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Data from the literature show that the fetal absorbed dose from '8F-
FDG administration to the pregnant mother ranges from 0.5E-2 to
4E-2 mGy/MBq. These figures were, however, obtained using dif-
ferent quantification techniques and with basic geometric anthro-
pomorphic phantoms. The aim of this study was to refine the fetal
dose estimates of published as well as new cases using realistic
voxel-based phantoms. Methods: The '8F-FDG doses to the fetus
(n = 19; 5-34 wk of pregnancy) were calculated with new voxel-
based anthropomorphic phantoms of the pregnant woman. The
image-derived fetal time-integrated activity values were combined
with those of the mothers’ organs from the International Commis-
sion on Radiological Protection publication 106 and the dynamic
bladder model with a 1-h bladder-voiding interval. The dose to the
uterus was used as a proxy for early pregnancy (up to 10 wk). The
time-integrated activities were entered into OLINDA/EXM 1.1 to de-
rive the dose with the classic anthropomorphic phantoms of preg-
nant women, then into OLINDA/EXM 2.0 to assess the dose using
new voxel-based phantoms. Results: The average fetal doses
(mGy/MBq) with OLINDA/EXM 2.0 were 2.5E-02 in early pregnancy,
1.3E-02 in the late part of the first trimester, 8.5E-03 in the second
trimester, and 5.1E-03 in the third trimester. The differences com-
pared with the doses calculated with OLINDA/EXM 1.1 were +7%,
+70%, +35%, and —-8%, respectively. Conclusion: Except in late
pregnancy, the doses estimated with realistic voxelwise anthro-
pomorphic phantoms are higher than the doses derived from old
geometric phantoms. The doses remain, however, well below the
threshold for any deterministic effects. Thus, pregnancy is not an
absolute contraindication of a clinically justified '8F-FDG PET scan.
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Scanning a pregnant woman with '8F-FDG remains a rare
event in any clinical center, as cancer occurs in about 1 in 1,000
pregnancies (/). However, the number of women injected while
pregnant is expected to rise, not only because PET imaging has
been steadily growing over the last 20 y, but also because more
women become pregnant at a more advanced age, when the in-
cidence of cancers is higher (/).

Thus, to correctly weigh the clinical benefit to the mother
against the potential harm to the fetus and for patient counseling,
the fetal dosimetry must be known as accurately as possible.

Current dosimetric standards for fetal 'F-FDG dose during
pregnancy (2) are based on data obtained from 3 rhesus monkeys
in late pregnancy (3). Since the publication of monkey data, 2
small series (1,4) and several case reports (5-9) of '8F-FDG
scans of pregnant women have become available in the literature.
Although the doses reported in these studies consistently show
that the fetal dose is well below the threshold for deterministic
effects (10), these doses were obtained with disparate methodo-
logic approaches. For instance, the first cases in early pregnancy
were analyzed using a Monte Carlo code and simple geometric
models (5,6), whereas in subsequent cases using the dose to the
uterus as a proxy was preferred (/,4). Moreover, authors used dif-
ferent assumptions to model the kinetics of the mother’s bladder,
which is the main contributor to the photon dose to the fetus (/,4).
Finally, often the details of the analyses are not fully reported, so
that it becomes impossible to reuse the data for further analysis.

Moreover, the dose to the fetus has generally been estimated using
the stylized anthropomorphic phantoms (//) implemented in the
MIRDOSE (/2) and OLINDA/EXM 1.0 software (/3). Recently, sev-
eral sets of more realistic phantoms, based on actual images of humans,
have been developed (/4). In particular, Segars used the nonuniform
rational b-spline modeling technique to obtain a realistic rendering of
the human body (/5). Building on these data, Stabin and the Society of
Nuclear Medicine and Molecular Imaging RAdiation Dose Assess-
ment Resource (RADAR) task force developed a complete male and
female adult, pediatric, and pregnant woman phantom series (/6) using
the organ, body, and fetal masses recommended by publication 89 of
the International Commission on Radiological Protection (ICRP) (/7).
These phantoms are implemented in the OLINDA/EXM 2.0 software.

The aim of this study was to establish updated fetal dosimetric
standards for '8F-FDG using realistic voxel-based phantoms of preg-
nant women. To do this, we calculated in a standardized way the
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fetal dose in a large number of pregnant women imaged with
I8E-FDG, including both previously published and new cases.

MATERIALS AND METHODS

Patients

PET images from 17 different women who were imaged for cancer
during pregnancy were retrospectively analyzed for this study (Table 1).
One woman was scanned twice at 2 different stages of pregnancy (/) and
one, here presented for the first time, was expecting twins (Fig. 1). In
total, PET data from 19 fetuses were available for analysis. These scans
were acquired in different institutions over a time span of many years.
Details about the disease staging of the mothers, the type of PET scan-
ners, and the acquisition modalities can be found in the original publi-
cations (references are provided in Table 1). The oldest scans were
obtained on PET-only cameras (n = 8); most scans were acquired with a
PET/CT (n = 9) and 2 with a modern PET/MRI camera. Attenuation
correction, which enables the calculation of radioactivity concentrations
in the biologic tissues, was performed with an external radioactive source
for PET-only scans, with the CT scan for PET/CT acquisitions, and with
the 2-point Dixon technique for the 2 women imaged with PET/MRI.
The women were pregnant for 5-34 wk, thus encompassing most of the
pregnancy. The average injected activity of '8F-FDG was 303 MBq
(range, 174-583 MBq; injected activity ranged from 2.1 to 8.6 MBg/kg).
The institutional ethics board approved this retrospective study, and the
requirement to obtain informed consent was waived.

Dosimetric Calculations
Pregnancy was divided in 4 periods: early pregnancy (010 wk), first trimes-
ter (11-13 wk), second trimester (1426 wk), and third trimester (after 27 wk).

The fetal volume and concentration of radioactivity were derived
by manually drawing a region of interest on all slices on which the
fetus was visible (or around the whole uterus in early pregnancy).
Region-drawing was done directly on the PET images in the PET-
only scans or by taking advantage of the anatomic information of the
coregistered CT or MR scan, when available. These regions allowed
the calculation of the fraction of injected activity concentrated by the
fetus (or by the uterus). When the fractions were already available in
the original paper, they were used for further analysis. Because any
dose estimation to the individual fetal organs would be too uncertain
and prone to error, '8F-FDG was supposed to be uniformly distrib-
uted in the fetus. The effective half-life of '8F-FDG was conserva-
tively considered to be equal to the physical half-life of '8F (1.83 h).
Also, fetal uptake at the time of imaging (about 60 min after in-
jection) was conservatively considered to be reached instantly after
injection. The time-integrated activities of the fetuses (or the uterus
for the patients in early pregnancy) were combined with those of the
mothers’ organs, as reported in ICRP publication 106 (Table 2) (18).
The dynamic bladder model (/2) was used with the following pa-
rameters: first fraction of 0.075, with a half-life of 0.2 h, and second
fraction of 0.225, with a half-life of 1.5 h (/8). The bladder-voiding
interval was set at 1 h.

The time-integrated activities were entered into OLINDA/EXM
software using both the version 1.1 (/7), which contains the old
anthropomorphic phantoms of Cristy and Eckerman, and the ver-
sion 2.0, which contains the more realistic RADAR phantoms (/6).
For women in early pregnancy, the dose to the uterus was calculated
using the anthropomorphic phantom of the nonpregnant woman.
For later pregnancy, we used the appropriate pregnant phantoms
(Table 1).

TABLE 1
Characteristics of Fetuses and Image-Derived Dosimetry Results

Injected Time-integrated
Stage Mother's activity Phantom activity Dose, Olinda 1 Dose, Olinda 2
Fetus of gestation weight (kg) (MBq) Machine (trimester) Fraction (Bqg h/Bq) (mGy/MBq) (mGy/MBaq) Reference
1 5 wk 86 296 PET/CT Nonpregnant 0.0012 0.0030 1.73E-02 1.92E-02 4)
2 6 wk 68 583 PET Nonpregnant 0.0036 0.0095 3.14E-02 3.29E-02 (7)
3 8 wk 60 320 PET/CT Nonpregnant 0.0020 0.0053 2.23E-02 2.39E-02 ®)
4 10 wk 71 296 PET/CT Nonpregnant 0.0018 0.0046 2.08E-02 2.26E-02 6)
5 12 wk 58 385 PET/CT 1 0.0006 0.0016 7.25E-03 1.17E-02 4)
6 ~12 wk 77 350 PET 1 0.0010 0.0026 7.70E-03 1.37E-02 )
7 18 wk 88 200 PET 2 0.0009 0.0023 3.52E-03 4.98E-03 (1)
8 19 wk 51 348 PET/MRI 2 0.0024 0.0063 4.10E-03 5.72E-03 )
9 19 wk 70 296 PET/MRI 2 0.0037 0.0097 4.59E-03 6.34E-03 4)
10 21 wk 53 181 PET/CT 2 0.0049 0.0129 5.05E-03 6.93E-03 (7)
11 23 wk 59 181 PET 2 0.0078 0.0206 6.17E-03 8.34E-03 (1)
12 25 wk 67 337 PET 2 0.0084 0.0222 6.40E-03 8.64E-03 (1)
13 25 wk 76 188 PET/CT 2 0.0156 0.0412 9.14E-03 1.21E-02 This study
14 25 wk 76 188 PET/CT 2 0.0164 0.0434 9.46E-03 1.25E-02 This study
15 26 wk 81 242 PET/CT 2 0.0129 0.0340 8.10E-03 1.08E-02 9)
16 28 wk 82 174 PET 3 0.0071 0.0187 3.38E-03 3.36E-03 (1)
17 ~28 wk 66 296 PET 3 0.0195 0.0515 6.22E-03 5.62E-03 )
18 30 wk 89 229 PET 3 0.0196 0.0518 6.24E-03 5.64E-03 (7)
19 34 wk 95 555 PET/CT 3 0.0192 0.0507 6.15E-03 5.56E-03 8)
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FIGURE 1. Coronal CT (A) and PET (B) image of 29-y-old woman di-
agnosed with diffuse large B-cell non-Hodgkin lymphoma while expect-
ing twins (about 25 wk pregnant; fetuses 13 and 14 in Table 1). This
image was acquired by the Department of Nuclear Medicine of the Henri
Becquerel Center in Rouen, France. White arrow points to lymphoma
mass in right breast that led to diagnosis. Similarly to all the other late-
pregnancy fetuses, uptake in brain (red arrow of fetus on right) is sig-
nificantly lower than uptake in brain of mother. Yellow arrow points to
high 8F-FDG uptake in myocardium of same fetus. Skeletons of the
twins are visible on CT scan.

RESULTS

The average fetal doses calculated using the phantoms con-
tained in OLINDA/EXM 1.1 were 2.3E-02 mGy/MBq in early
pregnancy, 7.5E-03 mGy/MBq in the late part of the first trimes-
ter, 6.3E-03 mGy/MBq in the second trimester, and 5.5E-03
mGy/MBq in the third trimester. Fetal self-dose increased pro-
gressively with the size of the fetus, ranging from about 10%
during the first trimester to about 40% at the end of pregnancy.
With OLINDA/EXM 2.0, the doses were 2.5E-02 mGy/MBq in
early pregnancy, 1.3E-02 mGy/MBq in the late part of the first
trimester, 8.5E-03 mGy/MBq in the second trimester, and 5.1E-03
mGy/MBq in the third trimester. Thus, the differences compared
with the doses calculated with the old geometric phantoms were
+7%, +70%, +35%, and —8%, respectively (Table 3).

DISCUSSION

The present study sought to establish new standard fetal doses
from '8F-FDG administration during pregnancy, using realistic

TABLE 2
Standard Time-Integrated Activities for Mothers’ Organs,
Taken from ICRP 106

Organ Time-integrated activity (Bq h/Bq)
Brain 0.21
Heart wall 0.11
Lungs 0.079
Liver 0.13
Rest of the body 1.7
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voxel-based anthropomorphic phantoms (/6). The value found in
early pregnancy (2.5E-2 mGy/MBq) is comparable to the cur-
rent standard value (2.2E-2 mGy/MBq) estimated from monkey
data (2). For the remaining duration of the pregnancy, however,
the values from human data were about half to one third those
estimated from monkeys (Table 3). Because the '8F-FDG-related
fetal dose is well below the threshold for deterministic effects at
all stages of pregnancy (/0), pregnancy should not be an abso-
lute contraindication to a clinically justified 'F-FDG PET scan
(19).

The doses obtained with the new phantoms were similar to
those obtained with the old geometric phantoms in early pregnancy
(+7%) and in the third trimester (—8%). This is mainly explained
by the fact that the mass of the uterus of the nonpregnant woman
does not change between the 2 sets of phantoms (80 g), and the
mass of the third-trimester fetus is similar (2,961 g for the old
phantom and 3,500 g for the new one). By contrast, the fetuses of
the first and second trimester are significantly smaller in the new
phantoms (85 and 1,114 g, compared with 458 and 1,642 g, re-
spectively), and thus the doses were higher (+70% and +35%,
respectively). Dose differences are also partly explained by the
different disposition of the organs inside the voxel-based phantoms,
which tend to be more closely associated than those in the old
phantoms (/6).

In particular, the mother’s bladder is the main contributor to the
fetal dose from photons, especially in early pregnancy (/,4). In
this work, we used the bladder model proposed by ICRP publica-
tion 106 and standardized the voiding time at 1 h for all cases.
Indeed, in most clinical centers patients are scanned about 1 h after
injection and are invited to void the bladder just before the scan
begins. This voiding time might overestimate the fetal dose in some
cases, especially because pregnant women are likely to be asked to
void the bladder more often to minimize fetal exposure and, in some
institutions, their bladder is drained with a catheter (4). However, a
1-h voiding time is the most likely voiding schedule when the
pregnancy is unknown. Therefore, we chose a relatively conserva-
tive model.

When a pregnant woman undergoes a PET scan, the transmission
scans used for attenuation correction and anatomic imaging add
to the total fetal radiation dose. Although the dose from trans-
mission scanning rods is minimal, the dose when using a CT scan is
expected to add about 10 mGy to the '8F-FDG dose (/). If PET/
MRI machines become more common, they should be the preferred
device to image pregnant women. Indeed, PET/MRI machines not
only perform attenuation correction without using ionizing radia-
tions, but also allow an accurate delineation of fetal structures (4),
which might enable the calculation of fetal absorbed doses at the
organ level.

To facilitate comparisons of data from different centers, we
suggest that future reports on fetal dosimetry with '8F-FDG use
the same approach we used in the present study. This approach
would also be helpful with various PET radiopharmaceuticals,
particularly those labeled with '8F, that are now increasingly being
used (20). At least the fraction of the injected activity concentrated
by the fetus should be reported, so that data can be straightfor-
wardly reused for future publications, for example, to test new
phantoms.

Finally, this study contains an unexpected finding: even in the
most mature fetuses, the fetal brain showed a low '8F-FDG uptake,
comparable to that in the soft tissues (Fig. 1). It seems unlikely
that the placenta blocks '8F-FDG, because '8F-FDG transport is
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TABLE 3
Comparison of New Olinda 2 Values with Values Calculated with Old Anthropomorphic Phantoms Included in

Olinda 1

Values derived from

Stage of pregnancy monkeys Olinda 1 (human data) Olinda 2 (human data) Difference*
Early 2.2E-2 2.3E-2 2.5E-2 +7%
First trimester 2.2E-2 7.5E-3 1.3E-2 +70%
Second trimester 1.7E-2 6.3E-3 8.5E-3 +35%
Third trimester 1.7E-2 5.5E-3 5.1E-3 -8%
*(Olinda 2 - Olinda 1)/Olinda 1.
Values derived from nonhuman primates (2) are also provided.

mediated by specific placental transporters (2/) and '8F-FDG up- 8. Erdogan EB, Ekmekcioglu O, Vatankulu B, Ergul N, Demir M, Sonmezoglu K.

take in the fetal myocardium is always high. Moreover, the blood—
brain barrier glucose transporter is conserved in preterm infants
(22) although its functional capacity might be lower in the fetal
period (23). The most likely explanation is that the brain has low
metabolic status in utero. Indeed, there is some evidence that the
ISF-.FDG brain metabolism in newborns and infants is also low
and that it increases progressively with maturation (24,25).

CONCLUSION

Fetal dosimetry values from '3F-FDG administration during preg-
nancy, estimated with realistic voxelwise anthropomorphic phan-
toms, are 2.5E-02 mGy/MBq in early pregnancy, 1.3E-02 mGy/
MBq in the late part of the first trimester, 8.5E-03 mGy/MBq in the
second trimester, and 5.1E-03 mGy/MBq in the third trimester.
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