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The dose distributions within the real volumes of tumor targets and critical organs during internal target
volume—based intensity-modulated radiation therapy (ITV-IMRT) for liver cancer were recalculated by applying
the effects of actual respiratory organ motion, and the dosimetric features were analyzed through comparison
with gating IMRT (Gate—IMRT) plan results. The ITV was created using MIM software, and a moving phantom
was used to simulate respiratory motion. The doses were recalculated with a 3 dose—-volume histogram (3DVH)
program based on the per—field data measured with a MapCHECK2 2—dimensional diode detector array. Although
a sufficient prescription dose covered the PTV during ITV-IMRT delivery, the dose homogeneity in the PTV was
inferior to that with the Gate-IMRT plan. We confirmed that there were higher doses to the organs—at-risk (OARSs)
with ITV=IMRT, as expected when using an enlarged field, but the increased dose to the spinal cord was not
significant and the increased doses to the liver and kidney could be considered as minor when the reinforced
constraints were applied during IMRT plan optimization. Because the Gate—IMRT method also has disadvantages
such as unsuspected dosimetric variations when applying the gating system and an increased treatment time,
it is better to perform a prior analysis of the patient's respiratory condition and the importance and fulfillment
of the IMRT plan dose constraints in order to select an optimal IMRT method with which to correct the respiratory

organ motional effect.
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Introduction

Intensity-modulated radiation therapy (IMRT) has been used
effectively in complicated clinical cases that require improved
dose distribution to tumor targets and reduced doses to normal
tissues and critical organs near the tumor.

Although IMRT has been most often performed in cases of
head and neck and prostate cancer in which the tumor motion
is very small and within a limited range, this technique has al-

so been applied to tumors located in the abdomen and chest,
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including liver cancer and lung cancer which are affected by
respiratory organ motion. Many studies on dosimetric etrors
during IMRT beam delivery consequent to respiratory organ
motion have been conducted, and some practical methods have
been devised to resolve these errors."®

An active breathing coordinator (ABC) system and real-time
position management (RPM) respiratory gating system are typ-
ically applied to clinical cases in order to reduce the respira-
tory organ motional effects. These methods often require the
patient’s cooperation with controlling their regulatory respira-
tion pattern, and the motional correlation between the external
marker and internal organ should be uniform in the RPM gat-
ing system. These requirements are very difficult to achieve in
actual clinical practice, which can introduce more errors in
cases involving IMRT, given the complicated dose distribu-

tions delivered through the accurate movements of a multi-leaf
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collimator (MLC). IMRT administered through sliding win-
dow-type MLC movements can lead to substantial errors in the
gating method due to the possible dosimetric inconstancy and
inaccuracy of the MLC position during the repeated-beam
on-off process.”

Another conventional way to consider the organ motional
effect without using a beam on-off gating system is to apply
the entire range of respiratory organ motion as a margin when
delineating the planning target volume (PTV). The accurate
motion range can be applied to the internal target volume
(ITV) using 4-dimensional computed tomography (4DCT),
which can minimize unnecessary margins when delineating the
PTV.""" When creating an IMRT plan based on the 4DCT-
contoured ITV, there is no need to apply the gating method
and stable IMRT can be performed without dosimetric error,
due to the beam on-off process. However, a disadvantage of
the ITV method is that the dose to the organ at risk (OAR)
near the PTV might be increased as a result of the treatment
field, which is larger than that used in the gating method. It is
also difficult to analyze the accurate dosimetric distributions in
the real PTV and OARs using ITV because the IMRT plan is
created using an inflated PTV and OARs, which differ from
the actual volumes.

In this study, we devised a method for calculating the dose
distributions in the real PTV and OARs when an ITV-based
IMRT (ITV-IMRT) plan was delivered under the condition of
actual respiratory organ motion, and analyzed the calculated
dosimetric data through comparison with a gating IMRT
(Gate-IMRT) plan. The ITV-IMRT plans for this study were
created from 4DCT scans of liver cancer patients, and an ac-
curate ITV that applied the entire motion range was delineated.
The doses in the patients” CT data were recalculated based on
the measured ITV-IMRT doses delivered under the condition
of respiratory motion in each patient. The calculated dose dis-
tributions in the actual volumes of the PTV and OARs were
compared with the results of the Gate-IMRT plan and ana-
lyzed for the application of the proper IMRT method for treat-
ing liver tumors, which includes a variable motional aspect

due to the differences in the patients’ respiratory conditions.

Materials and Methods

The 4DCT data for 10 patients who had been treated with
Gate-IMRT for liver cancer were selected to create ITV-IMRT
plans. The 4DCT data were acquired with a BrightSpeed CT
scanner (GE Medical Systems, Milwaukee, WI), and retro-
spectively reconstructed 10-phase CT data were transferred to
the MIM program (MIM Software Inc., Cleveland, OH) to
generate the ITV and planning OAR volume (PRV). The CTV
and OAR contours in 50%-phase CT for the Gate-IMRT plan
were propagated to the other phase CT using a deformable
registration algorithm, and all contours from each phase CT
were combined into a final ITV and PRVs.

The PTV was generated by adding a 0.5-cm setup margin to
the ITV, and all ITV-IMRT plans were made using 7 fixed
10-MV X-ray beams from a Clinac iX linear accelerator
(Varian Medical Systems, Palo Alto, CA); these plans used the
same gantry angles as did Gate-IMRT plans. The Eclipse radi-
ation treatment planning (RTP) system (Varian Medical
Systems, Palo Alto, CA) was employed, and the same dosi-
metric constraints were used during the optimization process
for IMRT planning. The prescription dose to the PTV was 50
Gy, applied in 25 fractions, and the optimization constraints
for the PTV were that the 95% isodose (prescription) surface
had to cover 95% of the PTV and that no portion of the PTV
could receive more than 110% of the prescription dose. The
OARs considered during the optimization were the liver, kid-
ney, and spinal cord. The liver constraint was that the volume
irradiated with >30 Gy should comprise <30% of the total
volume. The kidney constraint was that the volume irradiated
with >20 Gy should comprise <20% of the total volume.
The dose limit to the spinal cord was 45 Gy.

The Dynamic Platform Model 008PL (CIRS Inc., Norfolk,
VA), which can simulate respiratory motion, was used to ap-
ply the same respiratory motional effects in each patient dur-
ing ITV-IMRT beam delivery. The period and range of respi-
ratory motion in the region of tumor were measured in all pa-
tients from 4DCT-generated movie data, and the same period
and range were applied when operating the dynamic phantom
to realize coincident respiratory conditions in each patient. In

this study, single motional range in the superior-inferior direc-
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tion was measured and applied to the phantom simulation be-
cause the dynamic phantom could move in only I-direction,
and the greatest changes in respiratory motion usually occurred
in the superior-inferior direction.

The per-field measurement for verifying the dose distribution
in each IMRT filed under the condition of respiratory motion
was performed using a MapCHECK?2 2-dimensional diode de-
tector array (SunNuclear, Melbourne, FL), which was laid on
the dynamic phantom as shown in Fig. 1. The delivered dose
distribution in each patient’s CT was recalculated using a 3
dose-volume histogram program (3DVH; SunNuclear, Melbourne,
FL) and applying the per-field measurement data. The 3DVH
was used because the program is the only verified method that
can calculate internal dose distribution of patient with the 2D
data measured by MapCHECK?2. The DVHs of the actual PTV
and OARs during ITV-IMRT beam delivery under the con-
dition of respiratory organ motion were calculated with a
3DVH and compared with the DVHs calculated for the
Gate-IMRT plan to analyze the organ motional effect on dosi-

metric changes during ITV-IMRT delivery. The overall process

Beam delivery of ITV-IMRT
under the condition of respiratory motion
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of this study is summarized in Fig. 2.

Results

An example of ITV delineation with the MIM program is

shown in Fig. 3, and proper contour expansion can be verified

Fig. 1. MapCHECK?2 laid on the dynamic moving phantom for
the per-field measurement of ITV-IMRT under the condition of
respiratory motion.

Per-field measurement
with MapCHECK2 laid on
the moving phantom

L_l
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N
Respiratory Dose recalculation in PTV® & OARs®
motional with 3DVH program
PTV range J
®
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Analysis of dose distribution in PTV® & OARs®
compared with Gate-IMRT plan

*PTV®: Real PTV removed the motional effect, OARs ® : Real OARs removed the motional effect

Fig. 2. Diagram of the overall study
process.

Fig. 3. Example of PTV and OARs
in ITV-IMRT plan delineated in
MIM program reflecting the respi-
ratory motional effect.
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Table 1. Volume comparison of PTV and OARs between ITV-IMRT plan and Gate-IMRT plan with information on the period

and range of respiratory motion in each patient.

PTV [cm’] Liver [cm’] Lt-kidney [em’] Rt-kidney [em’] Respiration Respiratory
Patients eriod motional
Gate-IMRT ITV-IMRT Gate-IMRT ITV-IMRT Gate-IMRT ITV-IMRT Gate-IMRT ITV-IMRT [sec] range [cm]
A 642.0 711.2 1785.9 1965.9 238.8 270.2 196.8 221.2 9.0 1.7
B 273.8 327.8 1846.3 2073.9 145.8 170.7 141.9 155.7 5.0 1.8
C 495 58.7 13253 1471.7 161.3 1915 153.0 1745 6.0 1.2
D 573.0 612.5 1053.3 1261.6 240.3 2715 185.6 214.8 7.0 1.5
E 2021.9 2100.3 2506.2 27523 187.2 215.8 175.1 183.1 7.0 1.3
F 683.2 762.5 2005.1 21489 418.6 478.9 213.5 238.7 4.0 14
G 1133.9 1286.2 1453.4 1618.6 220.5 251.7 231.7 2584 5.0 1.5
H 465.8 529.9 1326.1 1518.1 167.6 189.6 154.4 184.8 5.0 1.5
I 4334 532.0 938.1 11159 201.2 239.9 165.2 199.5 7.0 1.8
] 440.6 527.8 1438.6 1726.8 1475 190.4 156.2 196.8 6.0 1.2
30.0 PTV (Gate)
275 . PTV
250~ E tit\-llfi:jney N - i?t—Kidney (mv) PTV (ITV)--%:
& 22,59 ] [ Rt-kidney ~ :
@ 20.0- -
§ 17.5- =
2 15.01 o Liver (Gate)
0 12,5 £ ,
£ = -- Lt-Kidney (ITV)
3 10.0+ S 401 =
> 754 30 SN _ i
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Fig. 4. Volume increase rate of PTV and OARs in ITV-IMRT
plan compared with the volume in Gate-IMRT plan.

based on the shapes of the kidney and liver. The ITV-IMRT
plan volumes of the PTV and OARs of 10 patients are listed
in Table 1 along with the respiration periods and tumor mo-
tion ranges of each patient. The rates of increase in the PTV
and OARs, compared with the volumes obtained in the Gate-
IMRT plans, are shown in a graph in Fig. 4. The ITV-IMRT
volume increases due to the respiratory motion range were the
same for both the PTV and OARs, but the correlation trends
were different. Although Pearson’s coefficient value was pos-
itive when calculated for the correlation between the motion
range and the PTV increase, a negative value was obtained for
the OARs, indicating that, in contrast to the PTV, the volume
increase in the OARs was not proportional to the motion

range.

Dose [Gy]

Fig. 5. Example of the DVH comparison between the recal-
culated dose in the ITV-IMRT beam delivery and the DVH of
Gate-IMRT plan.

An example of a DVH produced from the recalculated dose
obtained from a patient’s CT and based on the measured per-
field data under the condition of respiratory motion is shown
in Fig. 5, along with a comparison with the DVH from a Gate-
IMRT plan. Results of comparisons between the 2 DVHs at
the specific points are provided in Tables 2~5. The DVH dif-
ferences in the PTV are verified in Fig. 6, which shows that
the PTV doses increased more with the ITV-IMRT beam de-
livery than with the Gate-IMRT plan. The average dose in-
creases were 3.85+1.79 Gy for the maximum dose (Dmax) to
the PTV and 1.30£0.96 Gy for the mean dose (Dmean). The

average rate of increase in the PTV volume that received >47.5
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Table 2. Comparison of PTV's DVH on the specific points between the beam delivery of ITV-IMRT and Gate-IMRT plan.

PTV mean-dose [Gy]

PTV max-dose [Gy]

PTV V47_50y [%VO]]

Patients
Gate-IMRT ITV-IMRT Gate-IMRT ITV-IMRT Gate-IMRT ITV-IMRT
A 51.19 50.95 53.21 55.14 99.66 99.40
B 50.78 52.84 52.62 55.46 99.94 100.00
C 51.92 55.04 53.53 56.89 100.00 100.00
D 50.53 51.24 52.86 54.49 99.82 99.29
E 49.61 50.61 53.67 59.21 98.33 97.63
F 49.56 51.74 53.52 57.74 88.95 98.87
G 48.95 49.81 5222 55.26 94.88 95.75
H 50.13 50.75 52.37 55.22 99.02 90.23
I 49.64 51.19 54.83 61.36 67.32 73.57
] 51.28 52.47 53.29 56.83 99.88 99.70

Table 3. Comparison of liver's DVH on the specific points between the beam delivery of ITV-IMRT and Gate-IMRT plan.

Liver mean-dose [Gy]

Liver max-dose [Gy]

Liver Dsoy [Gy]

Patients
Gate-IMRT ITV-IMRT Gate-IMRT ITV-IMRT Gate-IMRT ITV-IMRT
A 13.46 15.68 51.63 52.36 19.22 19.97
B 21.92 25.80 52.62 56.41 29.08 33.26
C 746 9.56 53.13 56.43 743 12.90
D 8.05 11.10 5213 53.24 9.23 14.83
E 40.83 4226 53.67 56.55 49.61 50.64
F 30.40 34.02 53.52 57.74 46.95 50.27
G 23.29 25.23 5217 54.70 27.79 29.52
H 21.57 22.78 54.43 55.14 30.37 31.18
I 28.91 30.40 54.83 61.36 48.78 50.12
] 27.83 28.80 53.29 56.83 35.80 37.04

Gy, (95% of the prescribed dose) was 0.66+4.85%. Fig. 7 sh-
ows the dose homogeneity within a PTV, which was calcu-
lated as a homogeneity index (HI) using equation (1).14) The
average HI of the PTV during ITV-IMRT delivery was 13.66+
9.32% which was slightly inferior to the average HI value of,
10.10£6.98%, for the Gate-IMRT plan.

D2g —Dosg,
HE= ((Djrexcripria:)) ¥100% m
D;q: the dose to the 2% of the target volume, as displayed on
the DVH
Dogq: the dose to the 98% of the volume as displayed on the
cumulative DVH

Dyprescripiion: the prescription dose

The results of a comparison of the OAR DVH differences

are shown in Fig. 8, 9, and 10. Fig. 8 shows the results of a

liver comparison, in which a higher dose was irradiated during
ITV-IMRT delivery than with the Gate-IMRT plan. The aver-
age dose increases were 2.9311.80 Gy for the Dmax, 2.47£1.16
Gy for the Dpean, and 2.31+1.66 Gy for the dose to 30% of
the liver volume on the cumulative DVH (D3og). Fig. 9 shows
that the results of a kidney comparison, in which higher doses
were also observed during ITV-IMRT delivery. The average
dose increases to the left kidney were 1.66+2.09 Gy for the
Duax, 1.12£0.89 Gy for the Dpea, and 1.331£0.87 Gy for the
dose to 20% of the kidney volume (Dzs). The average dose
increases to the right kidney were 1.97+1.13 Gy for the Dy,
1.45+0.81 Gy for the Dimean, and 1.90+1.82 Gy for the Dyoy.
Higher irradiation doses were also delivered to the spinal cord
during ITV-IMRT delivery, as shown in Fig. 10; the average
dose increases were 1.22+1.32 Gy for the Dp, and 1.44+0.84
Gy for the Dpean.
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Table 4. Comparison of kidney’s DVH on the specific points between the beam delivery of ITV-IMRT and Gate-IMRT plan.

Pt Lt-kidney mean-dose [Gy] Lt-kidney max-dose [Gy] Lt-kidney Doy [Gy]
atients
Gate-IMRT [TV-IMRT Gate-IMRT ITV-IMRT Gate-IMRT ITV-IMRT
A 2272 26.07 52.52 54.18 39.48 42.39
B 5.54 6.92 2417 29.21 7.58 9.09
C 1.52 224 14.14 16.81 112 3.03
D 15.71 16.54 44.53 46.69 18.86 20.05
E 7.09 8.09 24.38 24.55 18.22 19.05
F 0.79 145 5.42 6.80 0.90 3.38
G 12.57 14.31 43.48 46.17 19.35 20.07
H 7.57 8.25 29.53 31.00 13.46 1391
I 0.74 1.22 711 11.28 0.89 1.93
] 2.58 294 19.14 19.28 5.16 543
. Rt-kidney mean-Dose [Gy] Rt-kidney max-Dose [Gy] Rt-kidney Dagy [Gy]
atients
Gate-IMRT ITV-IMRT Gate-IMRT ITV-IMRT Gate-IMRT ITV-IMRT
A 15.98 17.10 28.68 31.63 19.33 20.27
B 11.87 14.21 34.53 35.21 16.92 17.85
C 5.27 6.40 20.96 23.14 14.65 16.36
D 14.40 15.51 46.97 49.73 19.07 20.67
E 10.56 13.38 51.32 53.00 19.14 23.55
F 5.81 8.33 31.05 34.17 12.64 18.60
G 14.88 15.94 50.80 52.25 18.79 19.70
H 12.44 13.52 48.35 51.68 19.03 20.45
I 6.75 7.55 25.16 26.89 17.34 17.70
] 2.58 3.00 35.47 35.29 2.24 3.21
Table 5. Comparison of cord’s maximum dose and mean (752: Bl D_max el 100
dose between the beam delivery of ITV-IMRT and Gate- 60, &7 D_mean
IMRT plan. _ 55/ * VATSCy o i
& 5.0 50 =
Cord mean-dose [Gy] Cord max-dose [Gy] o 4.5 E
Patients © 4.0 . 5
Gate-IMRT ~ ITV-IMRT ~ Gate-IMRT ~ ITV-IMRT D 3.5 g 005 ga oy Bloo 3
£ 30 ¢ . 18 E3
A 17.59 20.02 38.84 4191 S 254 &
B 9.32 11.27 22.16 2321 2 20 o)
C 2.60 343 18.08 19.75 a 159 --50 &
D 2751 29.67 4072 047 i
E 18.21 19.25 38.11 39.27 004
F 11.35 11.96 28.84 27.14 -0.5-
G 19.76 22,64 4181 42.49 ABCDEFGH I
H 18.30 19.06 40.41 40.63 Patients
! 8.21 9:33 41.33 43.85 Fig. 6. Differences of PTV’s DVH values between the ITV-IMRT
J 953 10.15 30.31 32.10 beam delivery and Gate-IMRT plan at the major points.
motional range is considered during ITV-IMRT planning. This
Discussion phenomenon makes it difficult to analyze the exact dose dis-

The PTV and OARs have virtually enlarged volumes that

differ from those of real tumors and organs when the entire

tributions in the actual PTV and OARs, although increased
doses to the OARs can be assumed with ITV-IMRT, given the

enlarged field size. In this study, the real dose distributions in
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the actual volumes of the PTV and OARs during ITV-IMRT
for liver cancer could be calculated based on the measured
doses during beam delivery under respiratory motional condi-
tions. We analyzed the recalculated doses through comparisons
with the Gate-IMRT doses and verified that the delivered
doses to the actual volumes of the PTV and OARs in ITV-
IMRT were somewhat higher than those calculated in the
Gate-IMRT plan. Generally, the increased respiratory motional
range caused the volume increases in the PTV and OARs, and
we were able to confirm that higher actual doses were deliv-
ered to the PTV and OARs that moved within the enlarged

field area.

351 ] D_max

3.0 Hl D_mean
2.5
2.0 4
1.5 1
1.0 1

Dose difference [Gy]

0.5

_05 J
A B C D E F G H | J

Patients
Fig. 10. Differences of maximum dose and mean dose of spinal

cord between the ITV-IMRT beam delivery and Gate-IMRT
plan.

o

_max
20%
_mean

180

Dose difference [Gy]
w
o

A B C D E F G H | J
Patients

Fig. 9. Differences of kidney’s DVH values between the ITV-IMRT beam delivery and Gate-IMRT plan at the major points. (a) Left

kidney. (b) Right kidney.
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The correlation between the volume increases of the OARs
and the respiratory motional range was negative, which might
have been a result of the selection of a motional range in the
area of the PTV’s center that was not in the region of OARs.
Although the exact 3-dimensional movements of the organs
could not be simulated in this study, the motional effect could
be evaluated sufficiently well by applying the largest motional
change in the superior-inferior direction.

In this study, the accuracy of the dosimetric data calculated
with the 3DVH program could be considered reliable because
the dose calculation algorithm that incorporates the per-field
dose measurement data using 3DVH has already been verified
in many studies."'”

The average increase in the Dmen of the PTV was 1.30+
0.96 Gy, and the Dyax and Vosq of the PTV were also slightly
elevated with ITV-IMRT delivery. Although the sufficient pre-
scription dose coverage of the PTV could be considered a ben-
efit of ITV-IMRT, the dose homogeneity in the PTV, eval-
uated using the HI, was inferior to that of the Gate- IMRT
plan. This double-sided nature of the dose distribution to the
PTV should be considered in ITV-IMRT cases.

Although the potential disadvantage of ITV-IMRT with re-
spect to higher dose distribution to the OARs was again con-
firmed in this study, the dose increase rate was modest com-
pared with the constraint criteria, and these increases should be
evaluated from a biological point of view, rather than simply
from a numerical dose increase. In other words, the dose in-
creases should be analyzed with regard to the impact on the
increased probability of complications in the OARs. The aver-
age increase in the Dpax of the spinal cord with ITV-IMRT
was 1.22+1.32 Gy, which could be considered a meaningless
increase if the maximum dose constraint for the spinal cord
(45 Gy) was fulfilled. The important constraint value in the
kidney, the Dy, increased with ITV-IMRT, and the average
dose increase to both kidneys was 1.61+1.42 Gy. The Dsog
liver constraint also showed an increase with ITV-IMRT, and
the average dose increase was 2.31+1.66 Gy. The dose in-
creases to the kidney and liver might be significant factors in
failures of constraint fulfillment, and therefore the criteria for
OAR constraints should be further restricted in the opti-
mization process of ITV-IMRT plans.

The respiratory motional direction simulated in this study

was only the superior-inferior direction, which could not simu-
late the real 3-dimensional movement of tumor. This limitation
can be solved in the further study by the application of 3-di-
mensional moving phantom which can simulate tumor motion
similarly with a real condition.

The problem of dose increases to the OARs during ITV-
IMRT can be solved by applying the Gate-IMRT method,
which has a theoretical advantage with regard to the ideal dose
distribution without a respiratory motional effect. However,
Gate-IMRT also presents difficulties when attempting to real-
ize the theoretical treatment conditions in actual clinical sit-
uations, including accurate MLC operation, gating system pre-
cision, stable patient respiration, and consistent organ motional
correlation with the respiratory signals. When considering the
increased treatment time consequent to the gating system ap-
plication, Gate-IMRT cannot be considered a superior method
with which to correct respiratory motional effects in actual
clinical circumstances.

Therefore, it would be better to perform an analysis of the
patient’s respiratory patterns and constraints during the opti-
mization process in order to select the proper IMRT method

for areas of motion such as the liver and lung.

Conclusions

Dose distributions within the real volumes of the PTV and
OARs during ITV-IMRT for liver cancer while under respira-
tory motional conditions could be acquired, and these data
confirmed that higher irradiation doses were delivered to the
OARs when compared to those calculated in the Gate-IMRT
plan. However, the increased doses could be considered as mi-
nor risk factors if constraints were reinforced during the IMRT
optimization process. Because Gate-IMRT cannot always be
considered an ideal method with which to correct the respira-
tory motional effect, given the dosimetric variations in the gat-
ing system application and the increased treatment time, a pri-
or analysis for optimal IMRT method selection should be per-
formed while considering the patient’s respiratory condition
and IMRT plan results.
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