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Abstract. We have proposed a computerized method for determination of ro-
bust beam directions against patient setup errors using electron density (ED)-
based beam’s eye view (BEV) in hadron particle therapy.  The basic idea of our 
proposed method was to find the robust beam directions, whose ED-based BEV 
image has spatial fluctuations with low special frequency and small amplitude. 
The proposed method was applied to four head and neck cancer patients for 
evaluation of the proposed method.  As a preliminary result, radiation oncolo-
gists agreed with most beam directions, which seem to be robust against patient 
setup errors, suggested by the proposed method.  Our proposed method could 
be feasible to determine the robust beam directions against patient setup errors 
in hadron particle therapy. 
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1 Introduction 

Proton therapy or heavy ion therapy (carbon ion) has the physical ability to increase 
the high dose delivered to tumors while achieving a very low dose to normal tissue 
[1,2].  In particular, the highly-ionizing property of the heavy ion charged particles, 
i.e., higher linear energy transfer (LET), leads to eventual tumor cell death with high-
er tumor control probability than conventional radiotherapy of X-rays or electrons 
from the biological point of view.  

In the hadron particle therapy, the distal end shape of dose distribution is modulat-
ed by a passive or active beam shaping method according to beam’s eye view (BEV) 
of a 3D electron density (ED) map of a computed tomography (CT) image for each 
patient. However, the accurate dose distributions produced by the hadron particles 
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may be very sensitive to patient setup errors [3-9] occurring in a lateral direction or-
thogonal to the beam direction.  If the patient setup errors are not taken into account 
during the treatment planning, the actual dose distribution that would occur in the 
patient during treatment could be strongly degraded compared with the planned dose 
distribution.  In other words, due to patient setup errors, the distal end of the dose 
distribution in a beam direction could not be fitted with that of a tumor shape if the 
ED-based BEV in the beam direction changed more abruptly (high frequency fluctua-
tion) with large amplitude fluctuation. This incident could lead to significant tumor 
underdose, but fatal overdose in organs at risk.   

     The goal in this study was to develop a computerized method for determination 
of robust beam directions against the patient setup errors based on the ED-based 
BEVs in the beam direction in the hadron therapy.   

2 Materials and methods 

2.1 Overall procedure 

The proposed method mainly consisted of the following two steps:  (1) production 
of a beam’s eye view (BEV) image by projecting a 3D electron density image from a 
particle source to a planning target volume (PTV) distal end, (2) determination of 
robust beam directions against patient setup errors by using the slope of the power 
spectrum. 

 

2.2 Clinical cases  

Radiation treatment planning (RTP)-CT (referred to as planning CT) images of 
four head and neck cancer patients (ages: 48-85; median: 64.5) who had undergone 
conventional x-ray radiotherapy at our institution were selected for determination of 
the robust beam directions. All patients were scanned to acquire planning CT images 
(pixel size: 0.59 mm x 0.59 mm, depth bits per pixel: 16) using a 4-slice CT scanner 
(Mx 8000, Philips, Amsterdam, The Netherlands) with a slice thickness of 3.0 mm. 
Contours of clinical target volumes (CTV) of head and neck cancers were manually 
outlined by radiation oncologists on the planning CT images using a commercially 
available RTP system (Eclipse, Varian Medical Systems Inc., Palo Alto, USA). 

 

2.3 Determination of robust beam directions against patient setup errors by 
using the slope of the power spectrum  

The fundamental idea of our proposed method was to find the robust beam directions 
whose ED-based BEV images had spatial fluctuations with low spatial frequency and 
small amplitude.  A BEV image was produced by projecting a 3D electron density 
image in a beam direction from a particle source to the distal end of a planning target 



volume (PTV).  Power spectra of the ED-based BEV images in all directions, i.e., 0 to 
355 degrees, with an interval of 5 degrees were calculated for evaluation of the spatial 
fluctuations in the ED-based BEV images in a beam direction.  We assumed that as 
the average spatial frequency and amplitude of the fluctuation in the ED-based BEV 
images in a beam direction become lower and smaller, respectively, the absolute val-
ue of the slope of the power spectrum becomes larger.  Therefore, the slopes of one-
order polynomial of the power spectra were calculated for determination of the robust 
beam directions. 

Prior to calculation of the power spectral images, the ED-based BEV images were 
preprocessed as follows.   First, the pixel values outside the irradiation field were 
assigned the average pixel value of the ED-based BEV inside the simulated irradia-
tion field for decreasing the difference in the pixel value between inside and outside 
of the irradiation field.  Second, a Gaussian filter was applied to inner and outer nar-
row bands (10 pixels) apart from the edge of the ED-based BEV for reducing the 
higher frequency components in the power spectrum, which were not related to the 
ED-based BEV.  Third, a mean value in the ED-based BEV image was subtracted 
from the image to remove the influence of the mean value of the power spectral im-
age. 

Fourth, a power spectral image was calculated by using two-dimensional Fourier 
transformation from the preprocessed image.  The power spectral image in the Carte-
sian coordinate system was converted to the polar coordinate system, which has the 
horizontal axis of the angle and the vertical axis of the spatial frequency.  The power 
spectral image was integrated over a range of angles from 0 to 360 degrees to calcu-
late the slope of an average power spectrum by using the following equation:  

 ,                                 (1) 

where f is the spatial frequency (mm-1), and θ is the angle (degree) in the power spec-
tral image.  The slope of the average power spectrum was evaluated as the slope of a 
one-order polynomial of the power spectrum from 0.0195 mm-1 to a Nyquist fre-
quency, which was calculated by a least square method.  The slopes were calculated 
in all directions (0 to 355 degrees) with an interval of 5 degrees.  Finally, the robust 
beam directions against patient setup errors were determined by selecting the direc-
tions corresponding to the several largest gradients of average power spectra for all 
beam directions.  Figure 1 shows the resulting images in the major steps of the pro-
posed method.   

 
Fig. 1. Resulting images in the major steps of the proposed method. 
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3 Results and discussion 

We applied the proposed method to four head and neck cancer cases and detected the 
beam directions.  Nine beams of 13 beams (69%), which were used for the four pa-
tients in clinical practice, would be theoretically acceptable from the robustness point 
of view against the patient setup error.  Figure 1 shows an example of the slope of the 
average power spectra as a function of beam direction, and the detected beam direc-
tions of 0 to 355 degrees are indicated by blue lines.  Figure 2 shows the robust beam 
directions determined by the proposed method on three CT slices for a case. Each red 
region shows a PTV region, and each light blue region shows the beam path.  In this 
case, 125, 130, and 135 degrees were considered as the robust beam directions.  In a 
discussion of the results with radiological oncologists, all the oncologists agreed with 
most of the optimum beam directions determined by the proposed method.  The sug-
gested beam directions were close to those employed as one of beam directions in 
clinical practice.  

 
Fig. 2. Slope of average power spectral value as a function of the beam direction (0 to 355 
degree). 



 
Fig. 3. Robust beam directions determined by the proposed method on three CT slices for a 
case by selecting the directions corresponding to the three largest slopes of average power 
spectra for all beam directions. 

4 Conclusions 

We have proposed a computerized determination of robust beam directions against 
patient setup errors based on Fourier analysis of ED-based BEVs in hadron particle 
therapy.  The proposed method could be useful to select the robust beam directions 
against patient setup errors in hadron particle therapy such as carbon ion therapy. 
 

Acknowledgments 
The authors are grateful to all members of the Arimura Laboratory 

(http://www.shs.kyushu-u.ac.jp/~arimura), whose comments made an enormous con-
tribution to this chapter.  This research was partially supported by the Ministry of 
Education, Science, Sports and Culture, Grant-in-Aid for Scientific Research (C), 
22611011, Grant-in-Aid for Scientific Research on Innovative Areas, 24103707, 
2012. 

 
 
References 
 

1. Okada T, Kamada T, Tsuji H, Mizoe JE, Baba M, Kato S, Yamada S, Sugahara S, Yasuda 
S, Yamamoto N, Imai R, Hasegawa A, Imada H, Kiyohara H, Jingu K, Shinoto M, Tsujii 
H. (2010) Carbon ion radiotherapy: clinical experiences at National Institute of Radiologi-
cal Science (NIRS). J Radiat Res 51: 355-64 

2. Minohara S, Fukuda S, Kanematsu N, Takei Y, Furukawa T, Inaniwa T, Matsufuji N, Mori 
S, Noda K. (2010) Recent innovations in carbon-ion radiotherapy. J Radiat Res 51: 385-92 

3. Hui Z, Zhang X, Starkschall G, Li Y, Mohan R, Komaki R, Cox JD, Chang JY (2008) Ef-
fects of interfractional motion and anatomic changes on proton therapy dose distribution in 
lung cancer. Int J Radiat Oncol Biol Phys 72: 1385-1395 

4. Inaniwa T, Kanematsu N, Furukawa T, Hasegawa A (2011) A robust algorithm of intensi-
ty modulated proton therapy for critical tissue sparing and target coverage. Phys Med Biol 
56: 4749-4770 



5. Lomax AJ. (2008) Intensity modulated proton therapy and its sensitivity to treatment un-
certainties 2: the potential effects of inter-fraction and inter-field motions. Phys Med Biol 
53: 1043-1056 

6. Pflugfelder D, Wilkens JJ, Oelfke U (2008) Worst case optimization: a method to account 
for uncertainties in optimization of intensity modulated proton therapy. Phys Med Biol 53: 
1689-1700 

7. Sejpal SV, Amos RA, Bluett JB, Levy LB, Kudchadker RJ, Johnson J, Choi S, Lee AK 
(2009) Dosimetric changes resulting from patient rotational setup errors in proton therapy 
prostate plans. Int J Radiat Oncol Biol Phys 75: 40-48 

8. Unkelbach J, Bortfeld T, Martin BC, Soukup M (2009) Reducing the sensitivity of IMPT 
treatment plans to setup errors and range uncertainties via probabilistic treatment planning. 
Med Phys 36: 149-163 

9. Zhang X, Dong L, Lee AK, Cox JD, Kuban DA, Zhu RX, Wang X, Li Y, Newhauser WD, 
Gillin M, Mohan R (2007) Effect of anatomic motion on proton therapy dose distribution 
in prostate cancer treatment. Int J Radiat Oncol Biol Phys 67: 620-629 

 
 
 


