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Dose differences between three—dimensional (3D) and four—dimensional (4D) doses could be varied according
to the geometrical relationship between a planning target volume (PTV) and an organ at risk (OAR). The purpose
of this study is to evaluate the correlation between the overlap volume histogram (OVH), which quantitatively shows
the geometrical relationship between the PTV and OAR, and the dose differences. 4D computed tomography
(4DCT) images were acquired for 10 liver cancer patients. Internal target volume-based treatment planning was
performed. A 3D dose was calculated on a reference phase (end-exhalation). A 4D dose was accumulated using
deformation vector fields between the reference and other phase images of 4DCT from deformable image
registration, and dose differences between the 3D and 4D doses were calculated. An OVH between the PTV
and selected OAR (duodenum) was calculated and quantified on the basis of specific overlap volumes that
corresponded to 10%, 20%, 30%, 40%, and 50% of the OAR volume overlapped with the expanded PTV.
Statistical analysis was performed to verify the correlation with the OVH and dose difference for the OAR. The
minimum mean dose difference was 0.50 Gy from case 3, and the maximum mean dose difference was 4.96
Gy from case 2. The calculated range of the correlation coefficients between the OVH and dose difference was
from —0.720 to —0.712, and the R-square range for regression analysis was from 0.506 to 0.518 (p-value
<0.05). However, when the 10% overlap volume was applied in the six cases that had OVH value <2, the
average percent mean dose differences were 34.80+£12.42%. Cases with quantified OVH values of 2 or more
had mean dose differences of 29.16+11.36%. In conclusion, no significant statistical correlation was found
between the OVH and dose differences. However, it was confirmed that a higher difference between the 3D and
4D doses could occur in cases that have smaller OVH value.
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Introduction

Intensity-modulated radiation therapy (IMRT) allowed deliv-
ering precise dose of radiation to tumors while minimizing

damage of normal tissue and organ at risk (OAR). However,
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such a therapy is difficult to achieve for radiation therapy due
to the presence of unintended movements such as peristalsis,
cardiac impulse, and respiration. Particularly, the abdomen is a
part of the human body that is influenced greatly by respira-
tory motions. Hence, a dose lower than the prescribed dose
can be delivered to the tumor or a dose higher than the toler-
ance dose can be delivered to a normal tissue if the effect of
the respiratory motion is not considered for the radiation ther-
apy for liver cancer.

Owing to the recent commercialization of four-dimensional
computed tomography (4DCT), information on movement and

changes in tumors and OARs that result from respiration mo-
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tion can be obtained from the respiratory phase of the patient
from information in the image sets of three-dimensional com-
puted tomography (3DCT)."” The information on the move-
ment of internal organs provided by the 4DCT can be used to
plan radiation therapy using patient-specific internal target vol-
ume (ITV).3’7’20) Furthermore, 4DCT also made four-dimen-
sional (4D) radiation therapies such as breath-holding radiation

therapy6’19) 43)

or respiratory-gated radiation therapy™” possible.
Among them, ITV-based radiation therapy is a method that
considers the coverage of tumor movements caused by respira-
tory motion and, consequently, includes a large margin in the
planning target volume (PTV); it has been mainly used for
clinical purposes. However, owing to the large margin included
in the PTVs, there is a high possibility of a normal tissue or
an OAR being exposed to radiation compared to other 4D ra-
diation therapies.” Moreover, owing to the characteristics of
the ITV-based radiation therapy, which focuses on the move-
ment coverage of a tumor, there is a possibility of discrepancy
between the actual delivery dose and the plan dose calculated
using a dose prediction model when planning radiation therapy
for an OAR near a PTV. One of the reasons for such a dis-
crepancy is the change in the geometrical relationship between
the PTV and the OAR because the tumor and the surrounding
OARs move due to the respiratory motion. However, it is dif-
ficult to consider the discrepancies in doses that occur in
ITV-based radiation therapy planning. One of the reasons for
this is that even though the movement coverage is considered
in the ITV, the dose calculated by the dose prediction model
is based on one image from one phase—the reference phase—
out of the many images of many phases from 4DCT.

Recently, various studies on 4D doses that reflect the effects
of respiratory motion have attempted to address this problem.”"”
Generally, a 4D dose is obtained by applying deformation vec-
tor fields (DVFs) obtained from deformable image registration
(DIR) between a reference image and images from nine phases
to each dose distribution calculated based on 10 phase images
obtained from 4DCT. Hence, every dose distribution calculated
from each phase image is considered and allows for estimating
the actual delivered dose more accurately than the 3D dose,
which is calculated from a single-phase image.

The difference between 3D and 4D doses is greatest near a

PTV due to the motion of the tumor."” In this case, the differ-

ence between the predicted dose and the actual delivery dose
of an OAR near a PTV can be significant. This may cause un-
expected side effects after the therapy. Therefore, an accurate
prediction of the dose to be delivered is required by calculat-
ing the 4D dose if major OARs are close to the tumor.
However, 4D doses take more time to calculate compared to
3D doses, and hence, the related workload is heavy. Thus,
clinical applications are limited. In order to address this prob-
lem, it is necessary to calculate 4D doses that can closely esti-
mate real delivery doses by selecting patients with a high pos-
sibility of large differences in the 3D and 4D doses; in other
words, patients with large dose differences at OARs near a
PTV." Consequently, time and labor spent on 4D dose calcu-
lations can be minimized and more accurate delivery doses can
be estimated from 4D dose calculations when planning radia-
tion therapies for selected patients. To achieve this, a method
of selecting subjects and, consequently, a quantitative evalua-
tion of the factors affecting the difference between 3D and 4D
doses were required. Previous researches reported that factors
such as size and movement of tumors can influence the differ-
ences in doses.""'” This research focused on one particular
reason out of the many reasons cited for the difference in
doses—the geometrical relationship changes between the PTVs
and OARs caused by respiratory motion. Furthermore, this re-
search assumed the geometrical relationship between the PTVs
and OARs as a new factor. A quantitative definition of the
geometrical relationship between the PTVs and OARs was re-
ported using an overlap volume histogram (OVH) by Kazhdan
et al.”” In addition, Wu et. al. suggested that an OVH defining
the geometrical relationship can help effectively manage the
quality control of the IMRT planning for head-and-neck cancer

6)

: 1
patients, ~ and some research groups conducted researches on

applying OVHs to radiation therapy.>'**"*¥

Therefore, this research used OVHs to define the geo-
metrical relationship between the PTVs and OARs, such as
relative location, distance, and shapes, quantitatively for cases
with liver cancer patients that need to consider respiratory
motion. This quantitative definition was used to select a new
factor that caused differences between 3D and 4D doses.
Furthermore, the correlation between the OVH and the differ-
ence between the 3D and 4D doses for an OAR near a PTV

was analyzed statistically. As a result, the research was ex-
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pected to contribute in suggesting a method for selecting sub-
jects that needed 4D dose calculations and in allowing 4D

doses for clinical applications.

Materials and Methods
1. Patient characteristics and imaging

This research was conducted based on information from 10
liver cancer patients; 5 patients had received three-dimensional
conformal radiation therapy (3DCRT), and 5 patients had re-
ceived stereotactic body radiotherapy (SBRT) between June
2014 to June 2015. Table 1 shows the therapy plan, PTV size,
and center-of-mass (COM) distance between a PTV and the
duodenum, which is the OAR, and the prescription dose for
each case. For every patient’s case, a CT scanner (SOMATOM
Definition AS, Siemens Healthcare, Erlangen, Germany) and
an ANZAI belt (Anzai Medical Company, Tokyo, Japan) were
used to obtain 4DCT images at free-breathing state. The 4DCT
images were sorted into 10 phase images using phase-based
sorting, and the voxel size was 0.97 mmx0.97 mmx3.00 mm

(coronalxsagittal xaxial).
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2. Delineation and dose calculations

The radiation therapy plan was conducted with end-exhalation

phase in 4DCT as the reference image, and the therapy plan and

Table 1. Therapy plan and characteristics of each case. The
center-of-mass (COM) distance is the distance from the
planning target volume (PTV) to the organ at risk (OAR),
which is the duodenum.

Case PTV volume COM distance Prescription

No. Plan (cm’) (cm) dose (Gy)
1  SBRT 83.37 7.35 40

2 SBRT 53.63 3.89 40

3 SBRT 54.59 5.43 40

4 SBRT 141.07 5.04 30

5  3DCRT 267.34 5.71 40

6  3DCRT 74.71 6.90 40

7 3DCRT 71.71 5.07 40

8  3DCRT 78.74 9.25 40

9  SBRT 36.30 297 30
10  3DCRT 67.20 434 40
SBRT: stereotactic body radiation therapy, 3DCRT: three-

dimensional conformal radiation therapy.
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Fig. 1. Ssimple calculation process
for four-dimensional doses (4D
doses). First, deformable image
registration was used to calculate
the deformation vector fields
(DVFs) for each phase image based
on the end-exhalation phase image
from four-dimensional computed
tomography (4DCT). Second, the
calculated DVFs were applied to
each dose distribution that was
calculated from each phase image
to obtain the warped dose dis-
tributions. Finally, the warped dose
distributions were weighted and
summed up to calculate the 4D
doses.
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prescription dose for each case is shown in Table 1. From the
reference image, the duodenum, which was the OAR near the
PTV, was delineated. A gross target volume (GTV) was selected
for each phase image. Integration of all the GTVs selected for
each phase provided the ITV, and the PTV was defined by add-
ing a 5-mm set-up margin to the obtained ITV. In addition, the
duodenum was selected as the OAR based on the end-exhalation
phase image. The collapsed cone convolution dose calculation
algorithm of the therapy planning device (Pinnacle v8.0, Philips
Medical System, Cleveland, OH) was used to calculate the dose
distribution for each of the 10 phase images, which included the
3D dose in the existing phase image.

In order to run DIR, which was needed for calculating 4D
doses, DIRART"” was used through MATLAB 2010a (Math
Works Inc., Natick, MA). By using the Horn and Schunck op-
tical flow algorithm of DIR, DVFs between the end-exhalation

phase image, reference image, and other nine phase images

(¢}
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0% overlap volume

Overlapped OAR volume with
expanded PTV

were obtained. The DVFs obtained from each phase were ap-
plied to the dose distributions calculated from each phase im-
age to obtain dose distributions warped according to the refer-
ence phase image. Since this study obtained 4DCT images by
phase-based sorting, same weighting (1/total number of 4DCT
phase bin) was put on all 10 dose distributions—one 3D dose
and 9 warped dose distributions—and were summed up to cal-
culate the 4D doses. Fig. 1 shows the overall process of this
4D dose calculation. The difference between the 3D and 4D

doses for the duodenum was calculated.
3. Overlap volume histogram

OVH is a two-dimensional (2D) curve that simultaneously
expresses the geometrical relationship between a PTV and an
OAR such as relative location, distance, and shape. When a
uniform, arbitrary margin was applied to a PTV, it showed the
ratio of the volume overlapping with the OAR in the OAR

Fig. 2. Example of an overlap
volume histogram (OVH). (a)
three-dimensional view showing
the geometrical relationship between
the planning target volume (PTV)
and the organ at risk (OAR), (b)
two-dimensional view on the given
PTV and OAR: 1; is the maximum
expansion distance where the
expanded PTV and OAR did not
overlap when PTV was expanded
by an arbitrary margin. r, is the
minimum  expansion distance
where the OAR was perfectly
overlapped by the PTV expanded
by an arbitrary margin. d is the
margin size when the ratio of the
overlapped volume (red area)
between the expanded PTV and
OAR to the volume of OAR was
v, (¢) OVH of given PTV and OAR.

100% overlap volume
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15)
volume.

the arbitrary PTV and the OAR in a 3D view, and Fig. 2(b)

expresses Fig. 2(a) in a 2D view. Fig. 2(c) expresses this geo-

Fig. 2(a) shows the geometrical relationship between

metrical relationship between the PTV and OAR using an
OVH. The horizontal axis displays the margin applied to the
PTV, and, in this study, the size of such a margin is expressed
as the expansion distance. The vertical axis displays the ratio
of the volume overlapped between the OAR and PTV, which
was expanded by a margin and the OAR volume. For exam-
ple, v in Fig. 2(c) represents the ratio of the OAR volume to
the overlapped volume (red area) between the OAR and the
expanded PTV volume when the volume of the PTV was in-
creased uniformly by an arbitrary expansion distance d in Fig.
2(b). In order to express the geometrical relationship between
the PTV and OAR quantitatively using an OVH that was men-
tioned above, this study set a standard for the ratio of the vol-
ume overlapped between the expanded PTV and OAR to the
volume of OAR as 10%, 20%, 30%, 40%, and 50%. For con-
venience, in this study, such standards are expressed as OVHj,
OVHy, OVH3y, OVHy, and OVHsy. The expansion distances
were obtained for all patient cases based on the end-exhalation

phase images obtained from 4DCT for each standard.
4. Statistical analysis

In order to evaluate the correlation between the 3D and 4D
doses for the OVH and OAR, correlation analysis and re-

gression analysis were conducted. Furthermore, the correlations

PROGRESS in MEDICAL PHYSICS Vol. 27, No. 4, December, 2016

between the COM distances between PTVs and OARs, the

OVH, which was quantified using the standards for over-

lapping volume, and the dose differences between the 3D and

4D doses were statistically evaluated using regression analysis.
Results

1. Overlap volume histogram

Fig. 3 shows the OVH curves calculated from the 10 cases

Case 1
Case 2
- Case 3
Case 4
Case 5
Case 6
Case 7
Case 8
Case 9
Case 10

Overlap OAR with expanded PTV
[relative]

8

Expansion distance [a.u.]

Fig. 3. Overlap volume histogram (OVH) for each case. The
expansion distance of the horizontal axis represents the size of
the margin used when the planning target volume (PTV) was
expanded by an arbitrary margin. The vertical axis represents
the ratio of the overlapped volume between the organ at risk
(OAR) and expanded PTV, which was expanded by an arbitrary
margin, to the volume of OAR.

Table 2. Expansion distance of each case according to the ratio of the overlapped volume between the organ at risk (OAR)
and the planning target volume (PTV), which was expanded by an arbitrary margin to the OAR volume.

Expansion Distance (a.u.)

Case No.
OVHyy OVHy OVHj3 OVHy OVHs
1 3.38 4.01 443 4.79 5.10
2 0.54 1.66 0.76 0.92 111
3 213 242 2.69 2.95 3.34
4 1.42 1.67 1.88 2.08 225
5 1.34 1.68 1.95 216 2.36
6 1.33 1.59 1.78 1.95 211
7 2.10 2.36 2.59 2.76 294
8 4.05 452 4.99 5.34 5.71
9 0.41 0.54 0.63 0.72 0.80
10 0.20 0.58 0.93 1.27 1.59

OVH,: Standard where the ratio between the overlapped volume of expanded PTV and the OAR to OAR volume is x%.
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and most OVH curves had a similar shape except for case 3.
Table 2 shows the expansion distance for each case according
to the standards that quantified OVH (OVH;o, OVHyy, OVHj,
OVHy, and OVHsp) in this study. The COM distance between
the OAR and PTV was 9.25 cm, and case 8, where the PTV
and OAR were separated by the greatest distance (Table 1),
had the largest OVH value for every standard. However, for
case 9, which had the smallest COM distance between the
PTV and OAR at 2.97 cm (Table 1), the minimum expansion

distance was not obtainable for standard OVHj.
2. Dose differences between 3D and 4D doses

Table 3 shows the 3D mean dose, 4D mean dose, and the

difference between the two values calculated for each case for

Table 3. Mean three-dimensional dose (3D dose), mean
four-dimensional dose (4D dose) and mean dose difference
calculated for the duodenum, which was the organ at risk
(OAR) for each case.

Case No. 3Dmean 4Drmean Mean dose
(Gy) (Gy) difference (Gy)
1 12.74 11.04 1.70
2 12.79 7.83 4.96
3 1.64 1.14 0.50
4 7.21 3.80 341
5 14.09 11.15 2.94
6 7.57 3.76 3.81
7 5.16 3.48 1.68
8 2.31 1.38 0.93
9 9.87 7.31 2.56
10 12.83 9.55 3.28

3Dmean: mean dose for 3D dose, 4Dmean: mean dose for 4D dose.

the OAR (duodenum). A minimum mean dose difference value
of 0.50 Gy was obtained in case 3, and a maximum mean
dose difference of 4.96 Gy was obtained in case 2. A mean
dose difference of more than 2.5 Gy between 3D and 4D

doses was observed in the six cases.
3. Statistical analysis

Table 4 shows the regression analysis results for the ex-
pansion distance according to each OVH quantifying standard
and the COM distance between the PTV and OAR. The co-
efficient of determination (Rz) was largest at 0.792 for the
OVHy standard, and the coefficient of determination (RZ) was
smallest at 0.763 for the OVH)o standard. However, the stand-
ard error and the 95% confidence interval for the regression
coefficient were found to have the minimum values when the
standard was set to OVHs. Fig. 4 shows the regression line
and the scatter diagram for the regression analysis between the
OVHs, standard, which had the smallest standard error, and
the COM distance.

Table 5 represents the results for the correlation analysis
and regression analysis between the mean dose differences of
3D and 4D doses and the expansion distance according to
each OVH quantifying standard. For the case of the expansion
distance of the quantified OVH, it was found that the correla-
tion coefficient values changed from —0.720 to —0.712 as the
standards changed, and the largest absolute value (p-value<
0.05) was observed for the OVHsy standard However, for the
COM distance, the correlation coefficient value was 0.460,
which was smaller than the value for the OVH. The co-

efficient of determination (R®) for the regression analysis be-

Table 4. Regression analysis results of the quantified overlap volume histogram (OVH) and the center-of-mass (COM)
distance between the planning target volume (PTV) and the organ at risk (OAR).

95% Confidence interval

2 Regression Standard
R . p-value
coefficient error Lower Upper
OVHy;-COM distance 0.763 1.296 0.250 0.001 0.693 1.845
OVH~COM distance 0.779 1.175 0.221 0.001 0.665 1.685
OVH;-COM distance 0.789 1.102 0.201 0.001 0.638 1.566
OVHy~COM distance 0.792 1.057 0.192 0.001 0.615 1.499
OVHs-COM distance 0.786 1.009 0.186 0.001 0.580 1.438

OVHy: Standard where the ratio of overlapped volume between expanded PTV and OAR to OAR volume is x%, Standard error: the

error value for regression coefficient.

- 208 -



PROGRESS in MEDICAL PHYSICS Vol. 27, No. 4, December, 2016

[ Y

Expansion distance for 50% overlap (a.u.)

0 2 4 6 8 10
Center of mass distance (cm)

o

Mean dose difference (Gy)

0 2 4 6 8 10
Center of mass distance (cm)

Fig. 4. Regression line and scatter diagram for the overlap volume histogram (OVH) and the center-of-mass (COM) distance between
the planning target volume (PTV) and the organ at risk (OAR), and the mean dose differences between the four-dimensional dose
(4D dose) and three-dimensional dose (3D dose) at the OAR. (a) Linear regression line and scatter diagram between the expansion
distance and COM distance when the ratio of the OAR volume to the overlapped volume between the OAR and PTV expanded by
an arbitrary margin was 50% (OVHs), (b) Linear regression line and the scatter diagram between the mean dose difference and

COM distance.

Table 5. Regression analysis results for the mean dose differences between three-dimensional doses (3D doses) and
four-dimensional doses (4D doses), and the center-of-mass (COM) distance between the quantified overlap volume histogram
(OVH), the organ at risk (OAR), and the planning target volume (PTV).

95% Confidence interval

Correlation > Regression Standard
. R . p-value
coefficient R coefficient error Lower Upper
OVH10-MDD -0.717 0.514 —0.784 0.270 0.020 —1.407 —0.162
OVH20-MDD —0.713 0.508 —0.715 0.249 0.021 —1.288 —0.142
OVH30-MDD —0.715 0.511 —0.668 0.231 0.020 —1.201 —0.135
OVH40-MDD —0.712 0.506 —0.637 0.222 0.021 —1.150 —0.124
OVH50-MDD —0.720 0.518 —0.617 0.210 0.019 —1.103 —0.132
COM distance-MDD 0.460 0.212 —0.347 0.237 0.181 —0.892 0.198

OVH,: Standard where the ratio of overlapped volume between expanded PTV and OAR to OAR volume is x%, MDD: mean dose

difference, Standard error: the error value for regression coefficient.

tween the mean dose difference and OVH was calculated to be
between 0.506 and 0.518. However, the coefficient of determi-
nation (Rz) between the mean dose difference and COM dis-
tance was calculated to be 0.212, and the p-value was found
to be 0.181, which was greater than 0.05. Fig. 5 displays the
scatter diagram and the linear regression line for the regression
analysis between the expansion distance for each OVH quanti-
fying standard and the mean dose difference between the 3D
and 4D doses.

Discussion

Table 4 confirms that there was a significant statistical cor-
relation between the COM distance from the PTV to the OAR
and the OVH. One of the reasons for the abovementioned re-
sults was presumed to be the fact that the OVH was a factor
that simultaneously represented the geometrical relationship be-
tween a PTV and an OAR, including the relative location, dis-
tance, and shapes. From the results in Table 5, it was con-

firmed that the OVH, which was a complex factor, had a
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more significant statistical correlation with the differences be-
tween 3D and 4D doses as compared to the COM distance,
which was a factor of singularity. However, since the OVH
used in this study was expressed using a 2D curve, a standard,

such as a specific overlapping ratio, was needed to express the
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Fig. 5. Regression line and scatter diagram for the mean dose
difference between three-dimensional doses (3D doses) and
four-dimensional doses (4D doses); expansion distance accor-
ding to each volume ratio standard when the ratio of the
overlapped volume between the organ at risk (OAR) and the
planning target volume (PTV) expanded by an arbitrary margin
to the OAR volume ranges from 10% to 50% (OVHi, OVHy,
OVHsy, OVHy, OVHs). (a) standard at OVHy, (b) standard at
OVHyy, (c) standard at OVHj, (d) standard at OVHi, (e)
standard at OVHs.

OVH as a single quantitative number for each case. Since the
standard for quantifying the OVH could influence the correla-
tion of the differences between the 3D and 4D doses, this
study set five arbitrary standards from 10% to 50% in 10%

increments. Among these standards, OVHso, when the ratio of
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the overlapped volume between the expanded PTV and OAR
and the volume of OAR was 50%, had the largest coefficient
of determination (Rz) in the regression analysis. However, stat-
istical results for all five quantified standards were similar.
Such results were achieved because the slope of the curve for
the OVH was similar for most the cases (Fig. 3). If the OVH
curve was gradual, and, consequently, the change of expansion
distances was large with changing OVH standards, it was pre-
dicted that the OVH standards would have a larger influence.
However, although the OVHso standard, which had the largest
coefficient of determination (RZ) for the regression analysis,
was applied in this study, there was no statistical significance
between the geometrical relationship expressed with the OVH
and the difference between the 3D and 4D doses. One of the
reasons was because the geometrical relationship between the
PTV and OAR established from a single standard phase image
out of the many phase images obtained from 4DCT could not
fully explain the differences between 3D and 4D doses that
could have occurred from the geometrical changes in the PTV
and OAR due to respiratory motion. In addition, the small
number of cases made it difficult to obtain an accurate
evaluation.

However, as shown in Fig. 5(a), the differences between 3D
and 4D doses for the duodenum in the six cases that had an
expansion distance of 2 or less under the OVHjo standard
were 2.5 Gy or more, and the ratio of the mean dose differ-
ence was 34.80+12.42%. For four cases that had an expansion
distance of 2 or more, the dose differences were 1.7 Gy or
less, and the ratio for the mean dose difference was
29.16+11.36%. Furthermore, the mean dose differences for the
3D and 4D doses for the duodenum was reported to be large
at 15.7+11.2% in the research by Jung et al. that studied 11
patient cases.”” The results from this study were predicted to
be from the geometrical relationship between the PTV and du-
odenum, and were significantly changing compared to the case
with an opposite geometrical relationship due to the move-
ments of the duodenum caused by the respiratory motion when
the OVH expansion distance was small. That is, when the
PTV and duodenum were in close proximity and their relative
shapes were in a similar geometrical relationship. In other
words, the duodenum had a possibility of the influence of the

dose caused by a high dose gradient decreasing due to the

PROGRESS in MEDICAL PHYSICS Vol. 27, No. 4, December, 2016

geometrical relationship having a significant change from res-
piratory motion in the case where the OVH expansion distance
was small. This could cause a large difference between the 3D
and 4D doses. In addition, Table 3 shows that the 4D dose
had a tendency of being smaller than the 3D dose for the duo-
denum, and this tendency was similar to the results obtained
by Jung et al.”” A study by Yeo et al."”” also showed that 4D
doses were either smaller or larger than 3D doses, depending
on the types of OAR, including right and left kidneys, small
bowel and others. Therefore, the tendency of 4D doses being
smaller than 3D doses found in this study was considered to
occur because of the indigenous locational characteristics of
the OAR; in other words, the particular geometrical relation-
ship between the PTV and OAR.

Among many OARs, including normal liver, kidney, duode-
num, and stomach of a liver cancer patient, only the duode-
num, which had the smallest volume, was selected as the
OAR. This was because even though the PTV and OAR are in
close proximity, the OAR with a relatively larger volume than
the PTV causes the OVH curve to be relatively gradual since
the vertical axis of OVH defines the volume ratio based on
the volume of the OAR. As a result, the influence of the
aforementioned OVH quantifying standards might increase, and
the influence of the distance between the PTV and OAR might
not be reflected in the OVH. Hence, the duodenum was se-
lected as the OAR to minimize such influences. In future re-
searches, additional analyses on various OARs based on sev-
eral cases are required. Furthermore, the difference between
the 3D and 4D doses would be predicted more accurately if
the OAR movement data and the geometrical relationship be-

tween the PTVs and OARs are considered simultaneously.
Conclusion

This research assumed the geometrical relationship between
a PTV and an OAR as a factor that influences the difference
between 3D and 4D doses and statistically analyzed the
correlation. Although the OVH, a factor that represents the
geometrical relationship quantitatively, did not have a stat-
istical significance with the dose differences as a single entity,
it confirmed the possibility of obtaining larger dose differences

for cases with small expansion distances that depend on the
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OVH quantifying standards, compared to cases with contrary

conditions. It was anticipated that if future researches use sev-

eral clinical cases to simultaneously consider factors such as

the scope of OAR movements and direction due to respiratory

motion, and the geometrical relationship between the PTVs

and OARs, assessing the correlation between these factors and
the differences in the 3D and 4D doses at the OAR will be

more accurate.
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