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Abstract

Purpose Molecular imaging using PET and hybrid (PET/CT
and PET/MR) modalities nowadays plays a pivotal role in the
clinical setting for diagnosis and staging, treatment response
monitoring, and radiation therapy treatment planning of a
wide range of oncologic malignancies. The developing
embryo/fetus presents a high sensitivity to ionizing radiation.
Therefore, estimation of the radiation dose delivered to the
embryo/fetus and pregnant patients from PET examinations
to assess potential radiation risks is highly praised.

Methods We constructed eight embryo/fetus models at vari-
ous gestation periods with 25 identified tissues according to
reference data recommended by the ICRP publication 89
representing the anatomy of the developing embryo/fetus.
The developed embryo/fetus models were integrated into re-
alistic anthropomorphic computational phantoms of the preg-
nant female and used for estimating, using Monte Carlo cal-
culations, S-values of common positron-emitting
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radionuclides, organ absorbed dose, and effective dose of a
number of positron-emitting labeled radiotracers.

Results The absorbed dose is nonuniformly distributed in the
fetus. The absorbed dose of the kidney and liver of the 8-
week-old fetus are about 47.45 % and 44.76 % higher than
the average absorbed dose of the fetal total body for all inves-
tigated radiotracers. For 18F_FDG, the fetal effective doses are
2.90E-02, 3.09E-02, 1.79E-02, 1.59E-02, 1.47E-02, 1.40E-
02, 1.37E-02, and 1.27E-02 mSv/MBq at the 8th, 10th,
15th, 20th, 25th, 30th, 35th, and 38th weeks of gestation,
respectively.

Conclusion The developed pregnant female/fetus models
matching the ICRP reference data can be exploited by dedi-
cated software packages for internal and external dose calcu-
lations. The generated S-values will be useful to produce new
standardized dose estimates to pregnant patients and embryo/
fetus from a variety of positron-emitting labeled radiotracers.

Keywords PET - Radiation dosimetry - Pregnant female
models - Monte Carlo - Simulation

Introduction

PET makes use of positron-emitting labeled tracers to visual-
ize and quantify in vivo biochemical processes and molecular
events occurring in the human body. It has been widely
adopted as an important tool for clinical diagnosis, prognosis,
staging and restaging, monitoring response to treatment, and
radiation therapy planning of a variety of oncologic malignan-
cies [1]. Similar to concerns raised for the pediatric population
[2, 3], radiation exposure of pregnant or potentially pregnant
patients is becoming an increasingly important and
concerning issue in diagnostic imaging owing to the high risks
related to radiation exposure of the developing fetus. Overall,
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the gestational age and the fetal absorbed dose level determine
the risks associated with the risks of using ionizing radiation.
During 8—15 weeks of gestation (early pregnancy), the
embryo/fetus presents the highest sensitivity to ionizing radi-
ation where radiation exposure might induce non-stochastic
effects, i.e. embryonic death, growth retardation, anatomic
malformation, and microcephaly at a threshold between
0.35-0.5 Gy [4]. For a fetus of 1640 weeks, radiation expo-
sure is associated with non-stochastic effects of growth retar-
dation, decreased brain size, and mental retardation at a
threshold of 1.5 Gy and stochastic effects of childhood cancer
when fetal absorbed dose exceeds 100 mGy [5]. The fetal
nervous system exhibits a long period of sensitivity to ionizing
radiation during the whole gestation period and its develop-
ment is known to be affected by radiation exposure above
50 cGy [6]. In this context, accurate estimation of the radiation
dose plays an essential role in risk analysis during the decision
making process when attempting to balance the benefits of
radiologic imaging for diseased pregnant patients with the
radiation risks to the developing fetus.

Several computational models of pregnant women and
fetus have been developed and incorporated within Monte
Carlo calculations for assessing fetal radiation dose in radio-
logic imaging procedures [7]. Stabin et al. [8] and Russell
et al. [9] constructed the first complete set of pregnant female
models using simple mathematical surface equations to esti-
mate the fetal dose at early pregnancy and at the 3rd trimester
for a large number of radiopharmaceuticals. The developed
mathematical pregnant female models have been integrated
in the MIRDOSE and OLINDA/EXM personal computer
software packages for internal dose assessment. They were
used by Zanotti-Fregonara et al. [10-12] and Takalkar et al.
[13] to estimate the fetal absorbed dose at various gestation
periods from '®F-FDG examinations of pregnant patients.
However, mathematical models are commonly used for esti-
mating radiation dose to the embryo/fetus in published litera-
tures [9, 14, 15] while the organ-level radiation dose of the
developing fetus is rarely reported. With the development of
anthropomorphic computational phantoms and the continu-
ously increasing number of PET radiotracers targeting various
molecular targets, the assessment of the fetal radiation dose
from common positron-emitting radiotracers using new gen-
eration pregnant female phantoms providing detailed anatom-
ic description of fetal internal organs is needed.

In this work, we develop a complete set of embryo/fetus
models at the 8th, 10th, 15th, 20th, 25th, 30th, 35th, and 38th
weeks of gestation with 25 identified tissues according to the
reference fetal anatomic data recommended by the ICRP [16].
The developed fetus models were integrated within the anthro-
pomorphic pregnant female phantoms to run Monte Carlo-
based particle transport simulations of common positron-
emitting radionuclides. S-values, absorbed and effective doses
to the pregnant female and fetus from positron-emitting

radionuclides and commonly used positron-emitting labeled
radiotracers were calculated. The produced radiation dosime-
try database provides a systematic estimate of fetal organ-level
radiation dose from positron-emitting labeled radiopharma-
ceuticals, whereas the calculated S-values can be used for
the assessment of the radiation dose to the fetus from new
PET-based molecular imaging probes.

The pregnant female phantom series of the Rensselaer
Polytechnic Institute (RPI) (12th, 24th, and 36th weeks of
gestation) [17], the Fetal and Mother Numerical Models
(FEMONUM) developed by Telecom ParisTech (8th, 10th,
26th, 30th, and 35th weeks of gestation) [18], the Katja phan-
tom [19] (24th week of gestation), as well as the voxel new-
born model [20] of Helmholtz Zentrum Miinchen were used
in this work to construct new series of fetal/pregnant female
models [21]. The FEMONUM utero-fetus models at the 8th
and 10th weeks of gestation were constructed based on med-
ical images acquired using 3-D ultrasound imaging while the
FEMONUM utero-fetus models of the 26th, 30th, and 35th
weeks of gestation were constructed using 3-D magnetic res-
onance imaging (MRI) data. The RPI pregnancy phantoms
were constructed based on CT images of a pregnant female
(7th month of gestation) and the VIP-Man model. The Katja
fetus model was constructed based on abdominal MRI images
of a pregnant patient at 24th week of pregnancy, while the
newborn baby model of Helmholtz Zentrum Miinchen was
constructed from CT scans of a donated baby body.

Materials and methods
Development of pregnant female phantom series

In this work, the voxel-based Katja phantom and newborn
phantom of Helmholtz Zentrum Miinchen were transformed
to corresponding non-uniform rational basis spline (NURBS)
surface representation models using an in-house developed
C++ code and the Rhinoceros™ package to develop a new
set of fetal/pregnant female models. The body contour and
maternal internal organs of RPI phantoms were adapted.
FEMONUM phantoms were used for defining the placenta,
umbilical cord, vesicle Vitelline, uterine wall, amniotic fluid,
and fetal body contours of the constructed models at the 8th
and 10th weeks of gestation. The bone marrow and skeleton
of the fetus phantoms were scaled from the fetal skeleton of
the RPI phantom at 9 months of gestation to match the refer-
ence organ mass of the ICRP [16]. The fetal organs, including
adrenal, pancreas, spleen, and thymus, were scaled from the
voxel newborn model of Helmholtz Zentrum Miinchen to
match the reference organ mass of ICRP [16]. For the lung,
brain, heart, eyes, stomach, gall bladder, the organs of the
fetus model at 820 weeks of gestation were scaled from the
Katja model. The organs of the fetus model at 25-35 weeks of
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gestation were scaled from FEMONUM models, whereas the
organs of the fetus model at 38 weeks of gestation were scaled
from organs of the voxel newborn model. A pipe model along
the fetal spine was constructed to represent the spinal cord.
The fetal liver and kidney models at 830 weeks of gestation
and 35-38 weeks of gestation were scaled from the Katja
model and the newborn model, respectively. A description
of'the sources of the constructed maternal body and fetal organ
masses is listed in Supplemental Table S1. The target masses
of fetal organs at different gestation periods were obtained
from the ICRP reference dataset. The maternal breast, contour
of maternal abdomen, maternal bladder, maternal small intes-
tine (SI), and large intestine (LI) at different gestation periods
were manually adjusted using the Rhinoceros™ package. A
total of 35 maternal tissues and 25 fetal regions were included
in the surface representing pregnant female phantom series
constructed in this work. Figure 1 shows 3D visualization of
the front views and side views of the developed computational
pregnant phantoms at various gestation periods. Figure 2
shows a 3D visualization of the developed embryo/fetus
models with the placenta and umbilical cord.

Radiation dose calculations

The developed computational pregnant female phantoms were
voxelized using the Binvox package [22] and imported to the
MCNPX code [23] for radiation transport simulations. S-
values of uniformly distributed positron-emitting sources in

Fig. 1 3D visualization of the
developed computational
pregnant female phantoms at
different gestations showing (a)
side views and (b) front views,
respectively. The uterine was set
transparent to exhibit the fetus

15 weeks

10 weeks

8 weeks

all identified maternal and fetal tissues were calculated.
Absorbed dose and effective dose delivered to fetal and ma-
ternal body organs from a number of PET radiotracers, includ-
ing ''C-Acetate, ''C- and '®F-Amino acids, '' C-Methionine,
"C- and "®F-Brain receptor substances, ''C (Realistic maxi-
mum model), [Methyl-''C]-Thymidine, ''C-Thymidine, ''C-
1-(3,4-dimethoxyphenethyl)-4-(3-phenylprophyl)piperazine
(''C-SA4503), ''C-8-dicyclopropylmethyl-1-methyl-3-
propylxanthine (''C-MPDX), ''C-(E)-8-(3,4,5-
trimethoxystyryl)-1,3,7-trimethylxanthine (''C-TMSX),
4-"'C-methylphenyl-1,4-diazabicyclo[3.2.2.Jnonane-4-car-
boxylate (''C-CHIBA-1001), ''C-4"-thiothymidine (''C-
4DST), '>O-water, 2-['*F]Fluoro-2-deoxy-D-glucose ('*F-
FDQG), 6-[18F]F1u0r0—L-dopa (ISF-L—dopa), 4-borono-2-'5F-
fluoro-L-phenylalanine ('*F-FBPA), 6-['®F]Fluorodopamine
("8F-FDOPA), 68Ga—ethylenediaminetetraacetic acid (**Ga-
EDTA), and 68Ga—[l ,4,7,10-Tetraazacyclododecane-1,4,7,10-
tetraacetic acid]-1-Nal3-octreotide (®*Ga-DOTANOC) were
calculated based on biokinetic data reported in ICRP publica-
tions [24, 25] and other published literature [26, 27]. The
Medical Internal Radiation Dose (MIRD) formalism [28],
ICRP 103 recommendations [29] and the estimated fetal mean
residence times (MRTs) from our previous work [15] were
employed to calculate S-values, radiation absorbed dose and
effective dose in the new series of fetal/pregnant female phan-
toms. For each radiotracer, maternal organs are classified into
two types: organs of type I, which include organs with MRTs
given in the ICRP reports or in the literature, and organs of

25 weeks

20 weeks

30 weeks 35weeks 38 weeks

10 weeks

8 weeks
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Fig. 2 3D visualization of the fetal phantoms at different gestation periods

type II that encompass all the other organs. For organs of type
I of the maternal body, the MRTs were calculated as:
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where MRTS™ refers to the sum of reported mean resi-
dence times of certain radiotracers in the adult body. The de-
veloping embryo/fetus may uptake the injected compounds
from maternal blood. In accordance with Benveniste et al.
[30], which suggested similar uptake values for fetal and ma-
ternal activity for FDG, an equal average activity concentra-
tion in maternal and fetal tissues was assumed for all investi-
gated radiotracers [15].

Fetal dose from '3F-FDG in clinical scans

"E_FDG is the workhorse of PET scanning and the most
commonly used PET tracer in oncology. The diagnosis of
cancer using FDG-PET during pregnancy is relatively rare.
However, few studies [12, 13] reported on a series of eleven
patients at 5-30 weeks of pregnancy that underwent '*F-FDG
scans for diagnostic workup for cancer. In both studies, FDG
time-integrated activity coefficients of the fetus were

30 weeks 35 weeks 38 weeks

calculated based on PET images and combined with four an-
thropomorphic phantoms of pregnant women at early preg-
nancy, first, second, and third trimesters, respectively, to cal-
culate fetal doses. In this work, we recalculated the fetal dose
in the eleven reported cases based on the time-integrated ac-
tivity coefficients in the fetal bodies provided reported in the
above referenced works [12, 13] and the new series of anthro-
pomorphic pregnant female phantoms at eight gestation pe-
riods. The ICRP biokinetic data were used to determine the
time-integrated activity coefficients of FDG in maternal
organs.

Results
Developed pregnant female phantom series

Organ and tissue masses of the developed computational preg-
nant female phantoms are listed in Supplemental Table S2.
The fetal skin was generated by assigning a skin tag to the
outermost voxel layer of the fetal body contour. Percent dif-
ferences between organ masses of the developed series of
pregnant female phantoms and ICRP 89 reference values are
also shown. The total body masses of most fetus models were
matched to ICRP reference data to within 0.2 % while the
fetus model at 8 weeks of pregnancy has a total mass
12.98 % higher than the reference value. All maternal tissues
were matched to reference masses within 1 %, except the
breasts, eyeballs, and eye lens. For fetus models above
15 weeks of gestation, all fetal tissues were matched to
ICRP reference masses to within 0.3 %. For fetus models at
early pregnancy (8th week and 10th week), the fetal total body
weight was set at its reference value and, consequently, it was
not possible to accommodate a larger mass for bone marrow,
thyroid, kidneys, adrenals, and pancreas in the fetus models
without concomitant expansion of the fetal body contour.

S-values for positron-emitting radionuclides
S-values of 69 target regions from nine positron-emitting ra-

dionuclides (C-11, N-13, O-15, F-18, Cu-64, Ga-68, Rb-82,
Y-86, and 1-124) calculated for the constructed female
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phantom series are provided in the Supplemental Table S3.
Figure 3 compares the self-absorbed S-values from F-18 to
representative targeted fetal regions. At 8 weeks of pregnancy,
the fetal thyroid presents the highest self-absorbed S-values
from F-18 (3.11 mGy/MBgq.s), while the fetal brain presents
the lowest self-absorbed S-value from F-18 (1.08E-02 mGy/
MBaq.s).

Figure 4 shows the self-absorbed S-values for maternal
total body and fetal total body. The self-absorbed S-values
of the maternal total body are almost constant at different
gestation periods while self-absorbed S-values of the fetal
total body decrease with gestational age. The self-absorbed
S-values of fetal organs decrease with gestational age. For
the considered positron-emitting radionuclides, the average
relative difference of fetal self-absorbed S-values per kg dif-
ference in fetal weight (%/kg) between the 8th and 38th week
of pregnancy is —28.3 %/kg. Figure 5 shows the cross-
absorbed S-values of F-18 and Ga-68 of representative fetal
organs from the maternal total body and maternal urinary
bladder. For F-18, the cross-absorbed S-values for maternal
total body irradiating fetal total body and organs are mostly
contributed by the two annihilation photons and follow a lin-
ear relationship with gestational age.

Absorbed and effective doses

Absorbed doses of 35 maternal organs and 25 fetal organs
from 21 common positron-emitting radiotracers were evaluat-
ed (Supplemental Tables S4-S5). Figure 6 shows the absorbed
dose from '®F-FDG to representative fetal tissues and mater-
nal organs. For most targeted maternal regions, except the
bladder wall, the absorbed dose from radiotracers decreases
slightly with the gestational age. The absorbed dose is non-
uniformly distributed in the fetus. The absorbed dose of the
fetal kidney and liver of the 8-week-old fetus are about
47.45 % and 44.76 % higher than the average absorbed dose
of the fetal total body for the 21 evaluated radiotracers. The

fetal kidney and liver receive the highest dose from '*F-FDG,
namely 4.38E-02 mGy/MBq and 4.04E-02 mGy/MBgq, re-
spectively, at the 8th week of gestation. For the fetus above
10 weeks of gestation, the bone marrow, brain, and thyroid
receive the highest absorbed radiation doses from '*F-FDG
than other fetal tissues. The absorbed doses to the fetal bone
marrow and thyroid from '®F-FDG are about 35.1 % and
22.4 % higher than the average absorbed dose of fetal total
body at 10-38 weeks of pregnancy. Figure 7 compares the S-
values and absorbed dose per unit administered activity from
1-124 for fetal thyroid between the values of this work and
those reported in Watson [31]. The discrepancies between
fetal thyroid S-values in these two works can be attributed to
Johnson’s radiation transport model for photons [32] used by
Watson [31], which clearly results in underestimation of these
values. In addition, differences between residence times used
in the two works might result in additional discrepancies be-
tween absorbed dose estimates. Table 1 compares the estimat-
ed radiation doses per unit administered activity to the fetal
total body for '*F-FDG between this work and results reported
in the literature. The absorbed doses from '*F-FDG to the fetal
total body in this work are 3.02E-02, 2.52E-02, 2.12E-02,
1.73E-02, 1.60E-02, 1.47E-02, 1.40E-02, and 1.32E-
02 mGy/MBq at the 8th, 10th, 15th, 20th, 25th, 30th, 35th,
and 38th week of pregnancy, respectively. The fetal absorbed
doses obtained in this work are higher than those reported by
Stabin et al. [14] at early pregnancy and at the 3rd month of
gestation, but lower than the corresponding values for the
fetus at 6 and 9 months of gestation. For the 3 months preg-
nant female phantom, the fetal mass in the work of Stabin et al.
is 458 g while the ICRP suggested a value of 85 g. This might
result in an underestimation of the fetal absorbed dose.

The effective dose provides a single number for estimating the
radiobiological detriment from radiation exposure and allows
comparisons of radiation risks associated with different imaging
techniques/scenarios. However, the effective dose of the fetus
has never been reported in the literature. In this work, the
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effective dose of the fetus was calculated at various gestations
from common positron-emitting radiotracers (Table 2). Since
BE_FDG, '"®F-FDOPA, ''C-labeled metahydroxephedrine and
8Ga-DOTANOC are commonly used for PET imaging of pheo-
chromocytoma in pregnant patients, we observed that 'F-
FDOPA produces the highest fetal effective dose. Figure 8 com-
pares the effective doses of the fetus and pregnant women from
"F_.FDG and “*Ga-DOTANOC. For the pregnant female, the
effective dose changes slightly during the whole gestation period
while the fetal effective doses are significantly higher at the 8th
and 10th weeks of pregnancy than the other gestation periods.
For '8F-FDG, the fetal effective doses at the 8th and 10th weeks
of pregnancy are 2.28 and 2.42 times larger than those of the
38th week of pregnancy. The fetal effective dose at the 10th week
of pregnancy is higher than at the 8th week of pregnancy because
more critical organs are considered in the phantom at thelOth
week of pregnancy.

Fetal dose from '®F-FDG in clinical scans

Table 3 compares the fetal dose in the new series of pregnant
female phantoms with those reported in the literature.
Patient#1 (5th week pregnancy) receives the highest absorbed
dose (9.69 mGy) from E_FDG. The fetal doses estimated in
this work are 1.1-2.1 times higher than the corresponding
reported values. For early pregnancy (5—-15 weeks of pregnan-
cy), the recalculated fetal dose is about 28.1 % higher than
those reported by Zanotti-Fregonara et al. [12]. For the fetus at
the 8th week of pregnancy (patient#1), the cross-absorbed
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dose from the maternal body and the self-absorbed dose from
fetal body contributed 70 % and 26 % of the total fetal dose,

Table 1

respectively, while the uterine, placenta, amniotic fluid, and
vesicle Vitelline contributed 4 % of the fetal dose in total. For
the fetus at the 30th week of pregnancy (patient#10), the
cross-absorbed dose from the maternal body and the self-
absorbed dose from the fetal body contributed 36 % and
47 % of the total fetal dose, respectively, while the uterine,
placenta, amniotic fluid, and umbilical cord contributed 17 %
of the fetal dose in total. For '"*F-FDG in pregnant patients, the
component of fetal absorbed dose from maternal body de-
creases with gestational age while the self-absorbed dose of
the fetus increases with gestational age.

Discussion

The new generation of pregnant female phantom series
constructed in this work is based on advanced boundary
representation geometries in the form of NURBS and
polygonal meshes, which combine both the flexibility
of the simplified mathematical equations of mathemati-
cal models and the anatomic realism of voxel-based
models. This modeling enables the generation of new
phantoms by exploiting the flexibility offered for alter-
ing body contour shapes and the ability of repositioning
the embedded fetus within the maternal uterus. The
masses of tissues and organs of the developed compu-
tational fetal/pregnant female phantoms fit well with the
corresponding reference values recommended by the
ICRP for most organs and tissues, except in a few cases
as mentioned above. S-values of nine positron-emitting
radionuclides were calculated for the fetus and maternal
body at eight gestation periods. Both the self-absorbed
S-values for the fetal total body and the cross-absorbed
S-values for the maternal body irradiating the fetus de-
crease with gestational age. For F-18, the dependence of

Comparison of fetal absorbed dose from '®F-FDG in pregnant female at different gestation periods

Radiotracer: "*F-FDG

Fetal absorbed dose at different gestation periods (mGy/MBq)

8 weeks 10 weeks 15 weeks 20 weeks 25 weeks 30 weeks 35 weeks 38 weeks
Russell et al. [9] 2.70E-02 1.7E-02 - - 9.40E-03 - 8.10E-03 -

(Early Pregnancy) (12 weeks) (24 weeks) (36 weeks)
Stabin [14] 2.20E-02 2.2E-02 - - 1.70E-02 - 1.70E-02 -

(Early Pregnancy) (12 weeks) (24 weeks) (36 weeks)
Zanotti-Fregonara et al. [11] - 4.00E-02 - - - - - -
Zanotti-Fregonara et al. [10] ~ 3.30E-02 - - - - - - -

(8 weeks)
Takalkar et al. [13] 1.55E-02 - - 7.16E-03 6.23E-03 1.06E-02 - -

(6 weeks) (18 weeks)
Xie etal. [15] 3.05E-02 2.27E-02 - - 1.50E-02 - 1.33E-02 -

(Early Pregnancy) (12 weeks) (24 weeks) (36 weeks)
Zanotti-Fregonara et al.[12] 2.46E-02 1.31E-02 - 6.78E-02 - 8.26E-03 - -

(5 weeks) (12 weeks) (19 weeks) (28 weeks)
This work 3.02E-02 2.52E-02 2.12E-02  1.73E-02 1.60E-02 1.47E-02 1.40E-02 1.32E-02
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Table 2 Comparison of fetal effective doses from investigated radiotracers in pregnant female at different gestation periods
Radiotracers Fetal effective dose at different gestation periods (mSv/MBq)

8 weeks 10 weeks 15 weeks 20 weeks 25 weeks 30 weeks 35 weeks 38 weeks
" C-acetate 2.46E-03 2.27E-03 2.10E-03 2.13E-03 2.15E-03 2.06E-03 2.05E-03 1.98E-03
1 C-amino acids 5.55E-03 4.94E-03 3.84E-03 3.65E-03 3.59E-03 3.38E-03 3.35E-03 3.18E-03
'C brain receptor substances 7.49E-03 6.64E-03 4.22E-03 3.81E-03 3.62E-03 3.39E-03 3.34E-03 3.12E-03
"C-methionine 1.29E-02 1.16E-02 5.41E-03 4.38E-03 3.77E-03 3.47E-03 3.38E-03 3.04E-03
1 (realistic maximum model) 2.22E-02 1.98E-02 8.03E-03 6.01E-03 4.82E-03 4.34E-03 4.15E-03 3.58E-03
[Methyl-''C]thymidine 3.30E-03 3.02E-03 2.81E-03 2.85E-03 2.89E-03 2.78E-03 2.79E-03 2.71E-03
C-thymidine 3.37E-03 2.93E-03 2.63E-03 2.60E-03 2.61E-03 2.48E-03 2.46E-03 2.36E-03
''C-SA4503 3.77E-03 3.49E-03 3.19E-03 3.15E-03 3.17E-03 3.01E-03 3.03E-03 2.92E-03
''C-MPDX 4.50E-03 4.01E-03 3.52E-03 3.41E-03 3.41E-03 3.23E-03 3.21E-03 3.07E-03
"'C-TMSX 4.46E-03 3.96E-03 3.48E-03 3.41E-03 3.42E-03 3.25E-03 3.23E-03 3.09E-03
''C-CHIBA-1001 4.42E-03 4.30E-03 3.89E-03 3.55E-03 3.45E-03 3.15E-03 3.20E-03 3.05E-03
"'C-4DST 5.75E-03 5.13E-03 3.80E-03 3.61E-03 3.53E-03 3.35E-03 3.31E-03 3.15E-03
150-water 4.75E-04 5.38E-04 4.73E-04 4.78E-04 4.67E-04 4.40E-04 4.38E-04 4.23E-04
'8F_amino acids 2.15E-02 2.52E-02 1.69E-02 1.57E-02 1.49E-02 1.43E-02 1.40E-02 1.31E-02
'8F brain receptor substances 2.54E-02 2.81E-02 1.73E-02 1.59E-02 1.50E-02 1.43E-02 1.41E-02 1.32E-02
BE_FDG 2.90E-02 3.09E-02 1.79E-02 1.59E-02 1.47E-02 1.40E-02 1.37E-02 1.27E-02
'8E_L-DOPA 5.06E-02 4.84E-02 2.26E-02 1.85E-02 1.57E-02 1.46E-02 1.40E-02 1.25E-02
'*F_.FBPA 4.01E-02 4.28E-02 2.20E-02 1.88E-02 1.68E-02 1.59E-02 1.53E-02 1.41E-02
"*F.FDOPA 5.52E-02 5.40E-02 2.61E-02 2.16E-02 1.86E-02 1.73E-02 1.66E-02 1.49E-02
%Ga-EDTA 4.43E-02 4.57E-02 2.23E-02 1.90E-02 1.68E-02 1.57E-02 1.50E-02 1.38E-02
%8Ga-DOTANOC 1.71E-02 1.93E-02 1.31E-02 1.25E-02 1.18E-02 1.13E-02 1.10E-02 1.05E-02

the self-absorbed S-value of fetal total body on gesta-
tional age are given by:

Sfs e =79.61 x (GW) 4 1)

whereas the dependence of fetal total body on the cross-
absorbed S-value on gestational age can be given as:

SMaternal Body—Fetus
Fetal Body

=-1.697 x 107 x (GW) + 1.284 x 10 (2)

where GW is the gestation period of fetus (in weeks), varying
from 8 to 38 weeks. These rules can be used for a quick and
rough estimation of the fetal total body absorbed dose from
F-18 labeled radiotracers:

Maternal Body— Fetus
Dretar Body — MRT yaternat Body X S Fetal Body

Fetus— Fetus
+ MRTFEIMS X SFetal Body (3)

where D is the absorbed dose in mGy/MBq and MRT is the
mean residence time or time-integrated activity (MBq.s/MBq)
of F-18 labeled tracers in the maternal total body or the fetus.

The absorbed and effective doses from 21 positron-
emitting labeled radiotracers were estimated for 25 fetal tis-
sues and the fetal total body. In this work, the standard MIRD
formalism was adopted for estimating radiation doses to each

organ. However, some molecules are designed to be delivered
specifically to the blood vessels for diagnostic and/or thera-
peutic applications. As such, the mean residence time of these
radiotracers in the blood would be higher than the MIRD
estimates, thus resulting in higher absorbed dose to the endo-
thelial walls, especially for small vessels.

For radiation dosimetry of radiotracers based on anthropo-
morphic computational phantoms, the effective dose presents
a lower uncertainty compared to absorbed doses derived from
clinical data [33]. However, the published literature indicates
that the absorbed dose of the fetal total body from radiotracers
is frequently considered while the fetal effective dose is rarely
reported. The effective dose of the fetus estimated in this work
can be used for comparison of the risks associated with differ-
ent diagnostic imaging techniques/scenarios in regard to the
potential radiobiological detriment to various developing fetal
tissues. The fetal effective doses at the 8th and 10th weeks of
gestation are significantly higher than those at other gestation
periods because of the significantly lower fetal weight at early
pregnancy.

For '8F-FDG, the difference of organ absorbed doses
calculated from different mathematical and voxel-based
phantoms can be greater than 150 % [33]. We calculated
fetal absorbed dose for a number of clinical studies report-
ed in the literature based on reported time-integrated
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Fig. 8 Effective dose per unit administered activity for the fetus and
pregnant female from (a) BE_FDG and (b) *®Ga-DOTANOC

activity coefficients for the fetus and the developed anthro-
pomorphic pregnant female phantoms. The fetal absorbed
doses calculated in this work are about 10.3-110.3 %
higher than the corresponding values reported in the liter-
ature. For early pregnancy, the dose to the uterus was
used as a surrogate of the dose to the fetus the calcula-
tions performed by Zanotti-Fregonara et al. [12] and
Takalkar et al. [13]. However, the reference fetal weight
recommended by the ICRP for early pregnancy, i.e. the
8th week of gestation (4.7 g) is significantly lower than
the mass of the adult female uterus (80 g). The replace-
ment of the fetus with maternal uterus in radiation dose
calculations at early pregnancy will result in underestima-
tion of S-values for the fetal total body. In this context,
the new pregnant female phantoms can provide more ac-
curate fetal absorbed dose from radiopharmaceuticals at
early pregnancy.

Conclusion

A new series of computational anthropomorphic pregnant fe-
male phantoms for representing reference fetus and adult fe-
male at various gestation periods were constructed. The devel-
oped computational phantoms were used to conduct a system-
atic study for evaluation of radiation dose to the fetus and
gravida from common positron-emitting radionuclides and ra-
diotracers based on updated tissue weighting factors and
biodistribution data. The latest generation computational
models can provide more accurate radiation dose estimates
for the growing fetus. The produced S-values can be used for
assessment of radiation dose to pregnant patients and the fetus
at different gestational ages from various positron-emitting ra-
diotracers. The calculated dosimetric database can be exploited

Table 3 Comparison of

fetal absorbed doses Patientno.  Stage of Administered Fetal absorbed dose from '*F-FDG
from 8 F-FDG for the gestation (weeks)  activity (MBq)
reported pregnant Values reported in literatures This work
patients
Dose to fetus  Total dose to  Dose to fetus ~ Total dose to
(mGy/MBq) fetus (mGy) (mGy/MBq) fetus (mGy)
1? 5 296 2.46E-02 7.28 3.27E-02 9.69
2¢ 12 385 1.31E-02 5.04 1.62E-02 6.25
3? 12 350 1.36E-02 4.76 1.73E-02 6.06
4* 19 296 6.78E-03 2.01 1.43E-02 422
5° 19 348 6.29E-03 2.19 1.29E-02 4.50
6" 28 296 8.26E-03 2.44 1.38E-02 4.08
7° 18 200 1.03E-02 2.06 1.14E-02 2.27
8° 25 337 7.41E-03 2.50 1.33E-02 4.49
9° 28 174 6.93E-03 1.21 9.70E-03 1.69
10° 30 229 1.17E-02 2.68 1.38E-02 3.17
11° 23 181 7.27E-03 1.32 1.30E-02 235

# Patients reported by Zanotti-Fregonara et al. [12]

® Patients reported by Takalkar et al. [13]
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for evaluation and comparison of radiation risks to pregnant
patients and unborn embryo/fetus associated with different im-
aging techniques/scenarios. The fetal organ-level dose is rarely
reported in literature. As the radio-sensitivity and radiation risks
of developing fetal organs vary across different trimesters, the
estimation of organ-level radiation dose to the fetus may pave
the way for a detailed investigation of the correlations between
radiation exposure of the uterus and organ-specific childhood
cancer after birth. The developed fetus models and pregnant
female phantoms matching the ICRP reference data can be
used for calculation of internal/external radiation absorbed dose
to provide standardized dose estimates for various radiotracers
in clinical and research settings.
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