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Automated Determination of Prostate Depth 
for Planning in Proton Beam Treatment
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Depth of prostate volume from the skin can vary due to intra-fractional and inter-fractional movements, which 

may result in dose reduction to the target volume. Therefore we evaluated the feasibility of automated depth 

determination-based adaptive proton therapy to minimize the effect of inter-fractional movements of the prostate. 

Based on the center of mass method, using three fiducial gold markers in the prostate target volume, we 

determined the differences between the planning and treatment stages in prostate target location. Thirty-eight 

images from 10 patients were used to assess the automated depth determination method, which was also 

compared with manually determined depth values. The mean differences in prostate target location for the left 

to right (LR) and superior to inferior (SI) directions were 0.9 mm and 2.3 mm, respectively, while the maximum 

discrepancies in location in individual patients were 3.3 mm and 7.2 mm, respectively. In the bilateral beam 

configuration, the difference in the LR direction represents the target depth changes from 0.7 mm to 3.3 mm 

in this study. We found that 42.1%, 26.3% and 2.6% of thirty-eight inspections showed greater than 1 mm, 

2 mm and 3 mm depth differences, respectively, between the planning and treatment stages. Adaptive planning 

based on automated depth determination may be a solution for inter-fractional movements of the prostate in 

proton therapy since small depth changes of the target can significantly reduce target dose during proton 

treatment of prostate cancer patients.

Key Words: Prostate cancer, Proton radiotherapy, Prostate movement

This study was supported by a grant of the Korea Healthcare Tech-

nology R&D Project, Ministry of Health, Welfare and Family Affairs, 

Republic of Korea. (A080756).

Submitted September 4, 2009, Accepted September 17, 2009

Corresponding Author: Myonggeun Yoon, Proton Therapy Center, 

National Cancer Center, 809, Madu 1-dong, Ilsandong-gu, Goyang 

411-769, Korea

Tel: 031)920-0133, Fax: 031)920-0149

E-mail: mxy131@ncc.re.kr

INTRODUCTION

  Protons are used in radiation therapy due to their advanta-

geous physical properties. These include a near-zero exit or 

distal dose just beyond the target volume, which leads to a re-

duced proton dose to normal tissue with better conformation of 

the dose to the target volume. In addition, the penumbra is 

generally smaller for proton than for photon beams, up to 

about 17 cm, resulting in higher conformity of the former.1-4) 

However, the sharpness of the penumbra in proton beams de-

creases with the depth of penetration.

  One important drawback of proton therapy is that the dose 

coverage is more sensitive to movement of the target than in 

conventional radiotherapy. That is, proton beam treatment re-

quires more accurate patient positioning to take full advantage 

of its superior dose conformity.5,6) Unlike conventional radio-

therapy, the depth of the beam in proton therapy should be de-

cided in the planning stage. If the margin is not large enough 

in the longitudinal (or distal) direction, it may result in a sig-

nificant dose reduction due to the unique characteristics of 

protons (i.e., the near-zero distal dose beyond a certain range). 

This situation is shown schematically in Fig. 1, which shows 

significant dose reduction to the target of proton therapy when 

the target moves away from the skin, thus increasing the 

depth. Since the dose reduction induced by longitudinal move-

ment is much more significant in proton than in photon ther-

apy (Fig. 1), the dose during proton therapy is affected by var-

iations in the actual target depth. This is especially important 

when target depth varies due to organ movement, which fre-

quently occurs in patients with prostate cancer.
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Fig. 1. (a) Schematic diagrams of 

target movements for photon or 

proton irradiation. Percentage depth 

dose (PDD) between the original 

target and the displaced target for 

photon (b) and proton (c) irradia-

tion is shown.

  The prostate has been reported to move over the entire 

course of therapy (inter-fractional movement) and during the 

delivery of a single fraction (intra-fractional movement).7-11) 

The mean pre-therapy inter-fractional 3D displacement was 

found to be 5.6 mm for the prostate and 4.4 mm for the bony 

anatomy,10) based on gold markers and electronic portal imag-

ing, respectively. In contrast, the amplitude of 3D movement 

for the prostate was found to range from 0.1 mm to 2.7 mm 

in the supine position and to be as high as 24 mm in the 

prone position, as determined by real-time tumor tracking 

radiotherapy.9) Intra-fractional prostate movements have been 

found to be 1.6 mm along the anterior to posterior (AP) axis, 

2.4 mm along the superior to inferior (SI) axis and 1.4 mm 

along the left to right (LR) axis, indicating a ∼4 mm total 3D 

displacement.8) Together, these studies indicate that non-negli-

gible intra- and inter-fractional prostate movements occur dur-

ing the course of treatment.

  Although it is impossible to relocate the target in response 

to intra-fractional movement without using a real-time target 

tracking system, it is possible to correct the location of the 

beam center or target positioning for inter-fractional move-

ments using information based on the conventional patient po-

sitioning system (PPS) used in proton radiotherapy. Fig. 2 

shows a schematic target relocation process for inter-fractional 

movement, in which the beam center or isocenter is relocated 

to the displaced target. Although the target can be relocated to 

the beam center, the problem still exists. The depth of the tar-

get has changed, which may result in a change in dose to the 

target (Fig. 1). 

  Two solutions exist for inter-fractional movement. The first 

is to provide sufficient longitudinal margins in the planning 

stage. The benefits of increasing the margins, however, are off-

set by larger doses to critical structures and normal tissues, 

which may be unacceptable. The second solution consists of 

adaptive planning, which is currently used in tomotherapy for 

photon therapy. Although adaptive planning may be considered 

in proton therapy when non-negligible depth changes occur in 

the target, less is known about the adaptive planning method in 

proton therapy. We have therefore developed a prostate move-

ment-dependent method for adaptive proton therapy based on 

automated depth determination of the prostate target volume. 
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Fig. 2. (a) Original beam setup 

with depths of X1 and X2 from 

the skin. (b) Schematic diagram 

for target displacement from its 

original position due to inter-frac-

tional movement. (c) The moved 

target position was adjusted and 

the treatment beam isocenter was 

relocated.

Fig. 3. Coronal (a) and axial (b) views of proton treatment planning for prostate cancer.

MATERIALS AND METHODS

1. Patient data and treatment planning

  We randomly selected 10 patients with clinically localized 

prostate cancer, who were treated with proton radiotherapy at 

our institution. Each patient was instructed to drink 300 ml of 

water 30 min before treatment to fill the bladder. In addition, 

a balloon was inserted into the rectum of each patient and fil-

led with 100 ml water. For each patient, the clinical target 

volume (CTV) was defined as the whole prostate with in-

volved seminal vesicles, and the planning target volume (PTV) 

was designed to be a uniform 10 mm expansion around the 

CTV. The DVH showed that the rectal volume received a 

mean of 20% to 40% of the prescribed dose. Similar doses 

were delivered to the bladder. That is, only a small volume of 

the bladder received the full dose, while the bladder volume 

received a mean of 10% to 35% of the prescribed dose. 

  An Eclipse proton beam planning system (Eclipse Version 

8.0.3; Varian Medical Systems, Palo Alto, CA, USA) was 

used to plan the proton dose for each patient. Fig. 3 shows the 

actual treatment plan, using bilateral beams, and the corre-



의학물리：제 20 권 제 3 호 2009

- 183 -

Fig. 4. The DIPS (Digital Imaging Patient Setup) imaging 

system for proton therapy. In this system, two x-ray sources 

and detectors are installed on a gantry.

sponding coronal and axial views with the dose distribution, 

for a representative patient. The proximal, distal and transverse 

margins were 2 mm, 2 mm and 10 mm, respectively, and the 

border smoothing and smearing margins were set at 0 and 3 

mm, respectively. We used relatively small margins in plan-

ning since various uncertainties had already been included in 

the PTV we designed. 

2. Automated depth determination method

  All patients were scanned in the supine position and two 

images, a reference image and a test image, were obtained 

from a digitally reconstructed radiograph (DRR) through an 

Eclipse treatment planning system and a 2D x-ray digital im-

age using an on-board digital imaging patient setup (DIPS) 

system in the proton treatment room. In the DIPS system, the 

patient position can be manually adjusted based on two or-

thogonal x-ray images. The energy of the installed x-ray 

source ranged from 40 kV to 150 kV and the tube current was 

1 to 500 mAs. The x-ray detector was of amorphous silicon 

type with an active area of 29.3×40.6 cm and a resolution of 

127×127μm2. Fig. 4 shows schematic pictures of the treat-

ment room at our institution, including the DIPS imaging sys-

tem, gantry, couch, and all geometry used. Two x-ray sources 

with detectors were installed in the gantry system and there 

were 6 degrees of freedom in the couch, along the x, y, and 

z axes (rotation, pitch and roll direction). 

  To determine the depth of prostate volume, we first devel-

oped our automatic patient positioning system based on the 

Canny edge detection algorithm using the Matlab program lan-

guage (Matlab 7.1, Mathworks, Natick, MA, USA).12) Fig. 5 

shows, as an example, coronal images of the pelvis containing 

the prostate volume and the corresponding edged images ex-

tracted by the Canny edge detector. In our automatic patient 

positioning system, we determined the optimal figure for the 

threshold value that gives best results when two edged images 

were compared. Image correlation between the test and refer-

ence images was decided using a conventional Fourier trans-

form based correlation factor, which was supplied as a library 

function in the Matlab programming language.13) As one can 

see from Fig. 5(c), (d), edges from bony structures are the 

most significant features in images. Therefore, if two images 

from pelvis are matched based on edge correlation, it is most 

likely to be matched based on the bony structures of two 

images. This means that if there is inter-fractional movement 

of the target such as prostate, a target movement relative to 

bony structure may easily noticed by applying the automatic 

method. 

  Fig. 6 shows automatic patient positioning system-based 

results in a case where there was inter-fractional movement of 

the target. Fig. 6(a) and (b) shows the targets, marked by three 

fiducial markers, with an initial coronal DRR image from CT 

images in the planning stage and a 2D x-ray image from the 

treatment room, respectively. Fig. 6(c) shows the overlapping 

image when the automatic patient positioning system was 

applied to the images in Fig. 6(a) and (b). The positions 

marked in Fig. 6(a) and (b) have become mismatched in Fig. 

6(c), suggesting that the entire anatomy or bony structure is 

almost identical, except for the prostate, between the reference 

and test images, indicative of target movement. Fig. 7 shows 

that the initial location of the prostate, marked A in the DRR 

image, has been displaced to the position marked B in the 

treatment stage. The difference in displacement in the 

horizontal directions can be calculated based on line profiles 

(Fig. 7b). The difference between these two positions in the 

horizontal direction is considered a depth change if bilateral 
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Fig. 5. Process of automatic pa-

tient positioning based on image 

correlation using digital Fourier 

Transform (DFT) correlation be-

tween edged test and edged ref-

erence images. (a) DRR image 

from TPS. (b) 2D x-ray image from 

the treatment room. (c) Edged 

image of DRR. (d) Edged image 

of (b). (e) Overlapped image of 

(a) and (b) based on automatic 

matching method.

beams are used to treat a prostate cancer (see Fig. 3). Thus, 

depth changes could be determined automatically for patients 

with prostate cancer. Although the entire determination system 

is automatic, it can be performed manually when there is a

failure. The calculation time on a PC with a Pentium Dual 

CPU 1.6 GHz, 2 GB RAM in the automatic mode was esti-

mated to be less than ∼5 seconds. 
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Fig. 6. (a) An initial coronal DRR 

image from CT images in the 

planning stage. (b) A 2D x-ray 

image from the treatment room. 

The prostate target is marked by 

three fiducial markers. (c) Resul-

ting image following application 

of the edge based automatic pa-

tient positioning system to the 

two images in Fig. 6 (a) and (b), 

showing a mismatch in fiducial 

markers.

Fig. 7. (a) Overlapping image 

showing that the initial location 

of the prostate, marked A in the 

DRR image, has been displaced to 

position B. (b) Line profile show-

ing the difference in displacement 

in the horizontal directions.

RESULTS

  The effectiveness of the automated depth determination 

method was first evaluated based on a comparison between the 

automatic method and a manual method using data from 10 

patients. The inter-fractional movement of prostate target de-

termined by manual method was based on manual image anal-
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Fig. 9. Schematic diagram for determining the displacement of 

the prostate target volume based on the center of mass system 

for 3 marker positions instead of using the location of each 

marker.

Fig. 8. Difference in data acquired using the automated depth 

determination and manual methods.

ysis of the DRR and 2D x-ray images from the treatment 

room. Fig. 8 shows a comparison for depth changes between 

the automatic method and a manual method. The mean differ-

ence between the two methods was less than 1.0 mm, with a 

less than 1 mm standard deviation, indicating that the pro-

posed method can effectively determine the depth of the pros-

tate target volume.

  Table 1 shows the displacement of prostate target volume 

compared with initial location, based on an analysis of 38 co-

ronal images for 10 prostate cancer patients. It shows the posi-

tions of the prostate volume by pixel coordinates of the pros-

tate for the reference (planning stage) and test (treatment 

stage) images where the differences in the x- (LR) and y- (SI) 

directions are represented by Xdiff. and Ydiff., respectively. In 

determining the displacement of the prostate target volume, we 

used the center of mass for the 3 marker positions rather than 

the location of each marker, since the center of mass-based 

method provides the mean displacement from all three markers 

(Fig. 9). We observed a fluctuation in data dependent on the 

patient (Table 1). While both the mean and maximum move-

ment of the prostate was less than 1 mm for patient 5, com-

pared with the reference image, the maximum difference for 

patient 8 was almost 7.2 mm in the y-direction. Based on the 

analysis of 10 patients, the mean differences in prostate loca-

tion between the reference and test images in the x and y di-

rections were 0.9 mm and 2.3 mm, respectively, and the max-

imum discrepancies were 3.3 mm and 7.2 mm, respectively. 

The data for displacement in the x-direction, i.e., the depth 

changes, shows that 42.1%, 26.3% and 2.6% in 38 image 

comparisons showed greater than 1 mm, 2 mm and 3 mm 

depth differences, respectively, between the planning and treat-

ment stages. Fig. 10 shows the difference in prostate depth be-

tween the reference (planning stage) and test (treatment stage) 

images with standard deviation. The maximum depth changes 

in prostate target volume ranged from 0.7 mm to 3.3 mm. 

DISCUSSION

  Based on the automated depth determination method, we de-

termined the differences in prostate target depth between the 

planning and treatment stages. As seen in Fig. 1, the depth 

changes of prostate target shows non-negligible dose reduc-

tions in target volume in proton therapy. Therefore, compensa-

tion for this dose reduction based on adaptive planning may be 

essential for insignificant dose reduction to the target volume. 

Application of the adaptive planning method to proton therapy 

should include the formulation of various plans that have the 

same spread-out Bragg peak (SOBP) but different ranges by 

changing the target range in the planning stage. That is, the 

adaptive plans should be formulated in advance, based on vari-

ous target depths, since only depth changes result in non-negli-

gible dose reductions in target volume. In general, the approx-

imate SOBP is always the same since the thickness of the 

prostate volume should not change much, regardless of target 
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Table 1. Displacement of prostate target volume relative to initial location, based on an analysis of 38 coronal images of 10 

prostate cancer patients.

Patient Treatment
Center of mass (pixel) Difference (cm) Maximum difference (cm)

XDRR YDRR XDIPS YDIPS Xdiff. Ydiff. Distance Xmax. Ymax.

#1

#2

#3

#4

#5

#6

#7

#8

#9

#10

1

2

3

4

Average

5

6

7

Average

8

9

10

Average

11

12

13

14

Average

15

16

17

18

Average

19

20

21

22

Average

23

24

25

26

Average

27

28

29

30

Average

31

32

33

34

Average

35

36

37

38

Average

194

191

185

191

190

191

193

191

193

194

256

258

262

254

274

255

259

255

254

257

193

192

194

197

194

193

195

195

194

184

187

188

186

191

188

191

187

189

189

190

189

190

190

191

190

191

190

191

196

194

195

194

195

192

190

190

191

191

198

195

196

195

196

195

194

195

195

195

258

252

255

254

255

252

253

251

252

257

262

260

260

258

255

254

255

256

275

270

269

276

273

257

262

257

261

259

258

261

258

259

259

245

252

244

245

247

258

262

260

261

260

252

256

252

252

253

0.066

0.131

0.000

−0.197

0.000

−0.131

−0.263

−0.263

−0.219

0.066

−0.131

−0.197

−0.088

0.000

0.197

0.000

0.263

0.115

0.066

0.000

0.066

0.000

0.033

0.000

0.066

0.000

0.066

0.033

−0.197

−0.066

−0.131

−0.066

−0.115

−0.066

0.066

0.066

0.000

0.016

−0.329

−0.131

−0.197

−0.131

−0.197

−0.066

0.000

−0.066

−0.066

−0.049

−0.13

0.26

0.07

0.13

0.08

0.394

0.329

0.460

0.394

0.329

0.000

0.131

0.153

−0.263

−0.066

0.000

−0.066

−0.099

−0.066

0.263

0.329

−0.131

0.099

−0.131

−0.460

−0.131

−0.394

−0.279

0.066

−0.131

0.066

0.000

0.000

0.657

0.197

0.723

0.657

0.558

−0.263

−0.526

−0.394

−0.460

−0.411

0.329

0.066

0.329

0.329

0.263

0.15

0.29

0.07

0.24

0.08

0.42

0.42

0.53

0.45

0.34

0.13

0.24

0.18

0.26

0.21

0.00

0.27

0.15

0.09

0.26

0.34

0.13

0.10

0.13

0.46

0.13

0.40

0.28

0.21

0.15

0.15

0.07

0.11

0.66

0.21

0.73

0.66

0.56

0.42

0.54

0.44

0.48

0.46

0.34

0.07

0.34

0.34

0.27

0.20

0.26

0.20

0.26

0.07

0.07

0.20

0.07

0.33

0.07

0.26

0.46

0.33

0.26

0.32

0.46

0.13

0.72

0.52

0.33
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Fig. 11. Example of the adaptive planning method using a simulation. (a) Coronal image of prostate cancer with CTV and 6 mm 

shifted CTV (b) Magnified image of (a). (c) DVHs for original CTV and 6 mm shifted CTV in the initial plan. (d) DVHs of 6 mm 

shifted CTV with target relocation and with target relocation plus the adaptive plan.

Fig. 10. Depth variations of prostate volume for 10 proton 

patients based on the automated depth determination method.

movement. In contrast, the range will change depending on 

target movement. Therefore, by preparing plans using various 

ranges with the same SOBP in the initial planning stages, the 

appropriate plan can be selected, based on the depth determined 

just before treatment. The use of different ranges with the 

same SOBP can be defined as adaptive plans for proton 

therapy, which can be easily applied to treatment without 

recalculation in the treatment planning system. 

  Fig. 11 shows a simulation of the adaptive planning method. 

Fig. 11(b) shows the original CTV and a 6 mm shifted CTV, 

in which the prostate target volume was moved artificially by 

displacement of the CTV contour in the lateral direction. 

When we determined the DVHs using the initial isocenter, we 
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found that the DVH for a 6-mm shifted CTV was worse than 

the original DVH (Fig. 11c). Therefore, the location of the 

prostate isocenter should be shifted based on the patient posi-

tioning system. In this process, the location of original iso-

center will be shifted from A to B in Fig. 11(b). If we apply 

the original plan with an isocenter relocation method, the re-

sultant DVH will still deviate from the original plan (Fig. 11 

d). This result suggests that the conventional relocation method 

for the isocenter is inapplicable when the target is moved in 

the longitudinal direction. In other words, the only option that 

can be applied when there is a depth change of the target is 

adaptive planning based on various target depths. Fig. 11(d) 

shows the result when adaptive planning was applied to a 

6-mm shifted target. In this example, the 6-mm shifted plan 

was made initially and applied when the same amount of shift 

occurred. If adaptive plans are prepared for various ranges in 

the planning stage, based on the data of inter-fractional move-

ments, they can be easily applied to any target shift in the 

clinic, based on the automated depth determination method. 

  Our study had several limitations. Although our automatic 

determination method was accurate and comparable to the 

manual method, there may be mismatches between the two 

methods. In addition, changes in density distribution along the 

beam path may lead to inaccuracies in simple depth-based 

adaptive planning. This effect is considered small, however, 

since the major dose changes in target volume were not due to 

density changes but to changes in target depth. Therefore, al-

though our adaptive planning method is not perfect, it may be 

considered a good approach for compensating for dose reduc-

tions due to inter-fractional target movements. 

CONCLUSION

  We have clinically evaluated the accuracy of an automatic 

depth determination method for prostate target volume. We 

found that automated depth determination was an accurate and 

easy method to determine depth changes in prostate target 

volume. These findings indicate that the depth of the target 

volume should be determined before treatment, based on either 

an automatic or manual method, since small changes in target 

depth can significantly reduce target proton radiotherapy dose 

during treatment of prostate cancer patients. Automated depth 

determination-based adaptive proton therapy may be a solution 

to inter-fractional movements of the prostate.
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양성자치료에서의 종양의 위치 및 
깊이 검출 자동화 시스템에 관한 연구

국립암센터 양성자 치료센터

정민호ㆍ윤명근ㆍ김진성ㆍ신동호ㆍ박성용ㆍ이세병

립선암의 치는 방사선 치료도  변하는 경우가 많으며 이는 종양선량을 낮추고 정상조직선량이 높아질 수 있다. 이 

논문의 목 은 방사선 치료 에 립선암의 치  깊이 변화를 자동 으로 감지하는 시스템을 개발하고 이를 용해 

환자의 국부에 조사되는 방사선량의 변화를 최소화 하는 데 있다. 이 연구에서는 10명의 환자로부터 38장의 상자료를 

통해 수행되었으며 립선암에 부착된 -표지자를 이용해 종양의 질량 심을 구하고 이를 기반으로 종양의 치변화

를 감지하 다. 립선암의 평균 인 치변화는 좌우와 아래로 각각 0.9 mm와 2.3 mm이었으며 최고 치변화는 각

각 3.3 mm와 7.2 mm 다. 일상 으로 립선암의 양성자치료에 많이 사용되는 마주보는 두 개의 양성자빔(bilateral 

beam configuration) 조건에서 좌우의 치변화는 깊이 변화를 의미하며 이는 약 0.7 mm에서 3.3 mm까지 변화하고 있음

을 알 수 있었다. 실험결과 종양의 깊이 변화가 1 mm, 2 mm 그리고 3 mm 보다 많이 차이 나는 경우가 각각 42.1%, 

26.3% 그리고 2.6%로 나타났다. 이러한 결과를 토 로 봤을 때 양성자치료에서 자동 으로 종양의 깊이 변화를 분석하

는 것이 가능하다는 것을 알 수 있었으며 이를 이용한다면 종양선량을 높이고 정상조직선량을 낮추어 치료효과를 높일 

수 있다.


심 단어: 립선암, 양성자치료, 립선 이동


