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Visualisation of Range Shortening in Carbon Ion Beams
and Washout of Positron Emitter: First-in-Human Report
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Abstract. Background/Aim: Auto-activation positron emission
tomography (AAPET) is one of the most promising methods to
verify beam range in carbon ion radiotherapy (C-ion RT). We
aimed to confirm this for the first time in a clinical setting by
performing AAPET in a patient with pancreatic cancer
previously receiving coil embolisation of hepatic artery
pseudoaneurysm. Materials and Methods: A 70-year-old
pancreatic head cancer patient was treated with C-ion RT on a
clinical dose of 4.6 Gy (RBE), followed by AAPET, to verify
beam ranges in C-ion RT. Results: Positron emission
tomography (PET) revealed low positron emitter concentrations
at the distal side of the internal metals and in the aorta
compared to the dose distribution of the treatment plan,
indicating range shortening by internal metals in C-ion beams
and positron emitter transportation by biofluids. Conclusion:
AAPET may detect range shortening by internal metals in the
trajectory and washout of intravascular positron emitter
compared to plan dose distribution.

Carbon ion radiotherapy (C-ion RT) has been used for
treating various cancers, with reported favourable clinical
outcomes, due to its biological and physical advantages (1-
5). Biologically, it has a higher cell-killing effect, even in
radioresistant tumours, additionally its physical properties
enable a dose distribution better than X-ray RT (6). Although
C-ion RT can provide higher target dose localisation, C-ion
beams are particularly sensitive to the calculation accuracy
since the range of C-ion beams depends on the tissue density
along the beam path (7-10). Furthermore, the presence or
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absence of metal objects on the beam path can cause severe
dose distribution variation. Therefore, verification of the
beam range in C-ion RT is necessary.

In terms of range estimation, the usefulness of images relies
on the detection of annihilation gamma rays (pair of 511 keV
photons) using positron emission tomography (PET) and
Compton camera after C-ion RT (11-14). Positron emitters (e.g.,
g, 13N, and 15O) are generated from nuclear interactions
between incoming C-ions and target materials, and through
annihilation of a positron with an electron, annihilation gamma-
rays are produced. Thus, the distribution of the positron emitter
imaged by the PET or Compton camera correlates with the C-
ion trajectory. Some previous studies have reported that the
distribution of annihilation gamma rays expresses the irradiated
area; however, there are no imaging reports observing range
shortening of C-ion beams caused by their passing through
internal metals in humans. Additionally, although transport of
positron emitters via biofluids has been previously reported (12,
15-17), to the best of our knowledge, observation of washout in
human blood vessels has not been reported. In this study, we
verified whether these events can be observed using auto-
activation PET (AAPET) in an actual treatment setting.

Materials and Methods

Patient and carbon-ion radiotherapy. A 70-year-old Japanese male
patient with pancreatic head cancer (clinical T2NOMO Stage 1B
based on the eighth edition of the Union for International Cancer
Control/American Joint Committee on Cancer TNM staging system)
received C-ion RT at Gunma University Heavy Ion Medical Center
(GHMC) (Figure 1A, B, and C) (18). Five years prior to the
pancreatic head cancer diagnosis, the patient had undergone an
extended left hepatic lobectomy and extrahepatic bile duct resection
for hilar cholangiocarcinoma. During that period, he developed a
postoperative pancreatic fistula and pseudoaneurysm, and underwent
coil embolisation of the hepatic artery. An informed consent was
obtained from the patient before initiation of C-ion RT.

A heavy-ion accelerator at the GHMC was used to generate C-ion
beams. Beam energies of 290 MeV/u in the vertical beam and 380
MeV/u in the horizontal beam were selected according to the depth
of the tumour. Doses of C-ion RT were expressed as relative
biological effectiveness (RBE) weighted dose [Gy (RBE)], which
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Figure 1. Radiological images before carbon ion radiotherapy (C-ion RT) and dose distribution. (A) Contrast-enhanced computed tomography (CT).
The yellow arrow shows the tumour. (B) Gadolinium-enhanced magnetic resonance imaging. The yellow arrow shows the tumour. (C) 2-deoxy-2-
[18F [fluoro-D-glucose (FDG)-positron emission tomography (PET)/CT. The yellow arrow shows the tumour with an abnormal FDG uptake. (D)
Dose distribution on axial CT images. The area within the blue outline is the pancreatic head tumour. Highlighted are the 95% (red), 90% (yellow),
80% (green), 70% (deep blue), 60% (magenta), 50% (purple), 30% (blue), and 10% (light blue) isodose curves [100% was 55.2 Gy (RBE)].

was defined as the physical dose multiplied by the RBE of the
C-ions (19). Treatment planning computed tomography (CT) and
contrast-enhanced CT images were merged to precisely delineate the
target. The gross tumour volume (GTV) and clinical target volume
(CTV) were also delineated. CTV was obtained by adding 5-mm
margins to the GTV and including the prophylactic lymph node and
neuroplexus regions. The planning target volume (PTV) included the
CTV with a 3-mm margin for possible positioning errors. When the
PTV overlapped with an organ at risk (OAR), the margin was
reduced accordingly. The PTV was calculated to be 206.7 cm3. The
calculations for internal metals of coil embolisation were estimated
using the stopping power of water because the constituent materials
of the internal metals were unknown. This was done to prevent an
unexpected high-dose irradiation to the downstream OAR, such as
the gastrointestinal tract. The inaccuracy of this calculation was
considered acceptable for safety. C-ion RT was then performed using
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passive irradiation. The administered dose of C-ion RT was 55.2 Gy
(RBE) in 12 fractions for 3 weeks [4.6 Gy (RBE) per fraction], and
the gating level for respiratory-gated irradiation was within 30% of
the wave height around the peak exhalation. Figure 1D shows the
dose distribution of the treatment plan. We created a simulated dose
distribution that recalculated the treatment plan by replacing the
stopping power of the internal metals from the value of water to the
value of stainless steel, which is six times the stopping power of
water (Figure 2E). The patient completed C-ion RT as scheduled.
The study protocol was approved by the ethics committee of the
Gunma University Graduate School of Medicine (HS2019-130).

Auto-activation positron emission tomography. A Clinical PET-CT
scanner (Eminence STARGATE; Shimadzu Corporation, Kyoto,
Japan) was used to acquire the distribution of positron emitters after
C-ion irradiation. PET-CT was performed in the sixth fraction out of
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Figure 2. Dose distribution of carbon ion radiotherapy (C-ion RT) and auto-activation positron emission tomography (AAPET) images with a 270°
beam. (A) Dose distribution of C-ion RT with 270° beam in the internal metals level. (B) CT image of the internal metals level taken at the same time
of PET scan. (C) AAPET image in the internal metals level. (D) Positron emitter distributions obtained by merged CT and AAPET images. Blue arrow
shows low concentration of positron emitter compared to dose distribution of C-ion RT. (E) Dose distribution of C-ion RT with 270° beam in the
internal metals level calculated using stopping power of stainless steel (density value 6) on the internal metals. Dose distribution degradation was
observed in the distal side of the internal metals which consistent low concentration of positron emitter in the distal side of the internal metals in
Figure 2D. The area within the blue and red outlines are the tumour and the aorta, respectively. Highlighted are the 95% (red), 90% (yellow), 80%
(green), 70% (deep blue), 60% (magenta), 50% (purple), 30% (blue), and 10% (light blue) isodose curves [100% was 4.6 Gy (RBE)].

the 12 fractions of C-ion RT. This irradiation was performed with a
270° horizontal beam using a Spread-out Bragg peak of 70 mm. The
irradiation time of the C-ion beams was 148 s. After the irradiation,
the patient was immediately taken to a PET room located near the
treatment room. The patient was placed in a treatment position on
the PET-CT scanner without the immobilisation device. PET-CT scan
was started 10 min after C-ion RT. Next, the PET images were
merged with the CT images using the bone and internal metal
matching technique for comparison with the dose distribution of the
treatment plan. The average count per second of the positron emitters
was calculated in the following areas: irradiated field (i.e., PTV
excluding distal side of the internal metals, aorta, internal metals,
and bone), distal side of the internal metals, aorta, internal metals,
irradiated bone, and out of the irradiated field.

Results

AAPET images were acquired and merged with CT images
taken at the same time (Figure 2 and Figure 3). Figure 2A and
Figure 3A show the dose distribution with the 270° beam in the
treatment planning, Figure 2B and Figure 3B show the CT

images taken at the same time as the PET scan, Figure 2C and
Figure 3C show the AAPET images before merging with the
CT images, and Figure 2D and Figure 3D show the AAPET
images after merging with the CT images. The positron emitter
distribution was consistent with the areas that received a high
dose of C-ion RT, excluding the distal side of the internal metals
and the aorta (Figure 2D and Figure 3D). There was a lower
concentration of positron emitter in the distal side of the internal
metals in the pancreatic body compared to the dose distribution
of the plan (Figure 2D, blue arrow). Furthermore, there was a
reduction in the positron emitters in the aorta compared to the
plan dose distribution (Figure 3D, green circle). Figure 2E
shows a simulated dose distribution that recalculated the
treatment plan using the stopping power of stainless steel and
dose distribution degradation on the distal side of the internal
metals. This dose distribution degradation was matched with a
low concentration of the positron emitter in the distal side of
the internal metals (Figure 2D). Additionally, the concentration
of the positron emitter in the bone was considerably high, while
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Figure 3. Dose distribution of carbon ion radiotherapy (C-ion RT) and auto-activation positron emission tomography (AAPET) images with 270°
beam. (A) Dose distribution of C-ion RT with 270° beam in the pancreatic head tumour level. The area within the blue outline is the tumour. (B) CT
image of the pancreatic head tumour level taken at the same time of PET scan. (C) AAPET image in the pancreatic head tumour level. (D) Positron
emitter distributions obtained by merged CT and AAPET images. Green circle shows a low concentration of the positron emitter compared to dose
distribution of C-ion RT. The area within the blue and red outlines are the tumour and the aorta, respectively. Highlighted are the 95% (red), 90%
(yellow), 80% (green), 70% (deep blue), 60% (magenta), 50% (purple), 30% (blue), and 10% (light blue) isodose curves [100% was 4.6 Gy (RBE)].

that in the internal metal was low (Figure 2D and Figure 3D).
The average count per second of the positron emitter (+standard
deviation) in the irradiated field, distal side of the internal
metals, aorta, internal metals, irradiated bone, and out of the
irradiated field were 28.3x11.6, 21.5+3.7, 16.2+5.1, 20.1+10.5,
49.9+15.7, and 8.9+5.7, respectively (Figure 4). The count per
second of the positron emitter showed a relatively lower
concentration in the distal side of the metals, aorta, and metals
than in the irradiated field. In contrast, the positron emitter
concentration was relatively higher in the irradiated bone than
in the irradiated field.

Discussion

We observed a low concentration of positron emitter in the
distal side of the internal metals and the aorta using AAPET,
despite high-dose administration of C-ion RT at the planned
target area. This may have been caused by an inaccurate
calculation of the stopping power (this inaccurate calculation
was considered acceptable for safety to OAR) and
physiological washout. To the best of our knowledge, this is
the first time such events have been visualised in a human case.

3524

In particle therapy, specific stopping power of the materials
that the beam passes, such as metals, must be calculated to
create the correct dose distribution. In general, the data to
convert CT values to stopping power (a CT-SP table) is
prepared from measurements using ethanol and dipotassium
hydrogen phosphate (20, 21). Therefore, the stopping power of
metals with high atomic numbers cannot be calculated from the
CT values. In this study, the elements of the embolisation
metals were unknown, and calculations for the embolisation
coils were estimated using the stopping power of the water to
prevent an unexpected high-dose irradiation to the downstream
OAR. When treatment planning calculations on the internal
metals are performed using stainless steel, which is six times
the stopping power of water, a high-dose irradiation to the
downstream OAR might occur if the position of the internal
metals is misaligned during actual irradiation, resulting in
severe toxicities. To prevent the unexpected high-dose
irradiation to the downstream OAR, beam shortening by
internal metals is acceptable because of safety irradiation, and
treatment planning calculations were accordingly performed
using the stopping power of the water. In the current study, a
low concentration of the positron emitter area compared to the
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Figure 4. Data are presented as the averagetstandard deviation of
positron emitter in the irradiated field, distal side of the internal metals,
aorta, metals, irradiated bone, and out of the irradiated field. cps,
Count per seconds.

dose distribution was observed on the distal side of the internal
metals, which could be due to the incorrect dose calculations
for safety. This suggests that C-ion RT was performed safely.
When a beam passes through an internal metal object and an
accurate dose calculation is required downstream of the metal
objects, the stopping power must be determined from the
constituent materials or an experimental measurement.
Additionally, verifying the beam's range consistency with the
treatment plan using modalities such as AAPET is
recommended at the time of the first treatment when using a
beam that passes through the internal metal.

Previous studies reported that positron emitters generated
by C-ion beams are transported by biofluids (12, 15-17).
However, the transportation of activated elements in clinical
cases has not yet been fully observed. Compared to the dose
distribution and AAPET image in the current case, there were
significantly fewer positron emitters in the aorta, which could
have been transported and washed out by the blood flow.
Although the PET scan was performed at the same time as the
therapeutic irradiation, the radioisotope production in the
blood could not be accurately measured due to its transport
before the decay. In addition, in this study, there was a 10-min
delay from the end of the treatment to the start of PET. Thus,
it could be considered that some portion of the positron
emitters generated outside the aorta were also washed out, and
it is unclear from these images that the manner and pace at
which positron emitters were transported.

A high signal was detected within the bones by PET, as
previously reported (11, 14, 22). Fragments of calcium and
phosphorus, which are the main components of bone, are
believed to be primarily responsible for this observation. In

contrast, the concentration of positron emitters in the internal
metal region appeared to be low. Although positron-emitting
radionuclides with short half-lives are mostly light-element
isotopes, coils are often made of heavy metal alloys or
stainless steel, which may generate low amounts of long
half-life positron emitters (e.g., ''C, >N, and '50) in the
spallation. This could explain the low concentration of the
positron emitters in the internal metal region.

In our facility, the PET equipment is in a room separate
from the irradiation room because of difficulty in installation
in the same room owing to its large size. Therefore, real-time
monitoring of beam attenuation and transportation of positron
emitters was not possible. Additionally, a quantitative analysis
needs to be performed carefully, especially for comparisons
between different organs. Thus, real-time monitoring of
irradiation and multiple slice visualisation of positron emitter
transportation constitute pertinent future prospects in
examining the visualisation of C-ion RT irradiation. Currently,
real-time monitoring using OpenPET and medical Compton
cameras is being researched (12, 23).

In conclusion, we observed range shortening of C-ion
beams by internal metals and washout of intravascular
positron emitters compared to the dose distribution, using
AAPET in a human case. These results might contribute to
the future development of verification method of C-ion RT.
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