
Abstract. Background/Aim: To evaluate the effectiveness of
diaphragm matching (DM) for carbon-ion radiotherapy
(CIRT) of pancreatic cancer patients and develop a simple
method to estimate tumour position. Patients and Methods:
Treatment planning CTs from 27 pancreatic cancer patients
treated with CIRT in our facility were used in this study, and
32 other CT image datasets taken on different days were
used for measuring tumour and diaphragm displacements. A
correction method (SI-correction) was developed using the
coefficient x of the regression line formula for the
displacements between the diaphragm and tumour in the
superior–inferior direction. The tumour positioning errors of
bone matching (BM), DM, and SI-correction were measured.
Results: Mean (±standard deviation) absolute errors of BM,
DM, and SI-correction were 5.10±3.31, 7.48±4.04, and
4.13±2.51 mm, respectively. DM showed significant
differences compared to the other correction methods.
Conclusion: DM was subject to larger errors than BM. Our
correction method improved positional errors.

Pancreatic cancer is difficult to detect at an early stage and
has a low survival rate compared to other cancers (1). At
the time of diagnosis, patients often have metastatic or
locally advanced unresectable disease. Chemotherapy or
chemoradiotherapy are considered standard treatments for
locally advanced pancreatic cancer (2). Kawashiro et al.
have reported that carbon-ion radiotherapy (CIRT)
improved the overall survival rate compared to

chemotherapy and chemoradiotherapy (3). Therefore, CIRT
is considered a promising new therapy for locally advanced
pancreatic cancer.

Carbon-ion beams have the advantage of a higher dose
concentration than photon beams (4). However, there is the
risk that the dose distribution may be substantially changed
from the treatment planning dose distribution if the target
position is shifted or the water equivalent path length (WEL)
to the target is changed, and pancreatic cancer dose
distributions are particularly affected by WEL change. In
particular, the reproducibility of the dose distribution may be
greatly reduced in mobile organs (5-9), although tumour
matching (TM) can improve dose reproducibility (9). 

However, there are not many CIRT facilities in which an X-
ray CT system is positioned in the irradiation room, because of
the problem of interference with the irradiation device, and
therefore, orthogonal X-ray images are generally used for
patient positioning (10-12). Thus, with such facilities, it is
difficult to confirm the position of soft tissue, such as pancreatic
tumour, during patient positioning for irradiation. In addition,
even if an X-ray CT system is installed, it is not possible to
acquire real-time CT images during irradiation. To improve the
accuracy of the carbon-ion beam irradiation to the target, it
would be desirable to confirm the tumour position on the X-ray
images acquired during the treatment. A metal marker visible
on the X-ray image can be inserted near or in the tumour, and
this is helpful for estimating the tumour location. In pancreatic
cancer, a metal marker may be inserted under endoscopic
ultrasound, but this is not yet a generally performed procedure.
Thus, another index that can estimate the tumour position on X-
ray images without the use of a metal marker is necessary. It is
considered possible to estimate the tumour position according
to diaphragm movement, because the diaphragm moves with
patient’s respiration. However, there is no evidence
demonstrating the correlation between diaphragm displacements
and tumour displacements in pancreas.

Therefore, we used CT images to evaluate the correlation
between the diaphragm displacement and tumour displacement,
and examined whether diaphragm matching (DM) can be
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effective for estimating tumour position in a pancreatic cancer
patient. Furthermore, we also developed and evaluated a new
method to estimate tumour position.

Patients and Methods
Patient selection. Data from patients with pancreatic cancer who
were treated with CIRT using the passive irradiation method at
Gunma University Heavy Ion Medical Center were used in this
study. The patients’ characteristics are shown in Table I. This study
was approved by the Institutional Review Board at Gunma
University Hospital (number: 2018-095), and was performed in
accordance with the ethical guidelines and regulations. All patient
data were anonymized.

CT image acquisition. Treatment planning CT (Plan-CT) images
were acquired on an Acquilion LB scanner (Self-Propelled, Canon
Medical Systems, Japan) around expiration phase. A respiratory
gating system (AZ-733, Anzai Medical, Japan) was used to monitor
patient respiratory motion. CT images were also acquired on a
different day to the Plan-CT, to confirm the reproducibility of tissue
identification inside the patient and the dose distributions (Conf-
CT). Twenty-eight sets of Plan-CT images and 34 sets of Conf-CT
images were used in this study. The mean time interval between the
Plan-CT and Conf-CT was 13.5 days (range=10–36 days).

Correction method. Displacements from the bone matching (BM) to
DM positions and from the BM to TM positions were measured in
the Plan-CT and Conf-CT, respectively. For the DM, commercial
registration software (MIM Maestro, MIM Software, USA) was
used to register the diaphragm tip to the BM position, using only
translation in three directions: right–left (R–L), anterior–posterior
(A–P), and superior–inferior (S–I). Sample images for the BM and
DM are shown in Figure 1. 

To estimate the tumour position, correlations and regressions
between the diaphragm displacements and tumour displacements,
calculated from the BM position, were determined. The estimated
position of the tumour was calculated by multiplying the coefficient
x of the regression line formula by the diaphragm displacements.
Two correction methods were applied, a 3D-correction involving
correction of the values of all diaphragm displacements in the R–L,
A–P, and S–I directions, and an SI-correction involving correction
of the diaphragm displacements in only the S–I direction, with the
R–L and A–P positions being taken from the BM. Because of the
low number of CT image sets, a cross validation procedure was
used, with one CT image set being used to evaluate the correction
positions separately for the pancreatic head and body, while the
other CT image sets were used to calculate the regression line. This
procedure was repeated using each of the CT image sets as the
evaluation set.

Evaluation method. Positional errors for the BM, DM, 3D-correction,
and SI-correction were defined by calculating the Euclidean distance
between each position and tumour position. The Bonferroni method
was used to correct for multiple comparisons between the positional
errors of BM, DM, 3D-correction, and SI-correction after testing for
normality with the Shapiro-Wilk test. A level of p<0.05 was
considered statistically significant. All statistical analyses were
performed using SPSS software (IBM SPSS Statistics for Windows,
version 25.0, IBM, Inc., Armonk, NY, USA).

Results
The tumour and diaphragm displacements are shown in
Table II, and correlations between the tumour displacements
and diaphragm displacements are shown in Figure 2. The
mean±standard deviation of the coefficient × of the
regression lines (correlation coefficient R) for the pancreatic
body were 0.66±0.17, 0.17±0.04, and 0.39±0.02 (0.42±0.05,
0.40±0.07, and 0.93±0.01) in R-L, A-P, and S-I directions,
respectively, while for the pancreatic head they were
0.87±0.11, 0.05±0.03, and 0.41±0.02 (0.41±0.04, 0.12±0.08,
and 0.76±0.04), respectively. There were strong correlations
in both the pancreatic head and body in the S–I direction, but
only weak correlations in the R–L and A–P directions. The
displacement errors for BM, DM, 3D-correction, and SI-
correction are shown in Table III. There were significant
differences between DM errors and those of BM, 3D-
correction, and SI-correction in the total of the pancreas, but
there were no significant differences in errors between BM,
3D-correction, and SI-correction.

Discussion

In this study, we evaluated the effectiveness of DM for
determining tumour displacements for CIRT for pancreatic
cancer, and developed a new method to estimate tumour
position using the equation for the regression line between
the tumour and diaphragm displacements. Table II shows that
the inter-fraction tumour displacements were larger than
those reported in Akimoto et al. or Whitfield et al. (13, 14),
while diaphragm displacements were larger than the tumour
displacements. There were strong correlations between
tumour displacements and diaphragm displacements in the
S–I direction, as shown in Figure 2.

Although there was a strong correlation, the positional
errors with DM were significantly larger than those with
BM, because the amplitudes of the tumour displacement
and diaphragm displacements differed substantially (Table
III). Thus, DM is recommended as an index for determining
if the tumour has moved, but it is not recommended as a
surrogate measure of tumour position for radiotherapy.
Although the positional errors with BM were smaller than
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Table I. Patient characteristics.

Number of patients (CT image sets)                              27 (32)
Age                                                                         52-88 (median 70)
Gender (male/female)                                                      15/12
Tumour location (head/body)                                          10/17
Tumour volume (ml)                                      2.38-56.96 (median 12.49)
Number of CT image sets (head/body)                           14/18



those with DM, BM was not accurate enough, because it
still had errors of 5.10±3.31 mm. The positional errors of
our proposed 3D-correction and SI-correction methods
were smaller than those of BM in both the pancreatic head
and body, although the differences were not statistically
significant. There were no large differences between the
errors of the 3D-correction and SI-correction, which led us
to assume that the diaphragm displacements in the R–L and
A–P directions were not useful for estimating tumour

position because the correlations were low. Thus, SI-
correction might be more suitable for a clinical site,
because it requires a simple movement in only the S–I
direction. Comparison of the SI-correction errors in the
pancreatic head with those in the pancreatic body revealed
that the pancreatic head showed lower errors. We assumed
that the correction is more effective in the pancreatic head
than in the pancreatic body, because it has a higher
correlation (R=0.93±0.01) (R=0.76±0.04), although we also
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Figure 1. Overlay of the Plan-CT and Conf-CT images. (A, D) Registered with BM, (B, E) registered with DM, (C, F) registered with TM. (A, B, C)
show axial images, and (D, E, F) show coronal images. The plan-CT images are displayed in grey-scale and the Conf-CT images are displayed in
a green-wash colour. The gross tumour volume (GTV) and clinical target volume (CTV) are outlined in red and cyan, respectively.

Table II. Tumour and diaphragm displacements (n=32). All numbers represent the average±standard deviation.

                                                         Head (mm)                                                 Body (mm)                                                    Total (mm)

                                        Tumour                   Diaphragm                   Tumour                    Diaphragm                    Tumour                     Diaphragm
                                    displacement              displacement             displacement              displacement               displacement               displacement

RL                                 –0.29±3.56                 –0.87±2.31                –0.77±3.50                 –0.27±1.49                  –0.56±3.33                  –0.54±1.88
                                  (–7.62 to 5.68)           (–6.46 to 1.92)          (–8.75 to 7.81)           (–3.48 to 2.21)            (–8.75 to 7.81)            (–6.46 to 2.21)
AP                                 –0.63±2.31                 –0.68±5.34                 0.12±1.56                   0.14±3.65                   –0.21±1.93                   0.14±3.65
                                  (–4.84 to 2.89)          (–8.16 to 10.39)         (–2.91 to 2.09)          (–10.29 to 6.42)           (–4.84 to 2.89)           (–10.29 to 6.42)
SI                                   –1.61±4.29                –4.68±10.12               –0.40±4.99                  1.91±9.26                   –0.93±4.66                   1.91±9.26
                                  (–6.81 to 9.55)         (–20.38 to16.31)        (–10.52 to 8.94)        (–17.80 to 21.03)         (–10.52 to 9.55)         (–17.80 to 21.03)
Absolute value              5.48±2.71                  10.53±6.47                 4.80±3.76                   8.40±6.04                    5.10±3.31                    9.16±6.23
                                  (1.91 to 12.55)           (0.42 to 21.17)          (0.57 to 11.15)           (2.75 to 21.99)            (0.57 to 12.55)            (0.42 to 21.99)

RL: Right–left; AP: anterior–posterior; SI: superior–inferior; Head: pancreatic head; Body: pancreatic body; Total: both pancreatic head and body.
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Figure 2. Correlations between diaphragm displacement and tumour displacement from bone matching positioning. (A, D) R–L direction, (B, E) 
A–P direction, and (C, F) S–I direction. (A, B, C) pancreatic head and (D, E, F) pancreatic body. 



assumed that our correction method is effective for both
regions, because the errors for both parts were smaller than
those with BM. However, because there were still errors of
4.13±2.51 mm with regard to the tumour position even
when using the correction method, caution still needs to be
applied.

There are certain limitations to this study. The number
of data sets used was insufficient, because there were only
10 patients (14 CT images sets) with data for the
pancreatic head and only 17 (18 CT images sets) with data
for the pancreatic body. Further analyses with more patient
data are necessary. Additionally, positional uncertainty of
the DM on X-ray images should be considered, because
DM on the X-ray images taken in clinical practice
typically shows larger error than DM performed using CT
images. Furthermore, the dose distribution should be
confirmed in each position, because this study only
examined positional errors.

Conclusion

We evaluated the effectiveness of DM in carbon-ion
radiotherapy for pancreatic cancer, and developed a new
method to estimate tumour position. Although there were
strong correlations between diaphragm displacements and
tumour displacements, DM is not recommended for
determining tumour position, because it can lead to larger
errors than BM. Our correction method improved the
positional errors from the BM and DM.
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