the phase nearest the midpoint of the breathing cycle (CT50 where 

CT0 is end inspiration) can be used for lung or upper abdominal targets, 

or when treating with free breathing, the mid-ventilation phase can be 

used for lung or upper abdominal targets.

4. PTV margins must account for setup error, anatomic changes, and intrafraction 

movement of the target

a. Setup error should be measured or otherwise determined for every 

clinical situation. Typical setup error is 2–4mm with daily CBCT, but is 

usually larger without daily volumetric imaging.

b. Intrafraction movement increases with treatment duration particularly if 

the duration exceeds 30min.
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i. Larger PTV margins can be used to account for this 

movement.

ii. Reimaging during treatment can be used to mitigate this effect.

c. If the intrafraction motion is large, MLC interplay effects may be of 

concern (this issue is still controversial and is discussed in section 

4.A.).

5. If normal tissue tolerances, based on Quantec guidelines172, relevant NRG/

RTOG protocols, or institutional criteria are exceeded, or MLC interplay effects 

are of concern (refer to section 4.A.), consider motion limiting techniques.

a. If gating, abdominal compression, respiratory limiting devices (ABC or 

spirometry), or tumor tracking (once developed to a clinical technique) 

is used, residual motion must still be included in ITV margins.

b. If not already planned using motion management techniques, the 

planning (and if necessary the planning scan) will have to be redone 

with the addition of such techniques.

c. Some centers use a motion limit (refer to section 4.A.) at the time of 

simulation to determine if a motion limiting technique will be used.

6. If gating (including breath hold or treating only during certain breathing phases) 

is used, coaching is recommended.

a. Coaching improves the correlation between internal volumes and 

external surrogates—especially audio-video coaching.

b. Treatment around end expiration is more reproducible and provides 

longer duty cycles; although, more lung is treated than at end 

inspiration. If gating around end inspiration is used, video coaching or a 

respiratory limiting device is necessary.

c. Amplitude gating is somewhat more consistent and accurate than phase 

gating. Audio coaching alone is sufficient for phase gating, but video 

coaching is necessary for amplitude gating; although, this tends to be 

more difficult for some patients to follow87.

7. Heterogeneity corrections are required131.

8. Monte Carlo or convolution/superposition algorithms should be used for 

planning, and pencil beam algorithms should not be used131.

9. Daily image guidance is required, and daily volumetric imaging (CBCT, 4D 

CBCT, or CT-on-rails) is preferred. Daily fluoroscopy is also suggested for lung 

SBRT patients.

10. Respiration should be monitored throughout treatment using skin surface 

monitors (e.g. cameras tracking reflective markers on the torso, laser tracking 

systems, or strain gages), breathing monitors (e.g. spirometers or thermistors), or 

tracking implanted markers (e.g. fiducials or transponders). Such monitors can 
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be used for gating but also inform therapists of breathing irregularities including 

coughs, sneezes allowing them to intervene in the treatment as necessary.

Several active areas of research remain including density overrides, motion limits, optimal 

treatment phases, combining doses over different phases, and tumor tracking. Such research 

will help provide a better understanding of dose delivery and treatment response in the 

future. In the meantime, AAPM TG Report No. 101 has provided recommendations for 

performing SBRT treatments including lung and upper abdominal tumors131. This present 

work provides additional recommendations for performing SBRT treatments for lung and 

upper abdominal tumors with potential adoption in clinical trial protocols for radiotherapy 

guidance.
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Fig. 1. 
Illustration of target volume contours: the red contour is the GTV, yellow is the IGTV, green 

is the ITV, and blue is the PTV.
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Table I

Advantages and disadvantages of various imaging modalities

Imaging Modality Advantages Disadvantages

Fluoroscopy -Relatively quick.
-Can evaluate motion at the time of treatment

-No cross-sectional anatomical information.
-Depends on high contrast for visualization

4D CT-on-rails -More consistent to planning CT as compared with CBCT
-Accurately positions patient and localizes target for treatment
-Lends itself to adaptive planning

-Requires sizably additional equipment

4D CT -Can develop gating scheme for radiotherapy
-Used for target and clinical structure delineation
-Slightly better target as compared with 3D free breathing 
images61

-Irregular respiration adversely affects quality
-Binning based on the respiratory signal can affect 
image quality

4D CBCT -Powerful tool for motion evaluation on the treatment table
-Accurately positions patient and localizes target for treatment
-Used successfully with lung SBRT
-Lends itself to adaptive planning

-Quality affected by breathing irregularities
-Aliasing artifacts
-Image quality is limited compared to traditional 
CT

4D PET/CT -Add respiratory correlated functional imaging to a 4D CT scan
-Corrects for respiratory motion artifacts in PET imaging
-Improves the accuracy of the PET to CT co-registration

-Quality affected by breathing irregularities.
-Aliasing artifacts
-Image quality is limited compared to traditional 
CT

2D Cine
MR imaging

-Can develop gating scheme for radiotherapy
-Can detect larger differences in hepatic intra-fraction tumor 
motion compared with 4D CT50

-No ionizing radiation
-Excellent soft tissue delineation
-can facilitate the development of motion models51

-Can observe respiratory motion for extended lengths of time

No volumetric information

4D MR imaging -Can develop a gating scheme for radiotherapy
-Excellent soft tissue delineation
-Powerful method for observing internal organ motion
-Does not use ionizing radiation

-Binning based on the respiratory signal can affect 
the quality
-MR planning not yet developed

4D
Ultrasound

-Does not use ionizing radiation -Not developed for 4D abdominal imaging
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