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By calculating the dose estimation coefficients for bladder phantoms with varying volumes
and equivalent geometric shapes, this study offers guidance for the efficient and accurate as-
sessment of risk organ doses 18F imaging. Based on the modeling of bladder phantoms with
four different equivalent geometric shapes, and considering possible treatment conditions,
the Monte Carlo method was used to simulate and calculate the absorbed doses and dose con-
version coefficients of bladder phantoms of different shapes and sizes. The results show that
the absorbed dose of the bladder phantom significantly decreases with the increase of bladder
volume, and the absorbed dose of 70 mL is about three times that of 270 mL. The absorbed
dose of the conical bladder phantom is significantly different from other shapes, with a rela-
tive deviation of 6 to 30 times that of other shapes. The ratio of bladder wall volume to surface
area of the conical bladder phantom is significantly different from other shapes, with a rela-
tive deviation of 5 to 20 times that of other shapes. Therefore, when using bladder phantoms
to calculate dose estimation coefficients, it is necessary to consider not only the ratio of phan-
tom volume to surface area but also the actual shape and volume of the bladder.
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INTRODUCTION

Positron emission computed tomography (PET),
is highly advanced imaging technology for precise
medical diagnostics. It is widely applied in clinical
cancer diagnosis, with radiographic imaging agents
containing the radioactive isotope '*F making up over
90 % of total clinical applications. During its decay
from an unstable to a ground state, '3F releases a posi-
tron, which rapidly annihilates with free electrons in
the target material, emitting a pair of oppositely di-
rected gamma photons, each with an energy of 0.511
MeV [1-6]. Any '8F that does not decay at the lesion
site is metabolized and excreted through the bladder.
When retained in the bladder as primary urine, the '*F
decay-emitted photons will cause an additional dose
burden on the bladder wall and surrounding organs.
Therefore, accurately estimating risk organs doses, es-
pecially for the bladder, using Monte Carlo simulation
is a trending topic in radiation protection, dosimetry,
and nuclear medicine [7-12].

Most current studies estimate the bladder wall
dose using the medical internal radiation dose (MIRD)
method [13]. However, MIRD does not account for
dynamic changes in parameters such as bladder wall
volume during primary urine retention, leading to in-
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accurate results. To this end, Wu et al. [14] proposed a
dynamic balloon-bladder phantom, modeling the
bladder at different times as a fixed-shaped ellipsoid.
However, since the actual bladder shape changes with
urine filling, this simplification may introduce addi-
tional errors in bladder wall dose estimation[15, 16].
This study aims to propose a bladder phantom
group modeled based on the GEANT4 software. Using
simulation calculations, we compared the absorbed
doses in bladder walls with different volumes and
shapes [17], and differences in dose conversion coeffi-
cients, thereby providing a basis for selecting amore ac-
curate equivalent geometric shape for bladder dose esti-
mation. The results of this study will help to choose
medication conditions that can reduce the dose received
by risk organs, which is of great significance for im-
proving the level of radiation protection in nuclear med-
icine and reducing the extra dose received by patients.

MATERIAL AND METHOD
Bladder phantom model

The shape and volume of the bladder change de-
pending on the degree of urine filling. When empty;, it
has a conical form. As urine continues to fill, it gradu-
ally becomes ellipsoidal and finally approximates a
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Table 1. Geometric parameters of bladder models

Ellipsoid Sphere Cone Cylinder
Volume [mL] | Semiaxis a | Semiaxisb | Semiaxis ¢ . . Bottom radius | ;. Bottom radius
[cm] [cm] [cm] Radius [cm] | High [cm] [cm] High [cm] [cm]
70 2.45 2.50 2.45 2.50 5.00 3.54 5.00 2.04
120 2.96 3.00 2.96 3.00 6.00 4.24 6.00 2.45
180 3.46 3.50 3.46 3.50 7.00 4.95 7.00 2.83
270 3.87 4.00 3.87 4.00 8.00 5.66 8.00 3.27
spherical shape. The thickness of the bladder wall is 300
. wtr Ci
usually 4~6 mm [18, 19]. This study sets up four == Gylinder
groups of bladder phantoms with volumes of 70 mL, XELL'E;:;”

120 mL, 180 mL, and 270 mL, respectively, to evalu-
ate the absorbed dose at different filling stages. Each
volume includes four shapes: conical, frustum, ellip-
soidal, and spherical, resulting in 16 (4 x 4) model pa-
rameters, as shown in tab. 1, with a constant bladder
wall thickness of 5 mm assumed at each stage.

In the clinical cancer diagnosis of PET [20], the ra-
dioactive activity of 'F in the patient's body is generally
185~370 MBq, of which about 20 % is concentrated in
the bladder. Therefore, this study sets the radioactive spe-
cific activity of urine at 0.3 MBq (mL)! to estimate the
absorbed dose of the bladder wall.

Monte Carlo simulation calculation

The GEANT4 can handle various types of particles
including photons, neutrons, and charged particles.
GEANTH4 is widely used in scientific research and engi-
neering applications, including high-energy physics ex-
periments, medical physics, nuclear engineering, earth
science, and space science. For photon transport prob-
lems, GEANT4 accurately models various microscopic
physical processes in detail [21-23]. In this study, GEANT
4 version 11.2 is used, with QBBC as the selected physics
list. The bladder phantom used in this paper has a regular
shape, and the modeling is completed by Boolean opera-
tion cutting. The G4GeneralParticleSource Class of
GEANT4 sets a 0.511 MeV photon volume source with
an isotropic emission direction. The number of particles
used in each simulation is set to 10'* to ensure that the error
caused by statistical fluctuations is <5 %. The
G4UserAction Class of Geant4 is used to analyze statisti-
cally the energy deposition situation of the bladder wall,
and the known radioactive activity is used to calculate the
bladder dose conversion coefficient for correction.

RESULTS AND DISCUSSION
Absorbed dose of bladder phantom model

Figure 1 shows the change in the absorbed dose
of four bladder phantom models with different shapes
as the bladder volume changes. As shown in fig. 1, for
any shape of bladder phantom, its absorbed dose
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Figure 1. Absorbed dose in 16 groups of bladders

shows a significant downward trend as bladder vol-
ume increases. However, there is a certain difference
in the absolute value of the absorbed dose of different
shape phantoms at the same volume. Taking the dose
obtained by the spherical phantom as a reference
value, within the range of 70~270 mL, the relative
standard deviation of the dose for the cylindrical and
ellipsoidal phantoms is only 1 % to 5 %. However, the
relative deviation of the absorbed dose obtained by the
conical phantom simulation is as high as 30 % to 32 %,
and there is a possibility of serious underestimation of
the absorbed dose This difference may be because var-
ious bladder phantom shapes have distinct ratios of
bladder volume to external surface area at different
volumes, which further causes an uneven spatial dis-
tribution of target tissues.

The ratio of bladder wall volume to
phantom external surface area

To further investigate the cause of dose differ-
ences among differently shaped phantoms, fig. 2 illus-
trates how the ratio k of bladder wall volume to exter-
nal surface area changes with bladder volume. As
shown in fig. 2, except for the ellipsoid, the & values of
various phantom shapes exhibit only slight variation
with volume. Moreover, the deviation in & values be-
tween different phantoms remains relatively constant,
aligning with the results in fig. 1, which indicate that
the relative standard deviation of absorbed dose
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Figure 2. The ratio of bladder wall volume to
external surface area in 16 groups

among phantoms shows minimal variation with vol-
ume. At the same bladder volume, using the absorbed
dose from the spherical phantom as a reference, the
relative standard deviation of the dose in the cylindri-
cal and ellipsoidal phantoms ranges from 2 % to 8 %.
Meanwhile, the relative deviation of the & value in the
conical phantom is significantly higher, reaching 38 %
to 40 %. This confirms that the difference in the ratio
of bladder wall volume to phantom external surface
area is the main reason for the difference in the ab-
sorbed dose of phantoms with different shapes.

Absorbed dose conversion coefficient

In most cases, the estimation of the absorbed
dose of the inner wall of the bladder is completed by
the dose conversion coefficient (S value). Therefore,
the Svalue under various phantom shapes is calculated
as

S=— 1)

where D is the absorbed dose obtained by simulation
calculation and 4 —the radioactive activity in the phan-
tom. The § values of the 16 phantom groups are pre-
sented in tab. 2. As seen in tab. 1, when the volume re-
mains constant, the S values of the cylinder, ellipse,
and sphere are nearly identical, except for the cone.
When the phantom volume is distributed between 70
mL and 270 mL, the S value is distributed within (4.7 —
20.6) x10* uGy(MBq) ' and significantly decreases

Table 2. The S values of 16 phantom groups

Dose conversion coefficient S value
[10? nGy(MBq) ']

Volume [mL]| Cone Cylinder | Ellipsoid | Sphere
70 13.8 20.5 20.6 19.9
120 9.1 13.5 13.5 13.2
180 6.4 9.6 9.5 9.4
270 4.7 7.0 7.3 6.9

aging agents containing '®F, the measurement of ab-
sorbed doses to organs at risk, particularly the bladder,
has received significant attention. Currently, the main
approach to obtaining equivalent bladder wall S val-
ues is by measuring dose conversion coefficients us-
ing phantoms with fixed shapes, which significantly
differ from the actual physiological morphology of the
bladder. In this study, we used GEANT4 software to
model four bladder phantoms with different morpho-
logical characteristics. We conducted an in-depth in-
vestigation into how absorbed dose relates to phantom
morphology and filling status. The findings indicate
that, regardless of the shape of the bladder phantom,
the absorbed dose decreases as volume increases,
which is highly consistent with the results of Wu et al.
[14]. Analysis also showed that the dose conversion
coefficient obtained by the conical phantom deviates
from other equivalent bladder shapes, with a maxi-
mum relative difference of up to 32 %. Additionally,
the volume-to-surface area ratio of the phantom ap-
pears to be a key factor contributing to this difference.
Therefore, relying on overly simplified phantom
shapes, such as ellipsoidal phantoms, in equivalent
dose transfer coefficient calculations for the real hu-
man bladder warrants careful consideration. The mor-
phological parameters of the real human bladder are
complex and variable. Using voxelized phantoms for
dose calculations can help identify simplified bladder
phantom shapes, enabling rapid, accurate, and cost-ef-
fective measurement of S values. This approach may
also help minimize the dose to organs at risk, thereby
lowering stochastic effects in patients.
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Jenoanr TAHT

CTYINJA O KOEOUIIMIEHTUMA KOHBEP3UJE EKBUBAJIEHTHE
JO3E Y BEIINIIN HA OCHOBY MOHTE KAPJIO CUMYJALIMJE

N3pauyHaBameM KoeuiujeHaTa IpoLeHe fo3e 3a (haHToMe OELIUKe Pa3InyUTIX 3allpEMUHA U
€KBUBAJICHTHUX T€OMETPHjCKUX 00/IMKA, OBa CTYAKja HyU CMEPHUILIE 3a e(PUKACHY U TayHY IIPOLIEHY A03a
I8F 3a pusuune oprane. Ha ocHOBY MofieioBama (haHTOMa GEIMKE Ca YETUPH Pa3INYUTa EKBUBAJIEHTHA
reoMeTpujcka obauKa u y3umajyhu y o63up moryhe ycnose neuema, kopuitheHa je Monte Kapmno metona
3a CUMYJIaIdjy ¥ U3pavdyHaBame ancopOOBaHNX JI03a U KoeduIlijeHaTa KOHBep3uje mo3e (paHToMa OernKe
pa3nuuuTUX 00/NMKa U Beau4yuHa. Pe3ynraTu nokasyjy ga ancopOoBaHa fo3a paHTOMa Gellnke onaja ca
noBehameM 3anpemune Gemiuke, a ancopboBana o3a 3a 70 mL je oko Tpu nyta Beha ox noze 3a 270 mL.
Ancop6oBaHa 032 KOHUYHOT (haHTOMA GellInKe 3HAUajHO ce Pa3IuKyje Off APYIuX 00IMKa, ca pellaTUBHUM
ofcTynamweM of 6 go 30 myTa y ogHOcy Ha ipyre obsuke. OfHOC 3anpeMuHe 3ufia OenuKe 1 IOBpLInHE
KOHUYHOT (haHTOMA OETINKE pa3IuKyje ce Off PYruX 00InKa, ca pelaTUBHUM OoficTynameM off S no 20 myTa
y ogHOCy Ha Bux. CTora, Kaja ce Kopucre (paHTOMHU OellIrKe 3a u3padyHaBame KoeduljeHaTa npoleHe
mo3e, MOTpeOHO je y3eTu y 063up He caMO OHOC 3anpeMiHe (paHTOMa U MOBpIINHE, Beh 1 cTBapHU OONMUK 1
3alpeMUHy OelInkKe.

Kwyune peuu: io3uitiporcka emucuona imomozpaghuja, Monitie Kapao, Hykaeapra meouyuna,
do3umettipuja 3paversa



