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Abstract
Purpose: We investigated the synchronization of respiration-induced motions at the primary tumor and organs at risk at radiation

planning for pancreatic cancer.

Methods and Materials: Four-dimensional computed tomography images were acquired under the condition of shallow free breathing

in patients with pancreatic cancer. The gross tumor volume (GTV), duodenum (DU), and stomach (ST) were contoured. The center of

mass was computed for each 4-dimensional volume of interest. The respiration dependence of coordinates for the center of each

volume of interest was computed relative to its location at the 50% (maximum exhalation) phase. Based on the shift of the GTV, we

investigated the synchronization of respiration-induced motions between each contouring target. We examined the differences in the

volume averaged dose to the ST and DU in each respiratory phase.

Results: Nine patients with pancreatic cancer were analyzed in this study. The mean maximum 3-dimensional excursions at the GTV,

DU, and ST were 9.6, 9.8, and 11.4 mm, respectively. At phase 0% and 90% (inhale phases), mean distance changes in the positional

relationship with the GTV were 0.3 and 0.7 mm respectively for the DU and �2.5 and �2.4 mm respectively for the ST. There was no

significant respiration associated change (RAC) between each respiratory phase in the DU (P = .568), and there was a significant RAC

in the ST (P < .001). There was a significant RAC of the volume averaged dose to the ST (P = .023).
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Conclusions: Our results indicate that the DU but not the ST might move synchronously with GTV due to respiration.

© 2021 The Author(s). Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Radiation therapy (RT) is one of the treatment options

for pancreatic cancer. RT for the primary tumor plays an

important role in local control. However, local control in

conventionally fractionated RT for pancreatic cancer has

been poor.1 Recently, results of studies on the effects of

dose escalation for intensity modulated radiation therapy

(IMRT) and stereotactic radiation therapy (SRT) on pan-

creatic cancer have been reported.1-4 By using those high-

precision RT modalities for pancreatic cancer, more local

control can be expected. However, RT for pancreatic can-

cer is susceptible to respiratory movement of the primary

tumor and it is necessary to consider the variation of this

movement in high-precision RT for pancreatic cancer.

A method for the reconstruction of 4-dimensional

computed tomography (4DCT) images acquired during

free breathing has been reported.5 There have been many

reports about movement of the primary tumor determined

by using 4DCT in RT for pancreatic cancer, and move-

ment of the primary tumor in the craniocaudal directions

has been shown to be more variable than that in other

directions.6-8 Thus, respiratory movement of the primary

tumor in pancreatic cancer can be understood to some

extent, but there have been few reports on respiratory

movements of normal organs close to the primary tumor.

Moreover, there is a possibility that organs at risk

(OARs) may move without interlocking with the primary

tumor due to breathing. In that case, evaluation of the

dose distribution at RT planning may not be precisely

reflected. There is a possibility that the actual dose to the

stomach (ST) and duodenum (DU) is higher than the cal-

culated dose. High-dose irradiation of the DU and ST

may cause serious gastrointestinal toxicity.9-11 We should

be more careful in performing high-precision RT. There-

fore, we hypothesized that the dose distribution of RT

planning for pancreatic cancer could be more reliably cal-

culated by evaluating the relations of respiratory move-

ment between the primary tumor and OARs. The primary

purpose of this study was to investigate the synchroniza-

tion of respiration-induced motions at OARs for the pri-

mary tumor using 4DCT as a pilot study.
Methods and Materials
Patients

Patients with pancreatic cancer who underwent 4DCT

at RT planning for 3-dimensional conformal RT (3DCRT),
IMRT, or SRT between January 2015 and March 2016

was analyzed retrospectively. This study was approved by

the local institutional review board (2016-058).
CT simulator

Patients were immobilized in the supine position with

both arms above their head. Intravenous contrast medium

was administered after each patient had fasted for at least

3 hours. The slice thickness of the CT scan was 2 mm.

No fiducial markers were placed in the primary tumor.

External abdominal compression was not delivered.

Two phases at the inhale and exhale phases in 3-

dimensional CT images and 10 phases in 4DCT images

using a 16-slice CT machine (Aquilion LB, Canon Medi-

cal Systems Corporation) and a real-time positioning

management system (Varian Medical Systems, Palo

Alto, CA) were acquired under the condition of shallow

free breathing.
Contouring

RT planning was performed by ECLIPSE (Varian Medi-

cal Systems, Palo Alto, CA). The gross tumor volume (GTV)

and the DU and ST were contoured in images at the 3D

exhale phase. Then contouring of those images was adapted

to 4D images of each phase using deformable image registra-

tion by MIM Maestro software (version 6, MIM software,

OH) Those adapted images were confirmed by one radiation

oncologist and one medical physicist.

GTV was defined as the primary tumor identified on

CT. The clinical target volume (CTV) was defined as

GTV plus 5 mm. Basically, the planning target volume

(PTV) was defined as CTV plus 10-mm margins in

3DCRT. The PTV was defined as CTV plus 5 mm in

IMRT or SRT. Contouring of the DU and ST was based

on the report by Jabbour et al.12 The ST, separated into

cardia, fundus, body, antrum and pylorus, was contoured

as one organ. The DU was contoured as one organ from

the first portion to the fourth portion.
Evaluation of movement in the contouring target

The center of mass was computed for each 4D volume

of interest. The respiration dependence of the x (left-

right), y (anterior-posterior), and z (craniocaudad) coordi-

nates for the center of each volume of interest was

http://creativecommons.org/licenses/by-nc-nd/4.0/
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computed relative to its location at the 50% (maximum

exhalation) phase. Based on those distances, the 3D

excursions of each contouring target were calculated.

Next, we examined the synchronization of respiration-

induced motions. To investigate the synchronization of respi-

ration-induced motions of other contouring targets for the

GTV, we evaluated the changes in distances of the DU and

ST in their positional relationships with the GTV for each

respiratory phase. The difference between the synchroniza-

tion of each contouring target in each respiratory phase was

analyzed by the Kruskal-Wallis test. We defined no signifi-

cant difference in this test as synchronization of respiratory

movement between each target. To determine the reliability

of this synchronization, the respiration associated change

(RAC) in the cohort mean of the volume averaged doses to

the ST and DU was evaluated. The cohort means of percent-

age changes in each respiratory phase were investigated on

the basis of 50% phase. The differences between each respi-

ratory phase in the volume averaged doses to the ST and DU

were also analyzed by the Kruskal-Wallis test. Moreover,

provisional treatment plans without gating (0%-90%) and

with gating (30%-70% and 50%) were made. We evaluated

the differences of the volume averaged doses to the ST

(ST0%-90%, ST30%-70%, and ST50%) and DU (DU0%-

90%, DU30%-70%, and DU50%) between treatment plans

with and without gating. As a planning method, 3DCRT was

delivered with a total dose of 50.4 Gy in 28 fractions. The

internal target volume was provided by superimposing GTV

at each respiratory phase, and the PTV was defined as inter-

nal target volume plus 5-mm margins. Four field techniques

with photon beams of 10 MV using a linear accelerator were

delivered, and the reference point for the prescribed dose was

put at the center of the PTV. RT planning was performed by

ECLIPSE (Varian Medical Systems, Palo Alto, CA) with an

analytical anisotropic algorithm. Similarly, the stomach con-

touring and duodenum contouring were superposed at each

respiratory phase.

Continuous variables are presented as mean values §
standard deviation (SD). Statistical significance was set

at the level of P < .05. Statistical analysis was performed

using JMP@10 (SAS Institute Inc, Cary, NC).
Table 1 Patient characteristics

Patient Age Sex Tumor location GTV vo

1 58 Male Uncus 20.1

2 59 Female Head 28.77

3 70 Male Uncus 16.33

4 56 Male Uncus 29.86

5 65 Female Body 9.79

6 64 Male Body 35.79

7 64 Female Head 24.93

8 69 Male Body 35.16

9 59 Male Head 19.84

Abbreviations: 3DCRT = 3-dimensional conformal radiation therapy; GTV =

PTV = planning target volume; SRT = stereotactic radiation therapy.
Results
Patient characteristics

Nine patients with pancreatic cancer were analyzed in

this study. All patients had unresectable locally advanced

pancreatic cancer. Patient characteristics are shown in

Table 1. Six patients had pancreas head/uncus cancer and

3 patients had body/tail cancer. The mean § SD of GTV

volume was 24.50 § 8.75 mL. The mean § SD of PTV

volume was 167.9 § 67.8 mL.
Correlations between respiratory movements
of the GTV and other contouring targets

The distances for respiratory movements in the con-

touring targets are shown in Figure 1. The means § SD

of maximum excursions at the GTV were 2.0 § 0.9, 3.2

§ 1.3, and 9.0 § 2.8 mm in the x-axis, y-axis, and z-axis

directions, respectively. The means § SD of maximum

3D excursions at the GTV, DU, and ST were 9.6 § 3.3,

9.8 § 4.6, and 11.4 § 3.8 mm, respectively. The respira-

tory movements between contouring targets are shown in

Table 2.
Synchronization of respiration-induced
motions between the GTV and other
contouring targets

The results for synchronization of respiratory motions

are shown in Figure 2. At 0% and 90% phases (inhale

phases), means § SD of distance changes in the posi-

tional relationship with the GTV were 0.3 § 1.9 and 0.7

§ 2.0 mm, respectively, for the DU and �2.5 § 1.7 and

�2.4 § 2.0 mm, respectively, for the ST. At 20% and

70% phases, those with the GTV were 0.5 § 0.7 and 0.2

§ 1.3 mm, respectively, for the DU and �0.9 § 0.8 and

�0.3 § 1.4 mm, respectively for the ST. There was no
lume (mL) PTV volume (mL) Treatment technique

176.8 3DCRT

289.7 3DCRT

181.4 3DCRT

222.7 3DCRT

88.9 3DCRT

188.9 3DCRT

161 3DCRT

139.2 SRT

62.2 IMRT

gross tumor volume; IMRT = intensity modulated radiation therapy;



Fig. 1 Results for movement distance at each respiratory phase in each target volume: A, gross tumor volume, B, duodenum, C, stom-

ach, and D, 3-dimensional excursion. Abbreviations: 3D = 3-dimensional; GTV = gross tumor volume.

Table 2 Results for maximum respiratory movement in each contouring target

3D excursion (mm) X-axis(mm) Y-axis(mm) Z-axis(mm)

GTV 9.6 § 3.3 2.0 § 0.9 3.2 § 1.4 9.0 § 3.0

DU 9.8 § 4.6 2.5 § 1.4 3.5 § 1.6 9.2 § 4.4

ST 11.4 § 3.8 2.8 § 1.3 4.6 § 1.3 1.07 § 3.8

Abbreviations: 3D = 3-dimensional; DU = duodenum; GTV = gross tumor volume; ST = stomach.
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significant RAC in the DU (P = .568) for GTV. The dis-

tance between the ST and GTV at the inhale phase was

significantly shorter (P < .001). An example case is

shown in Figure E1. There was a tendency for the results

of this synchronization in the pancreas head/uncus (DU:

P = .823, ST: P = .002) but not in the pancreas body/tail

(DU: P = .051, ST: P = .078).

The results for RAC of the volume averaged doses and

maximum doses of the ST and DU in each respiratory

phase are shown in Figure 3. The cohort mean of the vol-

ume averaged doses to the ST and DU at the 50% phase

were 12.80 § 8.30 and 25.57 § 14.81 Gy, respectively.

The cohort mean of maximum doses at the 50% phase in

the ST and DU were 47.79 § 6.90 and 47.68 § 10.77 Gy,

respectively. At 0% and 90% phases, cohort means of per-

centage changes in the volume averaged dose to the DU

were �12.7 § 23.7% and �11.9 § 21.0%, respectively,

and those to the ST were 38.9§ 55.9% and 33.8§ 51.7%,
respectively. At 20% and 70% phases, cohort means of

percentage changes in maximum dose to the DU were

�5.3 § 11.1 and �3.1 § 9.1, respectively, and those to

the ST were 20.5 § 28.1 and 13.2 § 22.1%, respectively.

The cohort mean of the volume averaged dose to the ST

changed significantly with respiration (P = .023), but it did

not change significantly for the DU (P = .933). The results

for the volume averaged doses to the DU and ST at treat-

ment planning with and without gating are shown in

Figure 4. The cohort means of DU0%-90%, DU30%-70%

and DU50% were 25.6 § 9.75 Gy, 22.4 § 9.62 Gy, and

20.1 § 8.64 Gy, respectively. The cohort means of ST0%-

90%, ST30%-70%, and ST50% was 14.3 § 6.23 Gy, 12.5

§ 5.47 Gy, and 11.0 § 5.33 Gy, respectively. There were

no significant differences in the volume averaged doses to

DU and ST between treatment plans with and without gat-

ing (DU30%-70%: P = .402, DU50%: P = .354; ST30%-

70%: P = .508, ST50%: P = .310).



Fig. 2 Results for synchronization by respiration-induced motion with organs at risk for the gross tumor volume.

Fig. 3 Results for differences in the A, volume averaged doses and B, maximum doses to the stomach and duodenum in each respira-

tory phase.
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Discussion
IMRT and SRT have been used for pancreatic cancer

in clinical practice. SRT has the merit of treatment being
completed in a short period of time. SRT was shown to

be superior to conventionally fractioned RT for local con-

trol.1 However, late gastrointestinal toxicity of the stom-

ach and duodenum must be considered. In fact, severe



Fig. 4 The volume averaged doses to the stomach (ST0%-90%, ST30%-70%, and ST50%) and duodenum (DU0%-90%, DU30%-

70%, and DU50%) at treatment planning without gating (0%-90%) and with gating (30%-70% and 50%).
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late toxicities after SRT have been reported.13 Therefore,

we have reported the relationships between the primary

tumor and OARs due to respiratory movement in RT for

pancreatic cancer. To the best of our knowledge, this is

the first detailed report about the synchronization of

respiratory movements. In the present study, we exam-

ined the absolute value of respiratory movement in the

primary tumor itself, and our results are similar to previ-

ously reported results for 4DCT.6-8 In previous studies, the

distances of the x-axis, y-axis, and z-axis in respiratory

movement were 0.7 to 4.9 mm, 2.0 to 6.5 mm, and 5.2 to

13.4 mm, respectively. Therefore, we think that the results

for synchronization of respiratory movement in our study

are reliable. We believe that an understanding of this syn-

chronization would make it easier for radiation oncologists

to set RT doses and fields in pancreatic cancer.

Although there are a few previous reports on respiratory

movements of the stomach and duodenum, our results are

similar to the results of those previous studies.14-17 Watanabe

et al reported that intrafractional gastric motions were 11.7§
8.3, 11.0 § 7.1, 6.5 § 6.5, 3.4 § 2.3, 7.1 § 8.2, and 6.6 §
5.8 mm for the superior, inferior, right, left, ventral and dorsal

points, respectively.16 Uchinami et al reported that the aver-

age respiratory amplitudes of the stomach were 4.1 § 1.4,

2.9 § 1.3, and 10.1 § 4.5 mm in the anterior-posterior, left-

right, and superior-inferior directions, respectively.17 These

results suggest that respiratory changes in the stomach and

duodenum are as large as those in the primary lesion. The

movements of the stomach and duodenum in the craniocau-

dal direction were conspicuous as expected. Therefore, it

seems necessary to consider the synchronization between

GTV and the stomach/duodenum.

Regarding the synchronization of respiratory movements,

it was found that there was no difference in the positional

relationship between the duodenum and the primary tumor in

each respiratory phase, but the distance between the stomach

and primary tumor at the inspiratory phase was shortened.

The mean dose to the ST clearly increased in the expiratory

phase. As a result, it was found that the duodenum, but not
the stomach, moved synchronously with the primary tumor

and breathing. Taniguchi et al reported how the respiratory

phase effects doses to normal organs during SRT for pancre-

atic cancer,18 and they demonstrated that the dose to the duo-

denum was higher in the inspiratory phase than in the

expiratory phase and that there was a significant overlap of

the PTV with the duodenum. The results for the duodenum

were different in their study and our study. Although there

were differences in the number of cases, irradiation method,

and PTV volume, the reason for the difference in the results

is not clear. However, it is thought that the doses to the stom-

ach and duodenum would be likely to change under the con-

dition of free breathing. Changes in doses to the stomach and

duodenum due to respiratory changes also occurred in SRT

for hepatic cell carcinoma.19 Therefore, a strict approach for

respiratory movement may be required at dose escalation by

SRT or IMRT. Irradiation using gating can be considered as

one of the measures to reduce respiratory movement. Huguet

et al reported that gating around end-exhalation reduced pan-

creatic tumor motion by 46% to 60%.8 Campbell et al also

demonstrated that respiratory gating is an effective strategy

for reducing motion in pancreatic SRT.20 They reported that

average target motions in left-right/anterior-posterior/supe-

rior-inferior directions with abdominal compression were

5.2, 5.3, and 8.5 mm, respectively, and that those with respi-

ratory gating were 3.2, 3.9, and 5.5 mm, respectively. They

also reported that target coverage was improved by respira-

tory gating. Although there was no significant difference in

the present study, gating led to a reduction in the volume

averaged doses to the stomach and duodenum. Application

of gating also has the advantage of reducing the PTV volume.

Taniguchi et al reported that a large PTV volume produced

more overlapping volume of the duodenum and stomach,18

and the PTV volume was shown to be significantly correlated

with the development of acute intestinal toxicity.21 Therefore,

those methods for respiratory movement would be necessary

in the case of large PTV volume.

There were some limitations in the present study.

First, the number of cases in this study was small.
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Second, the distance between each target was from the

center of the target in the present study, and evaluation of

the target edge was not performed. However, we consider

that this point would be supplemented by the cohort

mean of the volume averaged doses to the stomach and

duodenum due to respiratory movement. Third, the RAC

at maximum exhale or inhale phase in the present study

was not always the greatest. Fourth, only 4DCT in RT

planning was used in the analysis in our study, and varia-

tions of the intrafraction and interfraction during RT

were not considered. Akimoto et al showed that there

was a change in the position of the pancreatic tumor dur-

ing interfraction and intrafraction,22 and some studies

have shown that 4DCT alone does not adequately reflect

respiratory movement of pancreatic cancer during daily

treatment.23,24 Moreover, large deformation and displace-

ment of the stomach and duodenum on CT images taken

on separate days have also been reported.25,26 Further-

more, there has been a report showing dose changes in

the stomach and duodenum during interfraction.27 There-

fore, it seems that not only the technique for considering

respiratory movement but also the setting of the planning

organ at risk volume (PRV) margins for the duodenum

and stomach is important. In fact, PRV has been estab-

lished to determine dose constraints of the stomach and

duodenum in guidelines of SRT for pancreatic cancer.28

In those guidelines, it is stated that minimum PRV expan-

sion should be 3 mm. However, the appropriate PRV

margin for the stomach and duodenum remains unclear.

Magallon-Baro reported that daily center of mass dis-

placements in the stomach and duodenum were 11 mm

and 8 mm.27 Larger PRV margins may need to be consid-

ered depending on the case. A more reproducible treat-

ment plan must be made when performing high-dose

irradiation for pancreatic cancer.
Conclusions
Our results showed a tendency for respiration-induced

motions of the DU and ST for the GTV. The DU may

shift synchronously with the GTV due to respiratory

movement. The distance change of the ST in its posi-

tional relationship with the GTV was reduced in the

inhale phase. There is a possibility that OARs are inci-

dentally irradiated more than expected in RT for pancre-

atic cancer in a free breathing condition.
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