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ABSTRACT

Background: Clinical application of PET imaging for diagnosis, staging,
re-staging treatment planning and treatment response assessment have
become a major focus of studies in the past decades. Fetus is more sensitive
to ionizing radiation, consequently, radiation absorption risks need to be
assessed carefully. The objective of this article is to accurately estimate the
absorbed dose during pregnancy in PET examinations. The method adopted in
this article is simulative-analytic. Materials and Methods: The absorbed dose
from administrating 18F-FDG during pregnancy is estimated through the
BodyBuilder anthropomorphic mathematical phantom (inexpensive) together
with Monte Carlo simulations in order to obtain a reliable and feasible
methodology. In this simulation, the Specific Absorbed Fractions (SAF) is
estimated for organs of 3, 6 and 9-months fetal. Results: The obtained results
indicate that the absorbed dose of 18F-FDG PET imaging the fetal is 2.50x10-2
mGy/MBq early; 2.04x10-2 mGy/MBq first three months of pregnancy, 1.80
x10-2 mGy/MBq second three months, and 1.50 x10-2 mGy/MBq in the third
three months of pregnancy. Maternal absorbed dose estimation here is
(R2=0.965) which perfectly corresponds to ICRP publication. Conclusion: The
results from Monte Carlo code with BodyBuilder anthropomorphic phantoms
and ICRP recommendation are of acceptable correlation. Applying the pure
BodyBuilder anthropomorphic phantoms in this simulation, which yields
agreeable results in addition to its low time consumption, corresponds to the
available finding by other researchers while reducing calculation times.
Moreover, the fetal & maternal absorbed doses remain however well below
the threshold for any deterministic effects.
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INTRODUCTION

Positron  emission tomography (PET)
examination usage injection of 8F-fluoro-2-
deoxy-Dglucose(18F-FDG) has become an
essential cornerstone in cancer imaging @ 2),
with a growing number over the last decade.
Several millions of !8F-FDG PET scans are
performed annually worldwide (2). Up to now,
the dosimetric assessments on !8F-FDG PET

imaging are mostly go on accidental imaging
performed during pregnancy. The incidence rate
of cancer during pregnancy is lower than its
occurrence in non-pregnant women. The
estimation so far indicate that about 1 out of
1,000 pregnancies become subject to cancer (3.
The advantages of PET imaging should be
assessed with respect to radiation risk
assessment. The fetal dose in patients with
cancer must be assessed before administrating
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18F-FDG (4. Fetal radiation exposure can occur
either from unknown pregnancies (.2) or due to
the necessity of performing cancer diagnosis on
pregnant patients ).

Fetal radiation exposure from 18F-FDG is due
to: (i) transmitted radioactivity through the
placenta and accumulating in fetal tissues (1.2,
and (ii) photons radiated from maternal tissues.
The first in vivo data estimating fetal self-dose
was determined (® by tests usage 8F-FDG
in-take on monkey, at the third trimester of
pregnancy.

The standard dosimetry values for 18F-FDG
fetal exposure is obtained from monkey data, as
being 2.2 x102mGy/MBq in early pregnancy
and at three months and 1.7 x 10-2mGy/MBq at
six and nine months of pregnancy by Stabin (7).

The first phantoms for adult and children are
designed through basic geometric shapes by
Cristy and Eckerman (). The phantoms for
pregnant women, which include modeled fetus
and organs of mothers at different stages of
pregnancy, are designed by Zanotti-Fregonara
and Shi et al. 12-19, who later designed a series of
new voxel-based realistic phantoms, one of
which is developed by Stabin, Society of Nuclear
Medicine and Molecular Imaging (SNMMI) and
Radiation Dose Assessment Resource (RADAR).

Fetal absorbed doses at different trimesters
of pregnancy and are being estimated through
anthropomorphic phantoms by the Medical
Internal Radiation DOSE (MIRDOSE) [9] and
organ level internal dose assessment/
exponential modeling (OLINDA/EXM, V1.0)
software. A new version of, (OLINDA/EXM,V2.0)
software, is developed by applying realistic
voxel-based phantoms of pregnant women that
are based on actual humans images [10] and by
applying body organ and fetal masses
introduced by the publication of the
International Commission on Radiological
Protection (ICRP-89) (11),

Zanotti-Fregonara estimated fetal absorbed
dose in 19 pregnant women with fetuses within
5 to 34 weeks age range (12). In 15 cases, the
fetus was vividly detectable inside the uterus,
and it was possible to estimate the 18F-FDG
intake in fetal tissues in a direct manner. New
fetal doses from!8F-FDG PET based on human
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data is presented [13]. Mathematical modeling
of the human data is made by extrapolation from
human data, and realistic voxel-based phantoms
(14, by applying for establishing new
standardized values for estimation of fetal dose
by Stabin.

The objective of this study is to estimate fetal
absorbed dose at first, the second and third
trimesters of pregnancy together with maternal
absorbed dose from!8F-FDG in PET.

In this study, an estimate fetal and maternal
dose was performed using simple
anthropomorphic phantoms (expansive) and
Monte Carlo code method. Also, it will
demonstrate that with this method, the fetus and
maternal doses are consistent with the
agreeable results obtained by the researchers,
while spend on reducing calculation times and
the phantom cost was lower (15),

MATERIALS AND METHODS

Phantom design

The BodyBuilder software is applied to
design human anthropomorphic phantoms (16)
(“www.whiterockscience.com” Site address with
permission). This program can simulate
pregnant females at 3, 6 and nine trimesters of
pregnancy including fetal details. Three
pregnant female phantoms are designed by
Stabin (17); where the specific mathematical
equations are provided by SNMMI applied to
describe the organs of the phantom which is
converted into discrete forms. The BodyBuilder
numerical phantoms are designed at a spatial
resolution of 2x2x3 mm3and converted in to a
voxel phantom of 100x200x360 matrix size. In
the process of digitization, the phantoms are
optimized to minimize the sum of differences
between the volumes of the organs in digital and
mathematical phantoms (18).

To estimate fetal dose, the BodyBuilder
pregnant female phantoms at 3, 6 and nine
months of pregnancy is applied in this study.
Human anthropomorphic BodyBuilder phantom
at the first, second and third trimesters of
gestation are shown in (figure 1). To estimate
the maternal absorbed dose, we used the
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phantom for early months, which is the same as
non-pregnant women (MIRD phantom) &2) is
applied, because it can be compared with the
ICRP recommendation report.

Monte Carlo code

The GATE/GEANT4 Monte Carlo simulation
code (version 7.2.0) is applied to estimate the
absorbed dose to the organs of the phantoms®
2). In this simulation, photon interaction, like
photoelectric absorption, Compton and Rayleigh
scattering and positron (f+) are of concern.
Runtime of the program is between 4-12 h,
where 3x10¢ photons are tracked.

Calculation of 18F-FDG Absorbed Dose

The MIRD formulization for estimating the
absorbed dose was utilized. It is expressed by
Eg. (1) indicating, the organ's activity contained
inside source organs Eq. (2), indicates the
(S-value) and Eq. (3) indicates the specific
absorbed fractions (SAF) (19. The (SAF) value
was estimated by using the GATE/GEANT4
Monte Carlo simulation code.

Dabsorbed = A(rs) xS (rt<— I‘S) (1)

Where, A (rs) is the time-activity integral
(Bg-h/Bgq) or cumulated activity in source
region, 1s, and S (r« rs) are the S-value (i.e.,
absorbed dose in the target region, r, per unit of
cumulated activity in the source region
(mGyMBq1s1)).

S (ree 1) = ﬁza Yi @ (ree rs, Ei) (2)

Where, @(rte<rs, Ei) is the absorbed fraction
(AF) in energy E; Yi is the radiation yield and M
(rt) is the mass of the target organ (1.2),

SAF=@(re 15, Ei) = (reers, Ei) (3)

_t
M(rt}(p

where, SAF is defined for each pair of source
organ and target organ.

SAF is defined through Eq. (4):
SAF(re rs) = [energy absorbed in r; /energy
emitted from rs]/mr, (4)

Int. J. Radiat. Res., Vol. 17 No. 4, October 2019

where, parameter m is the target organ ¢
mass (kg) (20. The absorbed energy in each
target organ is estimated as the sum of the
absorbed energy in all voxels of the organ.

In this setup, in Eq. (1) the biokinetic
processes is of concern where a target region is
generally irradiated through several source
regions.

To estimate organ masses, the number of
voxels related to an organ is calculated by
multiplying voxel volume by the density of
related organ by applying MIRD data (. 2.
Cumulated activity A in Eq.(1) is provided by
ICRP 106 (21,

The mathematical analysis of biokinetic
models is run in accordance with both the MIRD
Pamphlet No. 12 and International Commission
on Radiation Units and Measurements (ICRU-32)
(22). A dynamic urinary bladder model (MIRD
Pamphlet No.14) is considered in this study (23),

For calculating each SAF in this simulation in
fetal, for each one of the 3, 6 and nine months
phantom (3x7=21digital phantoms) six copies of
digital phantoms are designed because the
simulation of seven source organs should be run
in a separate manner. The activity interest in the
seven organs (fetus, kidneys, lungs, pancreas,
liver, spleen and adrenal glands) is distributed in
a uniform manner.

Each voxel in these phantoms have their
owned fined attenuation properties, based on
composition and density of the appropriate
tissue. The data here are based on those
described in the Stabin et al. (1.2),

Data analysis

An important component contributing to the
calculation of absorbed dose is the organ
volumes. Volumes of organs could be modified in
the process of converting the original
mathematical phantom into a voxelized
phantom; accordingly, the relative difference
(RD%) for organ volume is quantified through

Eq. (5):
RD%=100x [(VﬁDigital) - (VfMath)] /(VfMath) ) [5)

where, V_pigiral is the organ volume of the
given voxelized BodyBuilder phantom and V_math
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is the original organ volume before voxelization.

The RD% of absorbed dose between the one
from Monte Carlo (D _care) and ICRP 106 (D icrp)
for each photon energy is accessed through Eqg.

(6):

RD%=100x [(D_cate)-(D_icrr)]/(D_icrp) (6)

The Monte Carlo code and ICRP
recommendation data arecompared through
fitting a linear curve on the scatter plot of the
data and calculating the Pearson correlation
coefficient thereof (24). All simulation and run
was repeated three time for better precession.

(a) (b) (c)
Figure 1. The anthropomorphic BodyBuilder phantom at (a)
first, (b) second and (c) third trimesters of gestation obtained

from the BodyBuilder software (White Rock Science
Company).
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Figure 2. Maternal absorbed dose 10

(mGy/MBq) for different organs, as
obtained through this proposed method
and compared with that of the ICRP
report (21).
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RESULTS

The maternal absorbed dose (mGy/MBq) for
18F-FDG obtained for liver, kidneys, lungs,
pancreas, spleen, and adrenal glands in this
study are bar charted in (figure 2) which
contains the ICRP absorbed dose (mGy/MBq) for
comparison (21,

The scatter plot and the linear curve fitted to
the ICRP and Monte Carlo code results for
maternal absorbed dose in ICRP and this study
are shown in (Figure 3) where an acceptable
linear correlation of (R2=0.965) between the two
series of data is evident. However, the slope of
the curve is slightly below (0.884) unity,
indicating a slight bias between ICRP and the
Monte Carlo data. The curve fitted on the scatter
plot of the data which reveals a decent straight
connection between the absorbed doses derived
from Monte Carlo code and the corresponding
ICRP data is shown in (figure 3).

The fetal absorbed dose (mGy/MBq) for
18F-FDG at early, three, six and nine months of
pregnancy where this newly proposed method is
applied. The dose values here are 2.5 x10-2, 2.04
x102, 1.80 x102 and 1.5 x102 mGy/MBq,
respectively .The RD% among the available
studies each report and this study are tabulated
in Table 1 for comparison purposes.

Maternal absorbed dose

I Adult dose(mGy/MBq)-GATE(this study)
I Adult dose(mGy/MBg)-ICRP

Stomach
Lower Colon
Heart
Kidneys
Liver
Lungs
Qvaries
Pancreas
Spleen
Testes
Thyroid

Upper Colon

Maternal organs
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Adult dose(mGy/MBq)-GATE(this study)
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Figure 3. The scatter plot and linear curve fitted on the ICRP and Monte Carlo data for maternal absorbed dose (mGy/MBg).

Table 1. Comparison of the results obtained on fetal absorbed dose of 18F-FDG in early, three, six RD% by existing and this study.

Early Pregnancy 3-month 6-month 9-month
Research (mGy/MBq) RD% (mGy/MBq) RD% (mGy/MBq) RD% (mGy/MBq) RD%
Russell et al.” 2.70x10” 7.41 | 1.70x107 |20.00 | 9.40x10° | 91.49 | 8.10x10° | 85.19
Stabin (2004) " 2.20x10 13.64| 2.20x10° | 7.27 | 1.70x102 | 5.88 | 1.70x107 | 11.76
Zanotti-Fregonara et al. @ 14.00x107 (10-wk) | 37.50 - - - - - -
Zanotti-Fregonara et al. 260 1 3.3x10 (8-wk) |24.24 - - - - - -
) R 7.16x10° 6.23x10° 1.06x10™
Takalkar et al. 1.55x10° (6-wk) |61.29 (18-wk) 184.92 (25-wk) 188.92 (30-wk) 41.51
Xie and Zaidi ¥’ 3.05x107 18.03| 2.27x10° |10.13 | 1.50x10° | 20.00 | 1.33x107 | 12.78
Zanotti-Fregonara et al. (12) - - - - 1.25x107 | 44.00 - -
Stabin et al. (2017) ** 2.6x107 3.8 | 1.9x10° | 7.3 | 1.4x10° | 2857 | 6.9x10° [117.39
This study 2.50x107 - | 2.04x10° - | 1.80x107 - 1.5x10° -
DISCUSSION bladder volume remains constant while as to

Attempt is made here to estimate maternal
and fetal doses from !8F-FDG administration
during pregnancy through the Body Builder
anthropomorphic phantoms (simple phantom)
followed by simulations through the Monte
Carlo code (open source code) by estimating the
specific absorbed fractions (SAF) .

The maternal doses obtained from voxelized
BodyBuilder phantom in this study indicate a
high correlation of (98%) both the ICRP
recommendations data with a variation of
(2.2%). The same low difference in maternal
absorbed dose is observed in all organs. The
difference in maternal absorbed dose in the
bladder is due to the assumption that the

Int. J. Radiat. Res., Vol. 17 No. 4, October 2019

other origins it changed.

Moreover, fetal absorbed doses at in early,
three, six and nine months of pregnancy are of
similar values with (Stabin 2014 and Xie and
Zaidi are 13.67%, 7.27%, 5.88%, 11.76% and
18.03%, 10.13%, 20%, 12.78%, respectively) (-
2), In contrast, the fetal absorbed dose in three
and six months of pregnancy reported by
Takalkar (3 and are of high RD% because of
differences in age and fetal volume as compared
with this study. The fetal dose at nine months of
pregnancy reported by Stabin MG (17 is of high
RD%, and this is essentially related to the
greater realism of the voxelized phantoms which
has different volumes especially in nine months
of pregnancy. The two main factors that made
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the difference in fetal absorbed doses consist of
fetal mass and the relative geometry differences
between the source and target organs in the
realistic voxel-based phantoms and stylized
phantoms.

By applying these two types of phantom
cases, different results are obtained for fetal
absorbed dose. Here, it is recommended to be
very careful in decision-making on phantom
type. Voxel phantoms are very realistic in
anatomic sense although subject to tissue size
and position in individuals. In addition to being
expensive the process of segmentation needs
more time, while, the stylized phantoms
anatomy can be modified in an easy manner
while being not expensive (28),

Estimating the absorbed dose by fetal is
essential, in the early days of pregnancy in
specific, because the skeleton is not shaped yet
and the outline of the fetal is not completely
viewed on PET or CT.

The doses estimated through the Monte Carlo
code with the BodyBuilder phantoms are similar
to those obtained from old phantoms in the first
and the second trimester pregnancy (RD=
7.27%, 5.88%, respectively), (7). This is mostly
described by the fact that the mass (fetus) at
three and six months of pregnancy does not shift
between the two sets of phantoms.

According to the results obtained here, fetal
absorbed dose for this phantom and Monte
Carlo code consist of: 2.5 x10-2 mGy/MBq in
early, 2.04x10-2 mGy/MBq in the three month
of pregnancy, 1.80x10-2 mGy/MBq in the six
months of pregnancy and 1.5 x10-2 mGy/MBq
after the nine months of pregnancy with a
typical injected activities of 18F-FDG (185-370
MBq within 3-8 (msv) range (29).

The 18F-FDG fetal absorbed dose is subject to
the limit of deterministic effects in any period of
pregnancy while the indications of PET in
pregnant women should be justified [30].
Therefore this issue is very important when
using PET/CT machine. The CT dose for
attenuation correction should be added to dose
from absorbed dose from 18F-FDG.

Applying the BodyBuilder anthropomorphic
phantoms in this simulation, which yields
agreeable results in addition to its low time
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consumption, corresponds to the available
finding by other researchers while reducing
calculation times.
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