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Abstract 
We investigated respiratory tumor motion in lung stereotactic body radiotherapy (SBRT) with use 
of the “Air-Bag System”. 114 patients underwent four-dimensional (4D) computed tomography 
(CT) from October 2010 to April 2012. Gross tumor volume (GTV) was 8.1 ± 11.0 cc (range 0.3 - 
77.5 cc). The tumor site was the upper and middle lobes in 62 cases, and lower lobe in 52 cases. 
The Air-Bag SystemTM consists of an inelastic air bag connected to a second smaller elastic air bag. 
The inelastic air bag is placed between the patient’s body surface and a HipFix and is secured by 
pressure adjustment via the elastic air bag. To assess respiratory tumor motion, the centroid of 
the tumor position is measured in the left-right, anterior-posterior, and caudal-cranial directions 
using the iPlan RT DoseTM treatment planning system. Respiratory tumor motion vector for pa-
tients with upper/middle and lower lobe tumors was 3.0 ± 2.2 mm (range, 0.4 - 11.7 mm) and 6.5 ± 
4.6 mm (range, 0.4 - 22.0 mm) respectively, with this difference being significant (p < 0.05). Mean 
respiratory tumor motion for all patients was 0.9 ± 0.6 mm (range, 0.1 - 3.6 mm) in the left-right 
direction, 1.5 ± 1.1 mm (range, 0.1 - 5.7 mm) in the anterior-posterior direction, 4.1 ± 4.0 mm 
(range, 0.1 - 21.4 mm) in the caudal-cranial direction, and 4.7 ± 4.0 mm (range, 0.4 - 22.0 mm) 
overall. The Air-Bag System is expected to be provided an effective reduction in the motion of lung 
tumors. 
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1. Introduction 
Intrafraction motion is an important issue in the era of image-guided radiotherapy. Intrafraction motion can be 
caused by the respiratory, skeletal muscular, cardiac, and gastrointestinal systems [1]. Lung tumor motion is re-
lated to breathing, which produces the greatest movement in the caudal-cranial direction [1]-[4]. Daily patient 
set-up should take account of internal variability in tumor position independently of bony anatomy or the exter- 
nal stereotactic system [5]. To achieve this, an internal margin should be added around the clinical target volume 
(CTV) to account for respiratory tumor motion [6]. However, this margin results in an increased dose to the nor- 
mal tissue, which increases the risk of normal tissue toxicity and limits dose-escalation, and in turn leads to a 
higher probability of radiation pneumonitis [7]. Methods to reduce the margin include delivery techniques such 
as respiratory gating, active breathing control, real-time tracking, and voluntary breath holding [8], but these re-
quire a longer time for beam delivery and are more difficult for old patients, who must maintain normal breath-
ing over the delivery time. We consider that respiratory tumor motion is best controlled under free breathing us-
ing an abdominal compression system to suppress respiratory tumor motion. 

Abdominal compression has been widely used to minimize respiratory-associated tumor motion in lung stere- 
otactic body radiotherapy (SBRT). One such system is the Stereotactic Body Frame (Elekta, Crawley, UK), 
which can be used in combination with an abdominal pressure board [9]. However, this system is not comfor- 
table for the patient. We have therefore used the Air-Bag SystemTM (Niigata Kiden Ltd., Niigata, Japan), which 
uses abdominal compression to suppress respiratory tumor motion. 

The purpose of this study was to investigate respiratory tumor motion using the Air-Bag System. 

2. Materials and Methods 
2.1. Patient Characteristics 
114 patients with localized lung tumors suitable for SBRT were enrolled between October 2010 and April 2012. 
Patient characteristics are shown in Table 1. Gross tumor volume (GTV) and patient age did not significantly 
differ between patients with tumors in the upper/middle and lower lobes. 

2.2. Principle of the Air-Bag System 
The Air-Bag System consists of an inelastic air bag connected to a second smaller elastic air bag, air flow sensor 
and air supply pump (Figure 1). The length and width of the inelastic air bag are 250 and 460 mm, respectively. 
Figure 2 shows the process of acquiring the respiratory wave using the Air-Bag System. The inelastic air bag is 
placed between the patient’s body and the stereotactic fixation frame. The air bag is then inflated using an air 
supply pump. The two bags are interconnected. An air flow meter device located between the two air bags mea- 
sures “air flow” back and forth between the two bags. These data are processed using a computer and trans- 
lated to provide a highly accurate respiratory motion curve. This curve is displayed as a swinging decoy marker 
on the computer screen to allow the infrared camera of the Real-Time Position Management SystemTM (RPM) 
(Varian Medical Systems, Palo Alto, CA) to capture the breathing pattern (Figure 3). The Air-Bag System can 
be easily and immediately connected in a plug-and-play structure, and can be interfaced on use with the RPM 
system’s infrared camera. Thanks to this, the Air-Bag System does not require specific patient data, treatment 
data, or input of any particular information from other devices, and can be easily integrated with the existing 
 
Table 1. Patient characteristics.                                                                            

  N = 114 

 
Upper and middle lobes Lower lobe p value* 

Target location (n) 62 52 n/a** 

Gender (n) men 42 38 n/a 

Women 20 14 n/a 

Age (y) 71 ± 13 (34 - 89) 73 ± 8 (48 - 88) 0.122 

Gross tumor volume (cc) 7.1 ± 8.4 (0.3 - 38.3) 10.4 ± 14.0 (0.3 - 77.5) 0.139 

Gross tumor volume (GTV) and age did not significantly differ between upper/middle and lower lobes. *Student unpaired t-test; **not applicable. 
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Figure 1. Air-Bag SystemTM.                                  

 

 
Figure 2. Schematic diagram of the respiratory wave acquired with Air- 
Bag system. (1) Air flow change in synchronization with abdominal mo- 
tion. (2) Air flow is translated into digital data. (3) Digital data is displayed 
as a swinging decoy marker on the computer screen. (4) The decoy marker 
can be detected by the infrared camera of the RPM system.               
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Figure 3. (a) Amplifying the respiratory waveform allows the phase of expiratory tumor motion to be ea- 
sily observed. (b) The respiratory wave can be displayed as a decoy marker.                          

 
RPM System infrared camera. Further, four-dimensional (4D)-Computed Tomography (CT) can be performed 
using the existing RPM system with the swinging decoy. 

2.3. Treatment Procedure 
The patient is placed in the supine position on an evacuated Vac-LokTM immobilization device (CIVCO Medical 
Solutions, South Kalona, Iowa, USA) with the arms above the head (Figure 4(a)). The Vac-LokTM is evacuated 
using a vacuum pump so that it molds to the patient’s posterior body surface. HipFix (CIVCO Medical Solutions, 
USA) is attached to the sides of the Vac-LokTM to mold the patient’s body surface to the level of the abdomen or 
thorax. The inelastic air bag is placed between the patient’s body surface and the HipFixTM and secured by pres-
sure adjustment via the elastic air bag (Figure 4(b), Figure 4(c) and Figure 5). The air bag can be inflated by 
injection of 2000 cc of air using an air supply pump. If a patient experiences excessive air pressure, the volume 
of air can be reduced. The flow of air displayed on the sensor screen reflects the breathing of the patient, and this 
information is then used as output towards the RPM device. 

As a routine procedure in the planning of stereotactic radiotherapy, a whole chest 3D-CT series was obtained 
under free breathing using the Air-Bag System, with acquisition on a 4-slice Brightspeed QX/iTM scanner (GE 
Medical Systems, Waukesha, WI). Tumor shape, volume, and position at different phases of the breathing cycle 
were more accurately determined using 4D-CT. The CT images had a slice thickness of 2.5 mm with a gantry 
rotation time of 1.0 second. Respective images were tagged with the corresponding phase of the respiratory 
cycle and then sent to the Advantage WorkstationTM (GE Medical Systems) using the Advantage 4D-CT soft-
ware. The 4D datasets were categorized into four phases of the respiratory cycle of 0%, 25%, 50%, and 75%, 
with 0% representing maximum inspiration. 

Image registration was fused on the bony anatomy using the iPlan RT image ver 4.1.1TM treatment planning 
system (Brainlab, Munich, Germany). The GTV was contoured by a single physician on each axial slice. The 
window width and level used to define the tumor target were 1200 HU and −400 HU, respectively. The CTV 
was defined as the same volume as the GTV in almost all cases. The internal target volume (ITV) was the sum 
of the GTV positions in all respiratory phases. 
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Figure 4. Use of the Air-bag system. (a) The patient 
lies down in a supine position. (b) The inelastic air 
bag is placed in the same position as the patient ab- 
domen. (c) The inelastic air bag is placed between 
patient’s body surface and the HipFix device, which 
is fixed on the couch.                           

 

 
Figure 5. Patient lies down in a supine position with the Air-Bag System.    

 
The planning target volume (PTV) was generated by adding a uniform margin of 8 mm to the ITV to account 

for set-up uncertainties and mechanical inaccuracy. The treatment fields were conformed around the PTV. A 
leaf margin of 2 mm was added to the PTV, and the isocenter was positioned in the center of the PTV. Treat- 
ment plan characteristics have been described previously [10]. 

2.4. Data Analysis 
Respiratory tumor motion was evaluated using the 4D-CT images, and measured from the displacement of the 
centroid of the GTV in the different phases. The geometric centroid of each GTV volume was determined in iplan 
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RT Dose. Respiratory tumor motion was classified into three different directions, with the X (left-right), Y (an-
terior-posterior) and Z (caudal-cranial) positions determined for each phase. Motion was then defined as the ab-
solute difference between the maximum coordinate and minimum coordinate of each phase and combined in 
quadrature to obtain the magnitude of the three-dimensional (3D) vector, calculated by: 

2 2 2X +Y +Z  
Differences in the upper/middle and lower lobes were analyzed using the Student unpaired t-test, with p-val- 

ues less than 0.05 considered statistically significant. The analyzed data were displayed as the mean ± standard 
deviation with ranges in parentheses among the 114 clinical plans. 

3. Results 
Figure 6 shows plots of respiratory tumor motion of the upper/middle and lower lobes. Figure 7 shows the 
mean respiratory tumor motion of the upper/middle and lower lobes. Respiratory tumor motion in patients with 
tumors in the upper/middle and lower lobes was greatest in the caudal-cranial direction, at 2.3 ± 2.2 mm (range, 
0.1 - 11.3 mm) and 6.3 ± 4.6 mm (range, 0.3 - 21.4 mm) (p < 0.05), respectively. Respiratory tumor motion in 
the left-right direction with upper/middle and lower lobe tumors was 0.9 ± 0.7 mm (range, 0.1 - 3.6 mm) and 0.9 
± 0.6 mm (range, 0.1 - 2.9 mm) (p = 0.74), respectively, while that in the anterior-posterior direction was 1.5 ± 
1.0 mm (range, 0.1 - 5.7 mm) and 1.5 ± 1.2 mm (range, 0.1 - 5.1 mm) (p = 0.39), respectively. Respiratory tu-
mor motion vector for patients with upper/middle and lower lobe tumors was 3.0 ± 2.2 mm (range, 0.4 - 11.7 
mm) and 6.5 ± 4.6 mm (range, 0.4 - 22.0 mm), respectively, with this difference being significant (p < 0.05). 
Mean respiratory tumor motion for all patients was 0.9 ± 0.6 mm (range, 0.1 - 3.6 mm) in the left-right direction, 
1.5 ± 1.1 mm (range, 0.1 - 5.7 mm) in the anterior-posterior direction, 4.1 ± 4.0 mm (range, 0.1 - 21.4 mm) in 
the caudal-cranial direction, and 4.7 ± 4.0 mm (range, 0.4 - 22.0 mm) overall. Respiratory tumor motion of more 
than 20 mm was seen in one patient, who had a lower lobe tumor. 

4. Discussions 
This study demonstrates the benefits of the Air-Bag System in respiratory tumor motion using abdominal com-
pression to produce a highly efficient decrease in breathing-induced tumor motion. Our results indicate that av-
erage respiratory tumor motion with the Air-Bag System was 3.0 and 6.5 mm for upper/middle and lower le-
sions, respectively. Respiratory tumor motion range in the upper/middle lobe along the cranio-caudal direction 
was significantly smaller than that in the lower lobe. Respiratory tumor motion of more than 20 mm was seen in 
 

 
Figure 6. Plots of respiratory tumor motion of the upper/middle (square) 
and lower (circle) lobes using the Air-Bag System in 114 patients.         
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Figure 7. Respiratory tumor motion of X (left-right), Y (ante- 
rior-posterior), Z (caudal-cranial) and 3D vector ( 2 2 2X +Y +Z ) 
for the (a) upper/middle and (b) lower lobes with the Air-Bag 
systemTM, respectively. Box plots represent average tumor mo- 
tion. Error bars represent one standard deviation. Statistical sig- 
nificance was evaluated using the Student unpaired t-test. *Sig- 
nificant difference between upper/middle and lower lobes (p < 
0.05).                                                

 
one patient, with a lower lobe tumor. This decrease in organ motion is achieved by limiting diaphragmatic mo- 
vement and reducing breathing volume. Respiratory tumor motion is generally 2 cm, and is larger in the cranio- 
caudal direction, where maximum motion of 3 - 4 cm is seen when the tumor is located just above the diaph-
ragm [1]. 

Several solutions to account for respiratory tumor motion have been developed, including deep inspiration 
breath holding [11], the gating technique [8], and abdominal compression [9]. In deep inspiration breath holding, 
the therapist coaches the patient in achieving a reproducible deep inhalation breath hold during simulation and 
treatment. After holding the breath for a long period, however, the patient may tend to take deeper breaths, 
which may in turn affect the reproducibility of tumor position. In the gating technique, the therapist focuses on 
the gating system monitor and is prepared to intervene if the patient’s breathing is very irregular or differs from 
that in simulation. These techniques result in a longer treatment time and the time and effort of additional staff. 
Forced shallow breathing uses abdominal compression, such as via the Stereotactic Body Frame system. Negoro 
et al. reported that abdominal pressure using the Stereotactic Body Frame reduced respiratory tumor motion sig-
nificantly, from a range of 8 to 20 mm to a range of 2 to 11 mm [9]. Liu et al. reported that average tumor mo-
tion in the left-right, anterior-posterior and caudal-cranial directions was 1.2, 1.6, and 14.7 mm for lower lung 
tumors using an abdominal compression plate, respectively [12]. However, the stereotactic body frame system 
can obstruct the treatment beam arrangement, and beam attenuation caused by the body frame must be ac-
counted for in the planning process [13]. In contrast, the Air-Bag System allows the beam to be arranged freely 
and seldom results in beam attenuation. Accordingly, it can also be used in radiotherapy for liver cancer. Ko et 
al. have reported a similar device, the “Air-injected blanket” (AIB), which provided a mean decrease in respira- 
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tory tumor motion in the caudal-cranial and anterior-posterior directions from 2.6 to 0.7 cm and 2.7 to 1.3 cm, 
respectively [14]. Application of pressure to the abdomen decreases respiratory tumor motion by both reducing 
diaphragm motion and limiting normal respiration. Given that it is placed between the entire surface of the pa-
tient’s body and a HipFixTM, we speculate that the Air-Bag System contributes to tumor position reproducibility 
primarily as an immobilization device. 

Breathing control is critical to ensuring the accuracy of stereotactic irradiation in lung cancer patients. Brea- 
thing patterns can vary in magnitude, period and regularity during treatment sessions [15]. Onishi et al. devel-
oped the Abches (Apex Medical, Tokyo, Japan) system for respiration monitoring. This system reports respira-
tory tumor motion and enables respiration control with high accuracy and reproducibility, and thereby facilitates 
high-precision radiotherapy [16]. Visual or audiovisual biofeedback has been demonstrated to reduce breathing 
variation in mean cycle-to-cycle position, displacement, and period [17] [18]. The RPM system monitors the 
vertical displacement of two reflective markers attached to the patient’s abdomen. Precise capture of the move-
ment of the infrared reflective marker box using the infrared camera of RPM is difficult, however, as the results 
tend to be of relatively small amplitude and thus of limited quality. In our experience, placement of an infrared 
reflective plastic box on the abdomen as an external fiducial marker is inherently unstable. In contrast, combined 
use of the RPM and Air-Bag Systems allows the measurement of breathing patterns. This combination uses an 
exhaustive yet simplified evaluation of the three dimensional variation of movement of the chest and abdomen 
through respiration to provide a highly reliable motion signal, which greatly increases the reliability of the over-
all RPM system once the signal is fed to the infrared camera. 

The most important muscle of inhalation is the diaphragm. Diaphragm motion likely has a close relationship 
with the tumor motion for lower lobe lung tumors, in which mechanical coupling between the tumor and diaph-
ragm would be strongest. Eccles et al. reported that abdominal compression reduces three-dimensional liver tu-
mor motion in most patients [19]. Abdominal compression with the Air-Bag System reduces movement of the 
diaphragm, which in turn decreases intrathoracic organ motion and leads to a reduction of the ITV, resulting in a 
decreased dose to the normal lung. Comparative studies with and without the Air-Bag System are needed to ve-
rify whether compression is also useful in reducing respiratory tumor motion. 

5. Conclusion 
The Air-Bag System is expected to provide both an effective reduction in the motion of lung tumors and a high 
quality, real-time breathing measurement signal. Our results support the clinical acceptability of treatment plan-
ning based on the Air-Bag System. 
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