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Abstract
With the technologic advancements in image guidance and dose delivery, stereotactic body radiotherapy (SBRT) 

is being widely used for cancer treatment in various anatomical locations as a noninvasive alternative to surgery. To 
deliver ablative doses to tumors with limited normal tissue toxicity, SBRT requires high accuracy in treatment setup 
which requires taking tumor motion into account. Techniques are also applied in SBRT to minimize tumor motion 
during dose delivery. This paper reviews techniques for motion management in SBRT.
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Introduction
Stereotactic radiosurgery (SRS) and Stereotactic radiotherapy 

(SRT) are characterized by the delivery of a high radiation dose to a 
small volume in a short time interval with high accuracy as well as 
conformality. Intracranial SRS was first described by Lars Leksell using 
a stereotactic approach with a three dimensional Cartesian coordinate 
system to localize intracranial targets. The biologic effect of stereotactic 
irradiation rests on its ability of tumor ablation.

The great success of intracranial SRS has recently led to the 
development of similar techniques for the treatment of lesions outside 
the brain. Stereotactic body radiation therapy (SBRT), however, is much 
more complicated due to motion of targets and normal tissues. SBRT is 
used in the treatment of a wide range of tumor sites, including lung [1], 
liver [2], pancreas [3], prostate [4], spine [5], head-and-neck [6] and 
some other sites [7-12]. A variety of techniques have been reported to 
address this issue; these techniques for improvement of accuracy and 
precision can be classified into two broad categories: immobilization 
and motion reduction techniques, and image guidance. Immobilization 
with stereotactic body frames aims to optimize patient fixation, provide 
external reference system for stereotactic coordinates, and use a device 
to reduce breathing mobility. Image guidance technology allows the 
guidance of dose delivery with three-dimensional real-time information 
of target localization. These tools serve to reduce patient set-up errors 
and provide systematic assessment of organ motion and deformation 
during the course of treatment.

Different from the conventional radiotherapy, radiation dose is 
delivered in fewer fractions and higher fractional dose in SBRT [13]. 
For example, at our institution, if a patient with an early stage non-
small-cell lung cancer is treated with SBRT, 50 Gy is delivered in 5 
fractions, while, the conventional prescription would typically be 70 Gy 
in 35 fractions. 

Treatment plans are usually generated based on patients’ CT images 
and include either multiple non-coplanar fixed gantry beams or arcs. 
Multiple beams or large-angle arcs ensure sharp dose fall-off outside 
the target and help to reduce the skin dose which has a potential to 
cause serious injury [14]. The planning can be either forward (e.g., 3D 
conformal radiotherapy (3D-CRT)) or inverse intensity modulated 
radiotherapy (IMRT) or volumetric-modulated arc therapy (VMAT) 
[15,16]. The gross tumor volume (GTV) is contoured by a physician 
on the planning CT. The clinical target volume (CTV) is defined by a 
margin around GTV to include microscopic tumor extension. In lung 

SBRT, this expansion is often minimal, if any [17]. Another margin is 
then added to CTV to define the planning target volume (PTV), which 
takes account for daily setup error and tumor motion. The goal of a 
treatment plan is to cover the PTV with the prescribed radiation dose, 
and spare normal tissues surrounding PTV as much as possible at 
the same time. Unlike in conventional therapy, dose heterogeneity is 
allowed and even encouraged as long as the hot spots are confined to 
the PTV [13]. 

Because of the high fractional dose, it is extremely important that 
the treatment organ geometry is as close as possible to the planning 
CT data. Immobilization devices [18-21] or other inter-fractional 
motion management [22,23] is one way to move towards that goal 
[24]. The recent development in on-board imaging and cone beam CT 
technology greatly helps reducing the complexity of accurate patient 
setup [25].

During dose delivery, tumor motion due to respiration may vary 
the dose delivered to target volume and normal tissues [26,27]. Intra-
fractional motion management, including abdominal compression 
[28], breath hold [29,30], respiratory gating [31,32], tumor tracking 
[33,34], is essential in SBRT to reduce the motion and/or its effect on 
dose coverage.

Patient Immobilization
Vacuum cushions

A typical vacuum cushion consists of a flexible plastic bag filled 
with the tiny polystyrene beads. The bag is connected through a valve 
to a vacuum pump. When vacuum is drawn, the pillow forms a rigid 
cradle under the patient (Figure 1A). This rigid cradle formed at the 
time of simulation is capable of maintaining its shape throughout the 
entire treatment course. The impressions of the body on the vacuum 
cushion help to reproduce the patient’s position during any treatment 
fraction. 
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Vacuum cushions are commonly used in conventional 3-D 
conformal and intensity modulated radiotherapy (IMRT) treatments 
for patient positioning and immobilization. They are also an important 
piece of immobilization device in SBRT, used alone [22,35,36] or in 
combination with other immobilization devices [37,38].

Alpha cradles

Another type of the individualized external positioning device is 
made using Alpha CradleTM (Smithers Medical Products, Inc., North 
Canton, OH) foaming agents. After the foaming agents are mixed and 
poured into a cradle frame, patient lies down on the cradle which is 
covered by a plastic sheet. About 15 minutes later, a foam cradle that 
follows patient’s body contour is formed (Figure 1B). The cradle is then 
used during CT simulation and treatments for patient positioning and 
immobilization [39,40]. 

Thermoplastic masks

A clinical thermoplastic mask usually consists of a rigid frame that 
can be mounted to a treatment couch, and a piece of thermoplastic. 
The thermoplastic becomes soft and pliable when placed in a warm 
water bath. When the soft thermoplastic is pulled over a patient, it is 
molded to the patient’s body contour. After cooling, a rigid replica of 
the patient’s body contour is created, which can be used afterwards for 
patient repositioning before each treatment fraction.

Thermoplastic masks are sometimes used in SBRT, mostly together 
with vacuum cushions [37]. 

Body frame

Usually including an abdominal compression device (vide infra) 
and a vacuum cushion, stereotactic body frames are often used to reduce 
daily setup errors [2,21,38,41]. There are many different stereotactic 
body frames used clinically with the most commonly used developed 
by Elekta (Elekta Corp, Stockholm, Sweden, Figure 1C).

The stereotactic body frame is designed to be used with CT 
simulation for treatment planning and thereafter for each treatment 
fraction. The body frame has its own 3-D coordinate system, which 
can be read in CT images. The target volume and thus the treatment 
isocenter are defined using the body frame’s coordinate system. The 
immobilization function is realized by the vacuum cushion inside 
the body frame. The abdominal compression device is used to reduce 
diaphragm motion (vide infra).

Before each treatment, a CT scan is taken with patient in the body 
frame. The tumor volume location is examined relative to the body 
frame’s coordinate system. Isocenter adjustment is performed based on 
the CT examination. 

When CT simulation is performed prior to each treatment to 

correct larger target deviations or set-up errors, the PTV margin of 5 
mm is sufficient for lung, liver, abdominal, pelvic and bone cancers [21]. 

Intra-Fractional Motion Management
Patient motion during treatment includes respirations, cough, bowel 

peristalsis, etc., with the respiratory motion being most problematic for 
SBRT. Reducing respiratory motion and/or its dosimetric consequences 
is one of the major components of an SBRT Program. Different 
techniques have been suggested.

Abdominal compression

Minimizing respiratory motion with the application of abdominal 
pressure during pretreatment imaging and treatment delivery is a 
simple method to minimize respiratory-induced tumor mobility for 
both lung and liver lesions. Patients are forced to take shallow and fast 
breath when upper abdomen is pushed down by a pressure device, 
which limits diaphragm caudal excursion. 

The pressure device built in a stereotactic body frame is usually 
controlled by a scaled screw which provides reproducible position of 
the compression plate for the entire treatment course [21]. Heinzerling 
et al. [27] reported a modification to this device: a pressure sensor 
is inserted under the plate so that the pressure can be quantitatively 
recorded and reproduced.

Breath hold

Another method to reduce tumor motion is breath-holding. This 
however requires patients who posses a relatively good respiratory 
function and are cooperative to follow systemic coaching. Residual 
mobility exists and should be accounted for.

Treatment planning is performed on a particular phase of a 4D 
CT scan. After the initial setup and tumor position verification, the 
radiation dose is delivered while the patient holds his breath at the 
planned respiratory phase, while the beam is put on hold (beam off) 
when the phase starts to deviate from the planned respiratory phase. 

The breath cycle phase and/or the breath hold tidal volumes are 
often monitored by a spirometer. The reproducibility of organ position 
can be 5.1 ± 4.8 mm in the superior-inferior direction inter-fraction, 
and 4.0 ± 3.5 mm intra-fraction, at the end-inspiration phase. The 
end-expiration position is more stable, leading to a residual motion 
magnitude of about a half of that at the end-inspiration [30]. The 
study was conducted with 5 healthy volunteers. In another study of 20 
patients without using a respiratory monitoring device [42], the intra-
fractional mean maximum differences in deep inspiration were 2.2 
and 3.1 mm in superior-inferior direction for self controlled (active) 
and following verbal command (passive) breath hold, respectively. The 
anterior-posterior differences were 1.4 and 2.4 mm and right-left 1.3 
and 2.2 mm, respectively. 

Radiation can be delivered at either expiration [43,44] or 
inspiration [45]. The advantage of using the expiration phase is better 
reproducibility [30], while the advantage of treating at inspiration is the 
potential for greater separation between the target and sensitive organs, 
with the resulting decrease in treatment toxicity [46]. In addition, 
for lung SBRT the irradiated lung volume is reduced when treated 
on inspiration [47] and it is easier for the patient to comply with. In 
abdominal cancer treatment, expiration breath hold is more preferred 
because it is more stable [29,30,48]. While the dosimetric advantages 
of expiration vs. inspiration breath hold were subject to debate [47,49], 
either one is preferable to free breathing. The maximum reduction in the 
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Figure 1: (A) Vacuum cushion, courtesy of Qfix.Systems. (B) Alpha cradle, 
courtesy of Smithers Medical Products. (C) Elekta stereotactic body frame, 
courtesy of Elekta Corp.
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lung volume irradiated to modest doses during lung SBRT associated 
with the deep inspiration breath hold is realized when the PTV margins 
are small (5 mm) [50] . 

Respiratory gating

The idea of respiratory gating is similar to breath hold: radiation 
is delivered during a certain part of the respiratory cycle as defined 
in the treatment plan. The difference is that the patient can breathe 
freely and the radiation beam on/off state is controlled by a respiration 
monitor, with the beam being turned one periodically. The respiratory 
gating technique was introduced to conventional radiotherapy in late 
1980s [51] and clinically implemented later on using linear accelerators 
especially for SBRT [52,53]. 

The respiratory gating process starts with the acquisition of a time-
correlated (4D) CT scan. The patient breathing cycle is monitored and 
a quasi-periodic respiration trace curve is obtained. The breathing 
cycle is divided into multiple, typically 10, separate segments, either by 
phase or amplitude. Multiple gantry rotations are needed at each table 
position to capture the images corresponding to each respiratory phase. 
A properly sorted stack of images acquired at the same phase provides 
a 3D CT dataset for that phase. A full set of such 3D datasets for all 
respiratory phases constitutes a 4D CT dataset. The CT projections can 
be time (phase) stamped either through axial scanning with prospective 
binning [54] or helical scanning with retrospective binning [55]. 4D 
CT scans dramatically decrease respiratory motion artifacts prominent 
in conventional CT datasets. Ford et al. reported that reconstruction 
volumes match those expected on the phantom scans to 5% or less [56]. 

Major commercial respiration monitoring systems include the 
Real-Time Position Management (RPM) Respiratory Gating System 
(Varian Medical Systems, Palo Alto, CA), ExacTracTM (BrainLAB AG, 
Heimstetten, Germany) and air bellows belt adapted by Big Bore CTTM 
(Philips Medical Systems, Cleveland, OH), three-dimensional surface 
tracking GateCTTM and Gate RTTM (Vision RT Ltd, London, UK). 

The RPM system uses a camera, infrared light sources and a reflector. 
The reflector is placed on patient’s abdomen. The reflector box position, 
which is assumed to correlate to respiration phases, is obtained by the 
camera acquiring the reflected infrared light. The respiratory gating 
technology in ExacTrac system is conceptually similar to RPM, with 
the different reflectors and camera design. Three-dimensional (3-D) 
surface tracking is a newer optical based technology. The pattern of light 
is projected on the patient surface and its shape is constantly monitored 
by the two or three angled cameras. The respiratory phase is correlated 
to the reconstructed 3-D surface motion. The air bellows belt technique 
differs by using pressure sensor instead of optical technologies. An 
air bellows belt is placed around patient’s abdomen. As the abdomen 
moves with respiration, the volume of the bellows changes, resulting 
in the pressure changes converted by the transducer into a pressure 
waveform from which the respiratory phase information is extracted. 

Overall treatment time depends on the gating duty cycle (the ratio 
of the beam on time to the total elapsed time). A typical duty cycle 
used in respiratory gating is about 30%. The residual motion of the 
target volume also depends on the duty cycle [57]. The more phases are 
allowed for beam on, the higher is the duty cycle, but it obviously also 
allows for more residual motion. A compromise between treatment 
time and residual motion range needs to be made. 

Tumor tracking

Ideally, radiation beams should follow the tumor. Technically, this 

is not easy to achieve due to the fact that real time tumor localization 
is still a difficult task with current technologies. However, periodical 
tumor motion monitoring is available in some commercial radiotherapy 
equipment, including Cyberknife (Accuray, Inc., Sunnyvale, CA). 
Differing from the other linear accelerators using a gantry rotating in 
a single plane, Cyberknife has its small linear accelerator mounted on 
a robotic arm, and is designed to deliver radiation beams from many 
possible angles. This flexibility provides tumor tracking capability. The 
in-room orthogonal x-ray system periodically takes x-ray images of 
radio-opaque fiducials inside or close to the tumor. The locations of the 
fiducials are calculated from the orthogonal images and compared to 
the reference locations. If the difference exceeds tolerance, the robotic 
linear accelerator adjusts its direction to aim at the new location of 
the target volume. A real-time respiratory motion tracking system, 
the Synchrony®  respiratory tracking system, enables the Cyberknife 
beam to track the tumor based on the external breathing signal and 
the correlation model that relates the external breathing signal with the 
motion of the internal markers [58,59]. Usually, longer treatment times 
are associated with the robotic linear accelerator technology due to the 
small beam apertures.

Another passive tumor tracking technique has been employed with 
the conventional gantry-based linear accelerators. Using fluoroscopic 
tracking, the system triggers the linear accelerator to start and stop 
treatment only when the markers are located within a predetermined 
range. Ideally, four fiducial markers are needed to accurately detect 
tumor rotation and volumetric changes during treatment [60]. 
Limitations exist and include the feasibility and/or ability of inserting 
markers in tumors accurately and potential displacement or migration 
of the markers [61,62]. Available data demonstrated that migration 
of the markers was not a significant problem when treating liver and 
prostate lesions [63].

Breath hold technique may be used together with tumor tracking in 
order to ensure reproducibility [64].

Image Guidance Technology
The potent fractional dose in SBRT requires accurate delivery 

of radiation to target volume. Image guidance is an indispensable 
component in SBRT to guarantee accurate delivery [65]. Because of the 
advanced image guided radiotherapy (IGRT) technologies, frameless 
SBRT became feasible and popular [37,66-68].

Siemens CT-on-RailsTM has already been used clinically for quite a 
few years. The more recent IGRT technologies include Varian and Elekta 
on-board kilovoltage cone-beam CT (CBCT, Figure 2A). CBCT scans 
are taken prior to each treatment. The couch orientation does not need 
to change between the CT scan and treatment. Isocenter adjustments 
can be made remotely through table movements right after the CT 

A B

Figure 2: (A) Varian on-board imager that is capable of cone-beam CT imaging 
for treatment setup. Image provided courtesy of Varian Medical Systems. (B) 
Orthogonal x-ray system in Novalis for IGRT. Image provided courtesy of 
BrainLAB AG. 
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scan and the treatment is carried out immediately thereafter. Treatment 
tables or couches have traditionally provided three axis translations, but 
six-degree of freedom tables offering rotational adjustments (pitch, roll 
and yaw) are entering the market [69]. Another IGRT technique often 
used for SBRT is a kV image pair obtained from either an in-room x-ray 
system (Figure 2B) or on-board imager. 

Radio-opaque fiducial markers are often surgically inserted into 
or near the target volume for better visualization. Usually, a pair of 
x-ray images is taken prior to treatment, and the fiducial marker or 
bony structure locations are compared with the digitally reconstructed 
radiograph (DRR) from the treatment planning CT. Isocenter 
adjustment, in 3D or 6D again can be made remotely immediately prior 
to treatment [31,43,70].

Treatment Improvement
Setup margin can be 5 mm or even smaller for lung SBRT irrespective 

of immobilization method when CBCT is used in IGRT [71-73]. 
The residual error however tends to increase as the treatment time 
increases, depending on the patient’s performance status [74]. Without 
CBCT guidance, the typical CTV-PTV margin to account for motion 
and setup deviation in lung cancer IMRT treatment would be 11 mm in 
the transversal plane and 15 mm cranially and caudally [75].

Abdominal compression significantly reduces tumor motion range 
[19,28,76-78]. Normally, thoracic tumor motion ranges from 0 to 
2 cm or even more [79,80]. With abdominal compression this range 
can be reduced to sub-centimeter, often to under than 5 mm. Tumor 
motion reduction using abdominal compression in liver was reported 
to be significant as well. For most patients, the motion amplitude was 
reduced to less than 5 mm in all directions [81]. However, another 
study showed that although abdominal compression reduced tumor 
motion in most patients, the magnitude of reduction was smaller than 
previously reported [82]. This difference may be due to the different 
compression forces. As reported by Heinzerling et al. motion range 
reduction varies with compression force [27]. With IGRT, CTV to PTV 
expansion margin in SBRT can be reduced, and thus large increases in 
the therapeutic ratio for the liver plans could be obtained [83]. 

In conventional radiotherapy, the local tumor control is historically 
poor for stage I Non-small-cell lung cancer (NSCLC) treatments, about 
30% to 50% at 5 years, usually due to insufficient total dose to the target 
[84]. With escalation to a higher dose necessary for optimal tumor 
control, high risk of unacceptable lung toxicity exists [85]. In SBRT, the 
radiation dose to the normal tissue is minimized and the dose to the 
target is increased resulting in biologically equivalent doses up to twice 
as high as in conventional radiotherapy. This improves the local tumor 
control rates to higher than 90% at 3 years [86] and 73% at 5 years 
for stage I NSCLC, comparable to the rates after surgery [87]. Good 
quality of life, overall survival rate and low toxicity were also reported 
in addition to excellent local control [88,89]. Caution should be used 
when using SBRT to treat lung cancers near the central airways due to 
excessive toxicity [38]. Good local control and comparable toxicity was 
also achieved in liver [90], head and neck [91], and prostate [4] SBRT.

Conclusions
SBRT is a rapidly expanding non-invasive treatment modality for 

cancer management. Continuing advances in computing technologies 
and medical imaging will allow us to correct the inherent complex issue 
of organ motion and its implication on tumor target localization.

References 

1. Okunieff P, Petersen AL, Philip A, Milano MT, Katz AW, et al. (2006) Stereotactic 
Body Radiation Therapy (SBRT) for lung metastases. Acta Oncol 45: 808-817.

2. Schefter TE, Kavanagh BD, Timmerman RD, Cardenes HR, Baron A, et al. 
(2005) A phase I trial of stereotactic body radiation therapy (SBRT) for liver 
metastases. Int J Radiat Oncol Biol Phys 62: 1371-1378.

3. Rwigema JC, Parikh SD, Heron DE, Howell M, Zeh H, et al. (2011) Stereotactic 
body radiotherapy in the treatment of advanced adenocarcinoma of the 
pancreas. Am J Clin Oncol 34: 63-69.

4. King CR, Brooks JD, Gill H, Pawlicki T, Cotrutz C, et al. (2009) Stereotactic 
body radiotherapy for localized prostate cancer: interim results of a prospective 
phase II clinical trial. Int J Radiat Oncol Biol Phys 73: 1043-1048.

5. Chang EL, Shiu AS, Mendel E, Mathews LA, Mahajan A, et al. (2007) Phase I/II 
study of stereotactic body radiotherapy for spinal metastasis and its pattern of 
failure. J Neurosurg Spine 7:151-160.

6. Siddiqui F, Patel M, Khan M, McLean S, Dragovic J, et al. (2009) Stereotactic 
body radiation therapy for primary, recurrent, and metastatic tumors in the 
head-and-neck region. Int J Radiat Oncol Biol Phys 74:1047-1053.

7. Jhaveri PM, Teh BS, Paulino AC, Blanco AI, Lo SS, et al. (2012) A dose-
response relationship for time to bone pain resolution after stereotactic body 
radiotherapy (SBRT) for renal cell carcinoma (RCC) bony metastases. Acta 
Oncol 51: 584-588.

8. Guckenberger M, Bachmann J, Wulf J, Mueller G, Krieger T, et al. (2010) 
Stereotactic body radiotherapy for local boost irradiation in unfavourable locally 
recurrent gynaecological cancer. Radiother Oncol 94: 53-59.

9. Higginson DS, Morris DE, Jones EL, Clarke-Pearson D, Varia MA (2011) 
Stereotactic body radiotherapy (SBRT): Technological innovation and 
application in gynecologic oncology. Gynecol Oncol 120: 404-412.

10. Eldaya RW, Lo SS, Paulino AC, Blanco AI, Brian BE, et al. (2012) Diagnosis 
and treatment options including stereotactic body radiation therapy (SBRT) for 
adrenal metastases. J Radiat Oncol 1:43-48.

11. Kim MS, Cho CK, Yang KM, Lee DH, Moon SM, et al. (2009) Stereotactic body 
radiotherapy for isolated paraaortic lymph node recurrence from colorectal 
cancer. World J Gastroenterol 15: 6091-6095.

12. Teh BS, Paulino AC, Lu HH, Chiu JK, Richardson S, et al. (2007) Versatility of 
the Novalis system to deliver image-guided stereotactic body radiation therapy 
(SBRT) for various anatomical sites. Technol Cancer Res Treat 6: 347-354.

13. Benedict SH, Yenice KM, Followill D, Galvin JM, Hinson W, et al. (2010) 
Stereotactic body radiation therapy: the report of AAPM Task Group 101. Med 
Phys 37: 4078-4101.

14. Hoppe BS, Laser B, Kowalski AV, Fontenla SC, Pena-Greenberg E, et al. 
(2008) Acute skin toxicity following stereotactic body radiation therapy for stage 
I non-small-cell lung cancer: who’s at risk? Int J Radiat Oncol Biol Phys 72: 
1283-1286.

15. Holt A, van Vliet-Vroegindeweij C, Mans A, Belderbos JS, Damen EM (2011) 
Volumetric-modulated arc therapy for stereotactic body radiotherapy of lung 
tumors: a comparison with intensity-modulated radiotherapy techniques. Int J 
Radiat Oncol Biol Phys 81:1560-1567.

16. Zhang GG, Ku L, Dilling TJ, Stevens CW, Zhang RR, et al. (2011) Volumetric 
modulated arc planning for lung stereotactic body radiotherapy using 
conventional and unflattened photon beams: a dosimetric comparison with 3D 
technique. Radiat Oncol 6:152.

17. Timmerman RD, Park C, Kavanagh BD (2007) The North American experience 
with stereotactic body radiation therapy in non-small cell lung cancer. J Thorac 
Oncol 2: 101-112. 

18. Fairclough-Tompa L, Larsen T, Jaywant SM (2001) Immobilization in stereotactic 
radiotherapy: the head and neck localizer frame. Med Dosim 26: 267-273.

19. Herfarth KK, Debus J, Lohr F, Bahner ML, Fritz P, et al. (2000) Extracranial 
stereotactic radiation therapy: set-up accuracy of patients treated for liver 
metastases. Int J Radiat Oncol Biol Phys 46: 329-335.

20. Nevinny-Stickel M, Sweeney RA, Bale RJ, Posch A, Auberger T, et al. (2004) 
Reproducibility of patient positioning for fractionated extracranial stereotactic 
radiotherapy using a double-vacuum technique. Strahlenther Onkol 180: 117-
122.

http://www.ncbi.nlm.nih.gov/pubmed/16982544
http://www.ncbi.nlm.nih.gov/pubmed/16982544
http://www.ncbi.nlm.nih.gov/pubmed/16029795
http://www.ncbi.nlm.nih.gov/pubmed/16029795
http://www.ncbi.nlm.nih.gov/pubmed/16029795
http://www.ncbi.nlm.nih.gov/pubmed/20308870
http://www.ncbi.nlm.nih.gov/pubmed/20308870
http://www.ncbi.nlm.nih.gov/pubmed/20308870
http://www.ncbi.nlm.nih.gov/pubmed/18755555
http://www.ncbi.nlm.nih.gov/pubmed/18755555
http://www.ncbi.nlm.nih.gov/pubmed/18755555
http://www.ncbi.nlm.nih.gov/pubmed/17688054
http://www.ncbi.nlm.nih.gov/pubmed/17688054
http://www.ncbi.nlm.nih.gov/pubmed/17688054
http://www.ncbi.nlm.nih.gov/pubmed/19327895
http://www.ncbi.nlm.nih.gov/pubmed/19327895
http://www.ncbi.nlm.nih.gov/pubmed/19327895
http://www.ncbi.nlm.nih.gov/pubmed/22248089
http://www.ncbi.nlm.nih.gov/pubmed/22248089
http://www.ncbi.nlm.nih.gov/pubmed/22248089
http://www.ncbi.nlm.nih.gov/pubmed/22248089
http://www.ncbi.nlm.nih.gov/pubmed/20079550
http://www.ncbi.nlm.nih.gov/pubmed/20079550
http://www.ncbi.nlm.nih.gov/pubmed/20079550
http://www.ncbi.nlm.nih.gov/pubmed/21194733
http://www.ncbi.nlm.nih.gov/pubmed/21194733
http://www.ncbi.nlm.nih.gov/pubmed/21194733
http://cat.inist.fr/?aModele=afficheN&cpsidt=25885769
http://cat.inist.fr/?aModele=afficheN&cpsidt=25885769
http://cat.inist.fr/?aModele=afficheN&cpsidt=25885769
http://www.ncbi.nlm.nih.gov/pubmed/20027683
http://www.ncbi.nlm.nih.gov/pubmed/20027683
http://www.ncbi.nlm.nih.gov/pubmed/20027683
http://www.ncbi.nlm.nih.gov/pubmed/17668943
http://www.ncbi.nlm.nih.gov/pubmed/17668943
http://www.ncbi.nlm.nih.gov/pubmed/17668943
http://www.ncbi.nlm.nih.gov/pubmed/20879569
http://www.ncbi.nlm.nih.gov/pubmed/20879569
http://www.ncbi.nlm.nih.gov/pubmed/20879569
http://www.ncbi.nlm.nih.gov/pubmed/19028267
http://www.ncbi.nlm.nih.gov/pubmed/19028267
http://www.ncbi.nlm.nih.gov/pubmed/19028267
http://www.ncbi.nlm.nih.gov/pubmed/19028267
http://www.ncbi.nlm.nih.gov/pubmed/21300461
http://www.ncbi.nlm.nih.gov/pubmed/21300461
http://www.ncbi.nlm.nih.gov/pubmed/21300461
http://www.ncbi.nlm.nih.gov/pubmed/21300461
http://www.ncbi.nlm.nih.gov/pubmed/22070866
http://www.ncbi.nlm.nih.gov/pubmed/22070866
http://www.ncbi.nlm.nih.gov/pubmed/22070866
http://www.ncbi.nlm.nih.gov/pubmed/22070866
http://www.ncbi.nlm.nih.gov/pubmed/17603304
http://www.ncbi.nlm.nih.gov/pubmed/17603304
http://www.ncbi.nlm.nih.gov/pubmed/17603304
http://www.ncbi.nlm.nih.gov/pubmed/11704463
http://www.ncbi.nlm.nih.gov/pubmed/11704463
http://www.ncbi.nlm.nih.gov/pubmed/10661339
http://www.ncbi.nlm.nih.gov/pubmed/10661339
http://www.ncbi.nlm.nih.gov/pubmed/10661339
http://www.ncbi.nlm.nih.gov/pubmed/14762665
http://www.ncbi.nlm.nih.gov/pubmed/14762665
http://www.ncbi.nlm.nih.gov/pubmed/14762665
http://www.ncbi.nlm.nih.gov/pubmed/14762665


Citation: Zhang GG, Michael Yu HH, Stevens CW, Dilling TJ, Hoffe SE, et al. (2012) Motion Management in Stereotactic Body Radiotherapy. J Nucl Med 
Radiat Ther S6:012. doi:10.4172/2155-9619.S6-012

Page 5 of 6

J Nucl Med Radiat Ther      Cancer Radiation Therapy                         ISSN:2155-9619 JNMRT an open access journal 

21. Wulf J, Hädinger U, Oppitz U, Olshausen B, Flentje M (2000) Stereotactic 
radiotherapy of extracranial targets: CT-simulation and accuracy of treatment 
in the stereotactic body frame. Radiother Oncol 57: 225-236.

22. Takai Y, Mituya M, Nemoto K, Ogawa Y, Kakuto Y, et al. (2001) Simple method 
of stereotactic radiotherapy without stereotactic body frame for extracranial 
tumors. Nippon Igaku Hoshasen Gakkai Zasshi 61: 403-407.

23. Wang LT, Solberg TD, Medin PM, Boone R (2001) Infrared patient positioning 
for stereotactic radiosurgery of extracranial tumors. Comput Biol Med 31: 101-
111.

24. Potters L, Steinberg M, Rose C, Timmerman R, Ryu S, et al. (2004) American 
Society for Therapeutic Radiology and Oncology and American College of 
Radiology practice guideline for the performance of stereotactic body radiation 
therapy. Int J Radiat Oncol Biol Phys 60: 1026-1032.

25. Chang J, Yenice KM, Narayana A, Gutin PH (2007) Accuracy and feasibility 
of cone-beam computed tomography for stereotactic radiosurgery setup. Med 
Phys 34: 2077-2084.

26. Guerrero T, Zhang G, Segars W, Huang TC, Bilton S, et al. (2005) Elastic 
image mapping for 4-D dose estimation in thoracic radiotherapy. Radiat Prot 
Dosimetry 115: 497-502.

27. Heinzerling JH, Anderson JF, Papiez L, Boike T, Chien S, et al. (2008) Four-
dimensional computed tomography scan analysis of tumor and organ motion at 
varying levels of abdominal compression during stereotactic treatment of lung 
and liver. Int J Radiat Oncol Biol Phys 70: 1571-1578.

28. Negoro Y, Nagata Y, Aoki T, Mizowaki T, Araki N, et al. (2001) The effectiveness 
of an immobilization device in conformal radiotherapy for lung tumor: reduction 
of respiratory tumor movement and evaluation of the daily setup accuracy. Int J 
Radiat Oncol Biol Phys 50: 889-898.

29. Dawson LA, Brock KK, Kazanjian S, Fitch D, McGinn CJ, et al. (2001) The 
reproducibility of organ position using active breathing control (ABC) during 
liver radiotherapy. Int J Radiat Oncol Biol Phys 51: 1410-1421.

30. Kimura T, Hirokawa Y, Murakami Y, Tsujimura M, Nakashima T, et al. (2004) 
Reproducibility of organ position using voluntary breath-hold method with 
spirometer for extracranial stereotactic radiotherapy. Int J Radiat Oncol Biol 
Phys 60: 1307-1313.

31. Wurm RE, Gum F, Erbel S, Schlenger L, Scheffler D, et al. (2006) Image 
guided respiratory gated hypofractionated Stereotactic Body Radiation Therapy 
(H-SBRT) for liver and lung tumors: Initial experience. Acta Oncol 45: 881-889.

32. Kitamura K, Shirato H, Seppenwoolde Y, Shimizu T, Kodama Y, et al. (2003) 
Tumor location, cirrhosis, and surgical history contribute to tumor movement in 
the liver, as measured during stereotactic irradiation using a real-time tumor-
tracking radiotherapy system. Int J Radiat Oncol Biol Phys 56: 221-228.

33. Schweikard A, Shiomi H, Adler J (2004) Respiration tracking in radiosurgery. 
Med Phys 31: 2738-2741.

34. Gerszten PC, Ozhasoglu C, Burton SA, Vogel WJ, Atkins BA, et al. (2004) 
CyberKnife frameless stereotactic radiosurgery for spinal lesions: clinical 
experience in 125 cases. Neurosurgery 55: 89-99.

35. Herfarth KK, Debus J, Lohr F, Bahner ML, Rhein B, et al. (2001) Stereotactic 
single-dose radiation therapy of liver tumors: results of a phase I/II trial. J Clin 
Oncol 19: 164-170.

36. Di Muzio N, Bettinardi V, Landoni C, Schipani S, Danna M, et al. (2006) 
Target volume definition for stereotactic radiotherapy of lung metastases : a 
comparison between PET/CT and 4D-PET/CT. Int J Radiat Oncol Biol Phys 
66: S681.

37. Shioyama Y, Nakamura K, Anai S, Sasaki T, Ooga S, et al. (2005) Stereotactic 
radiotherapy for lung and liver tumors using a body cast system: setup accuracy 
and preliminary clinical outcome. Radiat Med 23: 407-413.

38. [Timmerman R, McGarry R, Yiannoutsos C, Papiez L, Tudor K, et al. (2006) 
Excessive toxicity when treating central tumors in a Phase II study of 
stereotactic body radiation therapy for medically inoperable early-stage lung 
cancer. J Clin Oncol 24: 4833-4839.

39. Schefter TE, Kavanagh BD, Raben D, Kane M, Chen C, et al. (2006) A phase I/
II trial of stereotactic body radiation therapy (SBRT) for lung metastases: Initial 
report of dose escalation and early toxicity. Int J Radiat Oncol Biol Phys 66: 
S120-S127.

40. Jin JY, Ajlouni M, Ryu S, Chen Q, Li S, et al. (2007) A technique of quantitatively 

monitoring both respiratory and nonrespiratory motion in patients using external 
body markers. Med Phys 34: 2875-2881.

41. Nagata Y, Takayama K, Matsuo Y, Norihisa Y, Mizowaki T, et al. (2005) Clinical 
outcomes of a phase I/II study of 48 Gy of stereotactic body radiotherapy in 4 
fractions for primary lung cancer using a stereotactic body frame. Int J Radiat 
Oncol Biol Phys 63: 1427-1431.

42. Onishi H, Kuriyama K, Komiyama T, Tanaka S, Ueki J, et al. (2003) CT 
evaluation of patient deep inspiration self-breath-holding: how precisely can 
patients reproduce the tumor position in the absence of respiratory monitoring 
devices? Med Phys 30:1183-1187.

43. Katz AW, Carey-Sampson M, Muhs AG, Milano MT, Schell MC, et al. (2007) 
Hypofractionated stereotactic body radiation therapy (SBRT) for limited hepatic 
metastases. Int J Radiat Oncol Biol Phys 67: 793-798.

44. O’Dell WG, Schell MC, Reynolds D, Okunieff R (2002) Dose broadening due to 
target position variability during fractionated breath-held radiation therapy. Med 
Phys 29:1430-1437.

45. Onishi H, Kuriyama K, Komiyama T, Tanaka S, Sano N, et al. (2004) Clinical 
outcomes of stereotactic radiotherapy for stage I non-small cell lung cancer 
using a novel irradiation technique: patient self-controlled breath-hold and 
beam switching using a combination of linear accelerator and CT scanner. Lung 
Cancer 45: 45-55.

46. Mageras GS, Yorke E (2004) Deep inspiration breath hold and respiratory 
gating strategies for reducing organ motion in radiation treatment. Semin 
Radiat Oncol 14: 65-75.

47. Peng Y, Vedam S, Chang JY, Gao S, Sadagopan R, et al. (2011) Implementation 
of feedback-guided voluntary breath-hold gating for cone beam CT-based 
stereotactic body radiotherapy. Int J Radiat Oncol Biol Phys 80: 909-917.

48. Nakamura M, Shibuya K, Shiinoki T, Matsuo Y, Nakamura A, et al. (2011) 
Positional reproducibility of pancreatic tumors under end-exhalation breath-
hold conditions using a visual feedback technique. Int J Radiat Oncol Biol Phys 
79: 1565-1571.

49. Butler LE, Forster KM, Stevens CW, Bloch C, Liu HH, et al. (2004) Dosimetric 
benefits of respiratory gating: a preliminary study. J Appl Clin Med Phys 5: 16-
24.

50. Kontrisova K, Stock M, Dieckmann K, Bogner J, Pötter R, et al. (2006) 
Dosimetric comparison of stereotactic body radiotherapy in different respiration 
conditions: a modeling study. Radiother Oncol 81: 97-104.

51. Ohara K, Okumura T, Akisada M, Inada T, Mori T, et al. (1989) Irradiation 
synchronized with respiration gate. Int J Radiat Oncol Biol Phys 17: 853-857.

52. Shirato H, Shimizu S, Kunieda T, Kitamura K, van Herk M, et al. (2000) Physical 
aspects of a real-time tumor-tracking system for gated radiotherapy. Int J Radiat 
Oncol Biol Phys 48: 1187-1195.

53. Tada T, Minakuchi K, Fujioka T, Sakurai M, Koda M, et al. (1998) Lung cancer: 
intermittent irradiation synchronized with respiratory motion--results of a pilot 
study. Radiology 207: 779-783.

54. Low DA, Nystrom M, Kalinin E, Parikh P, Dempsey JF, et al. (2003) A method for 
the reconstruction of four-dimensional synchronized CT scans acquired during 
free breathing. Med Phys 30: 1254-1263.

55. Keall PJ, Starkschall G, Shukla H, Forster KM, Ortiz V, et al. (2004) Acquiring 
4D thoracic CT scans using a multislice helical method. Phys Med Biol 49: 
2053-2067.

56. Ford EC, Mageras GS, Yorke E, Ling CC (2003) Respiration-correlated spiral 
CT: a method of measuring respiratory-induced anatomic motion for radiation 
treatment planning. Med Phys 30: 88-97.

57. Berbeco RI, Nishioka S, Shirato H, Chen GT, Jiang SB (2005) Residual motion 
of lung tumours in gated radiotherapy with external respiratory surrogates. 
Phys Med Biol 50: 3655-3667.

58. Hoogeman M, Prévost JB, Nuyttens J, Pöll J, Levendag P, et al. (2009) 
Clinical accuracy of the respiratory tumor tracking system of the cyberKnife: 
assessment by analysis of log files. Int J Radiat Oncol Biol Phys 74: 297-303.

59. Seppenwoolde Y, Berbeco RI, Nishioka S, Shirato H, Heijmen B (2007) 
Accuracy of tumor motion compensation algorithm from a robotic respiratory 
tracking system: a simulation study. Med Phys 34: 2774-2784.

60. Murphy MJ (2002) Fiducial-based targeting accuracy for external-beam 
radiotherapy. Med Phys 29: 334-344.

http://www.ncbi.nlm.nih.gov/pubmed/11054527
http://www.ncbi.nlm.nih.gov/pubmed/11054527
http://www.ncbi.nlm.nih.gov/pubmed/11054527
http://www.ncbi.nlm.nih.gov/pubmed/11524815
http://www.ncbi.nlm.nih.gov/pubmed/11524815
http://www.ncbi.nlm.nih.gov/pubmed/11524815
http://www.ncbi.nlm.nih.gov/pubmed/11165218
http://www.ncbi.nlm.nih.gov/pubmed/11165218
http://www.ncbi.nlm.nih.gov/pubmed/11165218
http://www.ncbi.nlm.nih.gov/pubmed/15519771
http://www.ncbi.nlm.nih.gov/pubmed/15519771
http://www.ncbi.nlm.nih.gov/pubmed/15519771
http://www.ncbi.nlm.nih.gov/pubmed/15519771
http://www.ncbi.nlm.nih.gov/pubmed/17654911
http://www.ncbi.nlm.nih.gov/pubmed/17654911
http://www.ncbi.nlm.nih.gov/pubmed/17654911
http://www.ncbi.nlm.nih.gov/pubmed/16381774
http://www.ncbi.nlm.nih.gov/pubmed/16381774
http://www.ncbi.nlm.nih.gov/pubmed/16381774
http://www.ncbi.nlm.nih.gov/pubmed/18374231
http://www.ncbi.nlm.nih.gov/pubmed/18374231
http://www.ncbi.nlm.nih.gov/pubmed/18374231
http://www.ncbi.nlm.nih.gov/pubmed/18374231
http://www.ncbi.nlm.nih.gov/pubmed/11429216
http://www.ncbi.nlm.nih.gov/pubmed/11429216
http://www.ncbi.nlm.nih.gov/pubmed/11429216
http://www.ncbi.nlm.nih.gov/pubmed/11429216
http://www.ncbi.nlm.nih.gov/pubmed/11728702
http://www.ncbi.nlm.nih.gov/pubmed/11728702
http://www.ncbi.nlm.nih.gov/pubmed/11728702
http://www.ncbi.nlm.nih.gov/pubmed/15519804
http://www.ncbi.nlm.nih.gov/pubmed/15519804
http://www.ncbi.nlm.nih.gov/pubmed/15519804
http://www.ncbi.nlm.nih.gov/pubmed/15519804
http://www.ncbi.nlm.nih.gov/pubmed/16982554
http://www.ncbi.nlm.nih.gov/pubmed/16982554
http://www.ncbi.nlm.nih.gov/pubmed/16982554
http://www.ncbi.nlm.nih.gov/pubmed/12694842
http://www.ncbi.nlm.nih.gov/pubmed/12694842
http://www.ncbi.nlm.nih.gov/pubmed/12694842
http://www.ncbi.nlm.nih.gov/pubmed/12694842
http://www.ncbi.nlm.nih.gov/pubmed/15543778
http://www.ncbi.nlm.nih.gov/pubmed/15543778
http://www.ncbi.nlm.nih.gov/pubmed/15214977
http://www.ncbi.nlm.nih.gov/pubmed/15214977
http://www.ncbi.nlm.nih.gov/pubmed/15214977
http://www.ncbi.nlm.nih.gov/pubmed/11134209
http://www.ncbi.nlm.nih.gov/pubmed/11134209
http://www.ncbi.nlm.nih.gov/pubmed/11134209
http://www.redjournal.org/article/S0360-3016%2806%2902492-8/abstract
http://www.redjournal.org/article/S0360-3016%2806%2902492-8/abstract
http://www.redjournal.org/article/S0360-3016%2806%2902492-8/abstract
http://www.redjournal.org/article/S0360-3016%2806%2902492-8/abstract
http://www.ncbi.nlm.nih.gov/pubmed/16389982
http://www.ncbi.nlm.nih.gov/pubmed/16389982
http://www.ncbi.nlm.nih.gov/pubmed/16389982
http://www.ncbi.nlm.nih.gov/pubmed/17050868
http://www.ncbi.nlm.nih.gov/pubmed/17050868
http://www.ncbi.nlm.nih.gov/pubmed/17050868
http://www.ncbi.nlm.nih.gov/pubmed/17050868
http://www.redjournal.org/article/S0360-3016%2806%2902730-1/abstract
http://www.redjournal.org/article/S0360-3016%2806%2902730-1/abstract
http://www.redjournal.org/article/S0360-3016%2806%2902730-1/abstract
http://www.redjournal.org/article/S0360-3016%2806%2902730-1/abstract
http://www.ncbi.nlm.nih.gov/pubmed/17821995
http://www.ncbi.nlm.nih.gov/pubmed/17821995
http://www.ncbi.nlm.nih.gov/pubmed/17821995
http://www.ncbi.nlm.nih.gov/pubmed/16169670
http://www.ncbi.nlm.nih.gov/pubmed/16169670
http://www.ncbi.nlm.nih.gov/pubmed/16169670
http://www.ncbi.nlm.nih.gov/pubmed/16169670
http://www.ncbi.nlm.nih.gov/pubmed/12852542
http://www.ncbi.nlm.nih.gov/pubmed/12852542
http://www.ncbi.nlm.nih.gov/pubmed/12852542
http://www.ncbi.nlm.nih.gov/pubmed/12852542
http://www.ncbi.nlm.nih.gov/pubmed/17197128
http://www.ncbi.nlm.nih.gov/pubmed/17197128
http://www.ncbi.nlm.nih.gov/pubmed/17197128
www.ncbi.nlm.nih.gov/pubmed/12148723
www.ncbi.nlm.nih.gov/pubmed/12148723
www.ncbi.nlm.nih.gov/pubmed/12148723
http://www.ncbi.nlm.nih.gov/pubmed/15196734
http://www.ncbi.nlm.nih.gov/pubmed/15196734
http://www.ncbi.nlm.nih.gov/pubmed/15196734
http://www.ncbi.nlm.nih.gov/pubmed/15196734
http://www.ncbi.nlm.nih.gov/pubmed/15196734
http://www.ncbi.nlm.nih.gov/pubmed/14752734
http://www.ncbi.nlm.nih.gov/pubmed/14752734
http://www.ncbi.nlm.nih.gov/pubmed/14752734
http://www.ncbi.nlm.nih.gov/pubmed/21470784
http://www.ncbi.nlm.nih.gov/pubmed/21470784
http://www.ncbi.nlm.nih.gov/pubmed/21470784
http://www.ncbi.nlm.nih.gov/pubmed/20832187
http://www.ncbi.nlm.nih.gov/pubmed/20832187
http://www.ncbi.nlm.nih.gov/pubmed/20832187
http://www.ncbi.nlm.nih.gov/pubmed/20832187
http://www.ncbi.nlm.nih.gov/pubmed/15753930
http://www.ncbi.nlm.nih.gov/pubmed/15753930
http://www.ncbi.nlm.nih.gov/pubmed/15753930
http://www.ncbi.nlm.nih.gov/pubmed/16962675
http://www.ncbi.nlm.nih.gov/pubmed/16962675
http://www.ncbi.nlm.nih.gov/pubmed/16962675
http://www.ncbi.nlm.nih.gov/pubmed/2777676
http://www.ncbi.nlm.nih.gov/pubmed/2777676
http://www.ncbi.nlm.nih.gov/pubmed/11072178
http://www.ncbi.nlm.nih.gov/pubmed/11072178
http://www.ncbi.nlm.nih.gov/pubmed/11072178
http://www.ncbi.nlm.nih.gov/pubmed/9609904
http://www.ncbi.nlm.nih.gov/pubmed/9609904
http://www.ncbi.nlm.nih.gov/pubmed/9609904
http://www.ncbi.nlm.nih.gov/pubmed/12852551
http://www.ncbi.nlm.nih.gov/pubmed/12852551
http://www.ncbi.nlm.nih.gov/pubmed/12852551
http://www.ncbi.nlm.nih.gov/pubmed/15214541
http://www.ncbi.nlm.nih.gov/pubmed/15214541
http://www.ncbi.nlm.nih.gov/pubmed/15214541
http://www.ncbi.nlm.nih.gov/pubmed/12557983
http://www.ncbi.nlm.nih.gov/pubmed/12557983
http://www.ncbi.nlm.nih.gov/pubmed/12557983
http://www.ncbi.nlm.nih.gov/pubmed/16077219
http://www.ncbi.nlm.nih.gov/pubmed/16077219
http://www.ncbi.nlm.nih.gov/pubmed/16077219
http://www.ncbi.nlm.nih.gov/pubmed/19362249
http://www.ncbi.nlm.nih.gov/pubmed/19362249
http://www.ncbi.nlm.nih.gov/pubmed/19362249
http://www.ncbi.nlm.nih.gov/pubmed/17821984
http://www.ncbi.nlm.nih.gov/pubmed/17821984
http://www.ncbi.nlm.nih.gov/pubmed/17821984
http://www.ncbi.nlm.nih.gov/pubmed/11929016
http://www.ncbi.nlm.nih.gov/pubmed/11929016


Citation: Zhang GG, Michael Yu HH, Stevens CW, Dilling TJ, Hoffe SE, et al. (2012) Motion Management in Stereotactic Body Radiotherapy. J Nucl Med 
Radiat Ther S6:012. doi:10.4172/2155-9619.S6-012

Page 6 of 6

J Nucl Med Radiat Ther Cancer Radiation Therapy ISSN:2155-9619 JNMRT an open access journal 

61. Harada T, Shirato H, Ogura S, Oizumi S, Yamazaki K, et al. (2002) Real-time 
tumor-tracking radiation therapy for lung carcinoma by the aid of insertion of a 
gold marker using bronchofiberscopy. Cancer 95:1720-1727.

62. Shirato H, Harada T, Harabayashi T, Hida K, Endo H, et al. (2003) Feasibility 
of insertion/implantation of 2.0-mm-diameter gold internal fiducial markers for 
precise setup and real-time tumor tracking in radiotherapy. Int J Radiat Oncol 
Biol Phys 56: 240-247.

63. Kitamura K, Shirato H, Seppenwoolde Y, Onimaru R, Oda M, et al. (2002) 
Three-dimensional intrafractional movement of prostate measured during real-
time tumor-tracking radiotherapy in supine and prone treatment positions. Int J 
Radiat Oncol Biol Phys 53: 1117-1123.

64. Le QT, Loo BW, Ho A, Cotrutz C, Koong AC, et al. (2006) Results of a phase 
I dose-escalation study using single-fraction stereotactic radiotherapy for lung 
tumors. J Thorac Oncol 1:802-809.

65. Benedict SH, Yenice KM, Followill D, Galvin JM, Hinson W, et al. (2010) 
Stereotactic body radiation therapy: the report of AAPM Task Group 101. Med 
Phys 37: 4078-4101.

66. Uematsu M, Shioda A, Suda A, Tahara K, Kojima T, et al. (2000) Intrafractional 
tumor position stability during computed tomography (CT)-guided frameless 
stereotactic radiation therapy for lung or liver cancers with a fusion of CT and 
linear accelerator (FOCAL) unit. Int J Radiat Oncol Biol Phys 48: 443-448.

67. Chang JY, Roth JA (2007) Stereotactic body radiation therapy for stage I non-
small cell lung cancer. Thorac Surg Clin 17: 251-259.

68. Sonke JJ, Rossi M, Wolthaus J, van Herk M, Damen E, et al. (2009) Frameless 
stereotactic body radiotherapy for lung cancer using four-dimensional cone 
beam CT guidance. Int J Radiat Oncol Biol Phys 74: 567-574.

69. Guckenberger M, Meyer J, Wilbert J, Baier K, Sauer O, et al. (2007) Precision 
of image-guided radiotherapy (IGRT) in six degrees of freedom and limitations 
in clinical practice. Strahlenther Onkol 183: 307-313.

70. Teh B, Bloch C, Galli-Guevara M, Doh L, Richardson S, et al. (2007) The 
treatment of primary and metastatic renal cell carcinoma (RCC) with image-
guided stereotactic body radiation therapy (SBRT). Biomed Imaging Interv J 
3: e6.

71. Li W, Purdie TG, Taremi M, Fung S, Brade A, et al. (2011) Effect of 
immobilization and performance status on intrafraction motion for stereotactic 
lung radiotherapy: analysis of 133 patients. Int J Radiat Oncol Biol Phys 81: 
1568-1575.

72. Grills IS, Hugo G, Kestin LL, Galerani AP, Chao KK, et al. (2008) Image-guided 
radiotherapy via daily online cone-beam CT substantially reduces margin 
requirements for stereotactic lung radiotherapy. Int J Radiat Oncol Biol Phys 
70: 1045-1056.

73. Ueda Y, Miyazaki M, Nishiyama K, Suzuki O, Tsujii K, et al. (2012) Craniocaudal 
safety margin calculation based on interfractional changes in tumor motion in 
lung SBRT assessed with an EPID in cine mode. Int J Radiat Oncol Biol Phys 
83:1064-1069.

74. Li W, Purdie TG, Taremi M, Fung S, Brade A, et al. (2011) Effect of 
immobilization and performance status on intrafraction motion for stereotactic 
lung radiotherapy: analysis of 133 patients. Int J Radiat Oncol Biol Phys 81: 
1568-1575.

75. Ekberg L, Holmberg O, Wittgren L, Bjelkengren G, Landberg T (1998) What 
margins should be added to the clinical target volume in radiotherapy treatment 
planning for lung cancer? Radiother Oncol 48:71-77.

76. Lohr F, Debus J, Frank C, Herfarth K, Pastyr O, et al. (1999) Noninvasive 
patient fixation for extracranial stereotactic radiotherapy. Int J Radiat Oncol Biol 
Phys 45: 521-527.

77. [Wulf J, Haedinger U, Oppitz U, Thiele W, Mueller G, et al. (2004) Stereotactic 
radiotherapy for primary lung cancer and pulmonary metastases: a noninvasive 
treatment approach in medically inoperable patients. Int J Radiat Oncol Biol 
Phys 60:1 86-196.

78. Timmerman R, Papiez L, McGarry R, Likes L, DesRosiers C, et al. (2003) 
Extracranial stereotactic radioablation: results of a Phase I study in medically 
inoperable stage I non-small cell lung cancer. Chest 124: 1946-1955.

79. Donnelly ED, Parikh PJ, Lu W, Zhao T, Lechleiter K, et al. (2007) Assessment 
of intrafraction mediastinal and hilar lymph node movement and comparison 
to lung tumor motion using four-dimensional CT. Int J Radiat Oncol Biol Phys 
69: 580-588.

80. Seppenwoolde Y, Shirato H, Kitamura K, Shimizu S, van Herk M, et al. 
(2002) Precise and real-time measurement of 3D tumor motion in lung due to 
breathing and heartbeat, measured during radiotherapy. Int J Radiat Oncol Biol 
Phys 53:822-834.

81. Wunderink W, Méndez Romero A, de Kruijf W, de Boer H, Levendag P, et al. 
(2008) Reduction of respiratory liver tumor motion by abdominal compression 
in stereotactic body frame, analyzed by tracking fiducial markers implanted in 
liver. Int J Radiat Oncol Biol Phys 71: 907-915.

82. Eccles CL, Patel R, Simeonov AK, Lockwood G, Haider M, et al. (2011) 
Comparison of liver tumor motion with and without abdominal compression 
using cine-magnetic resonance imaging. Int J Radiat Oncol Biol Phys 79: 602-
608.

83. Molinelli S, de Pooter J, Méndez Romero A, Wunderink W, Cattaneo M, et al. 
(2008) Simultaneous tumour dose escalation and liver sparing in Stereotactic 
Body Radiation Therapy (SBRT) for liver tumours due to CTV-to-PTV margin 
reduction. Radiother Oncol 87: 432-438.

84. Qiao X, Tullgren O, Lax I, Sirzén F, Lewensohn R (2003) The role of radiotherapy 
in treatment of stage I non-small cell lung cancer. Lung Cancer 41: 1-11.

85. Bradley J (2005) A review of radiation dose escalation trials for non-small cell 
lung cancer within the Radiation Therapy Oncology Group. Semin Oncol 3: 
S111-S113.

86. Baumann P, Nyman J, Hoyer M, Wennberg B, Gagliardi G, et al. (2009) 
Outcome in a prospective phase II trial of medically inoperable stage I non-
small-cell lung cancer patients treated with stereotactic body radiotherapy. J 
Clin Oncol 27: 3290-3296.

87. Onishi H, Shirato H, Nagata Y, Hiraoka M, Fujino M, et al. (2010) Stereotactic 
body radiotherapy (SBRT) for operable stage I non-small-cell lung cancer: can 
SBRT be comparable to surgery? Int J Radiat Oncol Biol Phys 81: 1352-1358.

88. Videtic GM, Stephans K, Reddy C, Gajdos S, Kolar M, et al. (2010) Intensity-
modulated radiotherapy-based stereotactic body radiotherapy for medically 
inoperable early-stage lung cancer: excellent local control. Int J Radiat Oncol 
Biol Phys 77: 344-349.

89. van der Voort van Zyp NC, Prévost JB, van der Holt B, Braat C, van Klaveren 
RJ, et al. (2011) Quality of life after stereotactic radiotherapy for stage I non-
small-cell lung cancer. Int J Radiat Oncol Biol Phys 77: 31-37.

90. Méndez Romero A, Wunderink W, Hussain SM, De Pooter JA, Heijmen BJ, et 
al. (2006) Stereotactic body radiation therapy for primary and metastatic liver 
tumors: A single institution phase i-ii study. Acta Oncol 45: 831-837.

91. Heron DE, Ferris RL, Karamouzis M, Andrade RS, Deeb EL, et al. (2009) 
Stereotactic body radiotherapy for recurrent squamous cell carcinoma of the 
head and neck: results of a phase I dose-escalation trial. Int J Radiat Oncol Biol 
Phys 75: 1493-1500.

This	 article	 was	 originally	 published	 in	 a	 special	 issue,	Cancer Radiation 
Therapy handled	 by	 Editor(s).	 Dr.	 Xin	 Chen,	 University	 of	 Arkansas	 for	
Medical	Sciences,	USA

http://www.ncbi.nlm.nih.gov/pubmed/12365020
http://www.ncbi.nlm.nih.gov/pubmed/12365020
http://www.ncbi.nlm.nih.gov/pubmed/12365020
http://www.ncbi.nlm.nih.gov/pubmed/12694845
http://www.ncbi.nlm.nih.gov/pubmed/12694845
http://www.ncbi.nlm.nih.gov/pubmed/12694845
http://www.ncbi.nlm.nih.gov/pubmed/12694845
http://www.ncbi.nlm.nih.gov/pubmed/12128110
http://www.ncbi.nlm.nih.gov/pubmed/12128110
http://www.ncbi.nlm.nih.gov/pubmed/12128110
http://www.ncbi.nlm.nih.gov/pubmed/12128110
http://www.ncbi.nlm.nih.gov/pubmed/17409963
http://www.ncbi.nlm.nih.gov/pubmed/17409963
http://www.ncbi.nlm.nih.gov/pubmed/17409963
http://www.ncbi.nlm.nih.gov/pubmed/20879569
http://www.ncbi.nlm.nih.gov/pubmed/20879569
http://www.ncbi.nlm.nih.gov/pubmed/20879569
http://www.ncbi.nlm.nih.gov/pubmed/10974460
http://www.ncbi.nlm.nih.gov/pubmed/10974460
http://www.ncbi.nlm.nih.gov/pubmed/10974460
http://www.ncbi.nlm.nih.gov/pubmed/10974460
http://www.ncbi.nlm.nih.gov/pubmed/17626403
http://www.ncbi.nlm.nih.gov/pubmed/17626403
http://www.ncbi.nlm.nih.gov/pubmed/19046825
http://www.ncbi.nlm.nih.gov/pubmed/19046825
http://www.ncbi.nlm.nih.gov/pubmed/19046825
http://www.ncbi.nlm.nih.gov/pubmed/17520184
http://www.ncbi.nlm.nih.gov/pubmed/17520184
http://www.ncbi.nlm.nih.gov/pubmed/17520184
http://www.ncbi.nlm.nih.gov/pubmed/21614267
http://www.ncbi.nlm.nih.gov/pubmed/21614267
http://www.ncbi.nlm.nih.gov/pubmed/21614267
http://www.ncbi.nlm.nih.gov/pubmed/21614267
http://www.ncbi.nlm.nih.gov/pubmed/21075559
http://www.ncbi.nlm.nih.gov/pubmed/21075559
http://www.ncbi.nlm.nih.gov/pubmed/21075559
http://www.ncbi.nlm.nih.gov/pubmed/21075559
http://www.ncbi.nlm.nih.gov/pubmed/18029110
http://www.ncbi.nlm.nih.gov/pubmed/18029110
http://www.ncbi.nlm.nih.gov/pubmed/18029110
http://www.ncbi.nlm.nih.gov/pubmed/18029110
http://www.ncbi.nlm.nih.gov/pubmed/22245190
http://www.ncbi.nlm.nih.gov/pubmed/22245190
http://www.ncbi.nlm.nih.gov/pubmed/22245190
http://www.ncbi.nlm.nih.gov/pubmed/22245190
http://www.ncbi.nlm.nih.gov/pubmed/21075559
http://www.ncbi.nlm.nih.gov/pubmed/21075559
http://www.ncbi.nlm.nih.gov/pubmed/21075559
http://www.ncbi.nlm.nih.gov/pubmed/21075559
http://www.ncbi.nlm.nih.gov/pubmed/9756174
http://www.ncbi.nlm.nih.gov/pubmed/9756174
http://www.ncbi.nlm.nih.gov/pubmed/9756174
http://www.ncbi.nlm.nih.gov/pubmed/10487580
http://www.ncbi.nlm.nih.gov/pubmed/10487580
http://www.ncbi.nlm.nih.gov/pubmed/10487580
http://www.ncbi.nlm.nih.gov/pubmed/15337555
http://www.ncbi.nlm.nih.gov/pubmed/15337555
http://www.ncbi.nlm.nih.gov/pubmed/15337555
http://www.ncbi.nlm.nih.gov/pubmed/15337555
http://www.ncbi.nlm.nih.gov/pubmed/14605072
http://www.ncbi.nlm.nih.gov/pubmed/14605072
http://www.ncbi.nlm.nih.gov/pubmed/14605072
http://www.ncbi.nlm.nih.gov/pubmed/17869671
http://www.ncbi.nlm.nih.gov/pubmed/17869671
http://www.ncbi.nlm.nih.gov/pubmed/17869671
http://www.ncbi.nlm.nih.gov/pubmed/17869671
http://www.ncbi.nlm.nih.gov/pubmed/12095547
http://www.ncbi.nlm.nih.gov/pubmed/12095547
http://www.ncbi.nlm.nih.gov/pubmed/12095547
http://www.ncbi.nlm.nih.gov/pubmed/12095547
http://www.ncbi.nlm.nih.gov/pubmed/18514783
http://www.ncbi.nlm.nih.gov/pubmed/18514783
http://www.ncbi.nlm.nih.gov/pubmed/18514783
http://www.ncbi.nlm.nih.gov/pubmed/18514783
http://www.ncbi.nlm.nih.gov/pubmed/20675063
http://www.ncbi.nlm.nih.gov/pubmed/20675063
http://www.ncbi.nlm.nih.gov/pubmed/20675063
http://www.ncbi.nlm.nih.gov/pubmed/20675063
http://www.ncbi.nlm.nih.gov/pubmed/18077033
http://www.ncbi.nlm.nih.gov/pubmed/18077033
http://www.ncbi.nlm.nih.gov/pubmed/18077033
http://www.ncbi.nlm.nih.gov/pubmed/18077033
http://www.ncbi.nlm.nih.gov/pubmed/12826306
http://www.ncbi.nlm.nih.gov/pubmed/12826306
http://www.ncbi.nlm.nih.gov/pubmed/16015546
http://www.ncbi.nlm.nih.gov/pubmed/16015546
http://www.ncbi.nlm.nih.gov/pubmed/16015546
http://www.ncbi.nlm.nih.gov/pubmed/19414667
http://www.ncbi.nlm.nih.gov/pubmed/19414667
http://www.ncbi.nlm.nih.gov/pubmed/19414667
http://www.ncbi.nlm.nih.gov/pubmed/19414667
http://www.ncbi.nlm.nih.gov/pubmed/20638194
http://www.ncbi.nlm.nih.gov/pubmed/20638194
http://www.ncbi.nlm.nih.gov/pubmed/20638194
http://www.ncbi.nlm.nih.gov/pubmed/19765913
http://www.ncbi.nlm.nih.gov/pubmed/19765913
http://www.ncbi.nlm.nih.gov/pubmed/19765913
http://www.ncbi.nlm.nih.gov/pubmed/19765913
http://www.ncbi.nlm.nih.gov/pubmed/19864077
http://www.ncbi.nlm.nih.gov/pubmed/19864077
http://www.ncbi.nlm.nih.gov/pubmed/19864077
http://www.ncbi.nlm.nih.gov/pubmed/16982547
http://www.ncbi.nlm.nih.gov/pubmed/16982547
http://www.ncbi.nlm.nih.gov/pubmed/16982547
http://www.ncbi.nlm.nih.gov/pubmed/19464819
http://www.ncbi.nlm.nih.gov/pubmed/19464819
http://www.ncbi.nlm.nih.gov/pubmed/19464819
http://www.ncbi.nlm.nih.gov/pubmed/19464819

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	Patient Immobilization
	Vacuum cushions
	Alpha cradles
	Thermoplastic masks
	Body frame

	Intra-Fractional Motion Management
	Abdominal compression
	Breath hold
	Respiratory gating
	Tumor tracking

	Image Guidance Technology
	Treatment Improvement
	Conclusions
	Figure 1
	Figure 2
	References 

