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Using a Pregnant Monkey Model
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Estimating the radiation dose received by the fetus from nuclear
medicine procedures is important because of the greater sensi-
tivity of rapidly developing fetal tissues to ionizing radiation. 18F-
fluoro-L-thymidine (FLT) uptake is related to cellular proliferation
and is currently used to monitor tumor progression and response
to therapy. This study was undertaken to estimate—on the basis
of biodistribution data obtained by PET/CT in pregnant rhesus
monkeys—radiation absorbed dose to a human fetus adminis-
tered '8F-FLT. Methods: Three pregnant rhesus macaques (ges-
tational age, 113 = 8 d) were administered '8F-FLT and imaged
for 2 h on a PET/CT scanner. Time-activity curves for maternal
and fetal organs were generated in anatomic regions of interest
identified via CT. Doses were estimated using OLINDA/EXM
and the 6-mo-pregnant human model. Results: The extrapo-
lated whole-body maternal dose obtained, 11.4 wGy/MBq, is
similar to the previously reported adult female dose of 15.6
wGy/MBq. The estimated total-body dose to a human fetus is
24 1.Gy/MBaq. Significant long-term '8F-FLT accumulation in fetal
liver resulted in a fetal liver dose of 53 nwGy/MBq. Conclusion:
The fetal dose estimate in a 6-mo-pregnant human using 18F-
FLT is slightly greater than that reported for '8F-FDG. '8F-FLT
trapping in the fetal liver should be considered in the risk-benefit
analysis of '8F-FLT PET examination in pregnant patients.
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Estimating fetal radiation dose from nuclear medicine
procedures is of considerable importance because rapidly
developing fetal tissues are more sensitive to ionizing
radiation. Radiopharmaceutical biokinetic data from preg-
nant women are very limited, primarily because of such
concerns. Although the physical dosimetric aspects related
to specific absorbed fractions can be mathematically
modeled using realistic pregnant female phantoms (7),
modeling the kinetics of radiopharmaceutical uptake,
biodistribution, transfer, metabolism, and excretion in the
fetus is complicated by its complex dependence on the
tracer’s maternal and fetal pharmacology (2). The pregnant
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nonhuman primate model is a reasonable approach pre-
viously used by Stabin to estimate '8F-FDG fetal dose (3).
The goal of this study was to estimate absorbed dose to
a human fetus from !'8F-fluorothymidine (!3F-FLT) PET
studies using biodistribution and pharmacokinetic data
obtained in pregnant rhesus monkeys by PET/CT.

I8F-FLT is a PET agent with demonstrated utility in
assessing tumor proliferation and response to therapy (4,5).
I8F-FLT has high specificity for thymidine kinase-1, whose
activity increases 10-fold as cells enter the S phase (5,6).
I8F-FLT metabolic products are retained in cells at rates
proportional to thymidine kinase-1 activities, making ac-
cumulation of '8F-FLT an indirect marker of cellular
proliferation. Establishing fetal radiation dose estimates in
I8E.-FLT PET studies will allow rational risk-based de-
cisions regarding the conduct of 3F-FLT imaging of
pregnant women.

MATERIALS AND METHODS

Radiopharmaceutical Preparation

I8F_FLT was prepared according to the method of Martin et al.
(7). Briefly, 20 mg of 3-N-Boc-1-[5-0-(4,40-dimethoxytrityl)-3-
O-nosyl-2-deoxy-p-p-lyxofuranosyl]thymine (ABX GmbH) in
500 wL of acetonitrile was reacted with azeotropically dried
I8F-fluoride-K222/KHCO3. Deprotection for 5 min using 0.5 mL
of 1IN HCI at 110°C was done. After cooling, 1.5 mL of 2N
sodium acetate was added and unreacted '8F-fluoride was removed
via an Alumina N cartridge (Waters). '8F-FLT was purified by
reverse-phase high-performance liquid chromatography (Alltech
Econosil C18 10 pm, 250 x 10 mm, mobile phase = 90:10
water:ethanol). The '8F-FLT peak was collected, made isotonic
with saline, and sterilized through a 0.22-wm filter. The '8F-FLT
specific activity was 104 £ 30 GBg/pmol (2.8 £ 0.8 Ci/wmol).

Animal Subjects

Three healthy pregnant rhesus monkeys (Table 1) from the
breeding colony of the Wisconsin National Primate Research
Center were used in these studies. Fetal weights were estimated
using the method of Digiacomo et al. (§). Animal care and use
procedures for all experiments were approved by the University of
Wisconsin—Madison Institutional Animal Care and Use Commit-
tee in compliance with National Institutes of Health regulations on
research use of nonhuman primates. Wisconsin National Primate
Research Center personnel experienced in the care of pregnant
rhesus macaques transported the conscious animals between the
housing facility and the University of Wisconsin Hospital PET/CT
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TABLE 1. Characteristics of Experimental Subjects

Body Estimated Injected

weight  Gestational  fetal weight dose
Monkey (ka) day (©)s (MBaq)
1 8.70 119/165 287 164.3
2 8.78 116/165 274 158.4
3 9.21 103/165 220 162.4

*Based on gestational age and placental and fetal weight
formula reported by Digiacomo et al. (8) from sample of 209 full-
term rhesus macaques with mean birth weight of 480 g.

suite. The animals were initially anesthetized with ketamine (15
mg/kg intramuscularly) and then were maintained on 1%—2%
isoflurane during the PET study. Body temperature was controlled
by loosely wrapping the animals with a forced-air warming device
(Bair Hugger; Arizant Healthcare Inc.). The vital signs of the
animals were monitored throughout the imaging session, and their
uneventful recovery after the study was observed.

PET/CT Studies

Data were acquired on a Discovery LS PET/CT scanner (GE
Healthcare) in 2-dimensional mode to maximize image resolution.
The animals were oriented perpendicularly to the length of the
scanner bed in a left lateral decubitus position allowing imaging of
the fetus and all maternal organs in a single bed position. CT data
were acquired at 120 kVp and 30 mA x-rays before PET. A
dynamic PET sequence of 8 X 15s,6%x305s,5Xx60s,5x120s,
4 x 300 s, and 8 x 600 s for a total of 120 min was initiated on
I8FE-FLT injection.

Given minimal '8F-FLT uptake within heart tissue (9), a region
of interest (ROI) was delineated over the maternal left ventricle to
obtain time—activity blood curves. The limited blood sampling and
metabolite analysis done was sufficient to characterize both
metabolite formation and blood clearance (10,11).

Raw PET data were normalized and corrected for dead time,
randoms, scatter, and attenuation. Images were reconstructed
using an iterative ordered-subsets expectation maximization algo-
rithm (4 iterations, 16 subsets) into a 256 X 256 (transverse) X 35
(axial) image matrix with 2.14 X 2.14 X 4.25 mm pixel size.

PET Image Analysis

Images were analyzed using the software package Amira 4.1
(Mercury Computer Systems). ROIs in the maternal kidney, liver,
heart, marrow, and bladder and in the placenta and fetus were
identified via CT and applied to the dynamic PET dataset to
generate time—activity curves. The fetal ROI encompassed the
entire uterine cavity enveloped by the placenta and included
amniotic fluid. ROIs for bladder contents and organ volume were
delineated by thresholding to exclude voxels below 5% of the
maximum bladder value.

Tracer Kinetic Data Analysis

Each organ’s measured activity concentration was corrected for
recovery to reflect the true total injected activity in each frame
(12). For the early frames (first 40 min) of the study, the measured
fractional recovery was 0.71, which gradually increased to re-
coveries of 0.80-0.85 in the last 8 frames. Recovery-corrected
radioactivity concentrations in CT-delineated monkey organ ROIs,
expressed as percentage injected activity (MBq/MBq-g), were

plotted versus time to generate time-activity curves. Organ
residence times were determined from the time-activity curves
by adding the area under the curve for the 0- to 120-min time
frame calculated using trapezoidal integration, to the integrated
area from 120 min to infinity assuming clearance by physical
decay only. The residence time in the remainder of the body is the
summed residence times for all source organs subtracted from the
fixed total body dose of t;,,/In 2 = 2.62 h assuming no excretion.

Monkey data were extrapolated to human values using the
following equation (/3):

%ID (0] Weight
( 2 X Body Weight (kg)) X <M)
8organ animal BOdy Welght (kg) human
3 ( %ID )
8organ human’

where animal body weights were from Table 1 and human organ
and body weights were from the standard 6-mo-pregnant female
model. Bladder measurements involved no voiding, and the bladder
content residence time was not scaled from animal to human.

Considering that the average rhesus monkey gestation period is
165 d (14), versus 270 d for humans, the mean gestation day for the
monkeys of 113 = 8 d extrapolates to 6.1 £ 0.5 mo in human
gestational time. Thus, the 6-mo-pregnant 62-kg human model in
the OLINDA/EXM software (Vanderbilt University) was used (15).

Fetal liver dose was estimated as the sum of self-dose and
contributions from maternal organs. Fetal liver self-dose was
evaluated using the method of Stabin et al. (/6) and involved
a 50-mL sphere to represent the estimated 49-g fetal liver in
a 1,642-g human fetus (/7). Dose from maternal organs was
estimated using the method of Millard et al. (/8).

RESULTS

Figure 1, the PET images of 1 pregnant animal, displays
the average distribution of '3F-FLT at early, mid, and late
time frames. Rapid uptake in the maternal liver, maternal
kidneys, placenta, and fetus is seen. Continuous bladder
accumulation of '8F is also seen since no voiding was
involved. Typical time—activity curves for the main source
organs—maternal kidneys, maternal liver, placenta, and
fetus—are shown in Figure 2.

Human residence times for selected source organs
extrapolated from each animal are presented in Table 2.
OLINDA/EXM-generated individual and mean organ doses
using these residence times are presented in Table 3. For
comparison, values reported by Vessele et al. (/9) are
included in Table 3.

Another view of an animal’s abdominal area (Fig. 3A)
shows the fetus and placenta. Closer inspection of '3F-FLT
uptake in the fetus in Figure 1 shows increasing '8F-FLT
accumulation in the fetal liver that leveled off an hour after
injection (Fig. 3B). In contrast, continuous clearance is seen
in the maternal liver (Figs. 1 and 2). Calculated individual and
mean self-dose and total fetal liver doses are listed in Table 4.

DISCUSSION

Although the risks posed to the fetus by most nuclear
medicine procedures are minimal based on deterministic
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FIGURE 1. Coronal images of pregnant monkey displaying
average tracer distribution over early (0-3 min, first 10
frames), mid (6-12 min, 5 frames), and late (60—120 min, last
6 frames) time frames. B = brain; Bl = bladder; F = fetus;
FL = fetal liver; K = kidney; L = liver; P = placenta; R = ribs.

and stochastic considerations (20), there remains a need to
estimate dose delivered to the biologically sensitive embryo
or fetus from new diagnostic nuclear imaging procedures.
Dose estimates have relied mostly on small-animal data,
notably guinea pigs, rabbits, and rodents, because of
a paucity of available human data on placental and fetal
uptake of radiopharmaceuticals (2/). Extrapolation of
small-animal data to humans has several limitations, in-
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FIGURE 2. Average time-activity curves (n = 3) extrapo-
lated to 62-kg pregnant human model, normalized for
injected dose and organ weight for maternal kidneys, liver,
placenta, and fetus.
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TABLE 2. Extrapolated Human Residence Times in
Selected Source Organs

Residence time (h)

Organ  Monkey 1 Monkey 2 Monkey 3 Mean = SD
Kidneys 0.046 0.053 0.084 0.061 = 0.020
Liver 0.114 0.102 0.110 0.108 = 0.006
Heart 0.008 0.006 0.008 0.007 =+ 0.001
Marrow 0.107 0.181 0.079 0.122 * 0.052
Bladder 1.28 1.25 1.38 1.830 = 0.070
Placenta 0.013 0.016 0.013 0.014 = 0.002
Fetus 0.059 0.065 0.059 0.061 = 0.004
Remainder  0.994 0.952 0.887 0.944 * 0.054

of body

cluding shorter gestation periods, the presence of multiple
fetuses and, in general, various unspecified and undeter-
mined species differences. A reasonable animal model to
use in human fetal dosimetry is the pregnant nonhuman
primate.

The use of PET to study pregnant monkeys was first
reported by Lindberg et al. (22). Other PET studies reported
on maternal—fetal transfers of opioids (23) and amino acids
(24) and on placental blood volume (25). PET/MRI studies
of pregnant monkeys to assess maternal—fetal transfer of
I8F.FDG (26) and cocaine (27) have also been reported.
Another application of PET in pregnant monkeys is in
assessing fetal uptake of environmental chemicals to
establish the role of in utero fetal exposure in adult disease
(28,29).

PET data from pregnant monkeys were first used to
estimate fetal dose for the common PET agent, '8F-FDG
(3). This current study assessed fetal dose for the PET agent
8FE-FLT to define radiation risk associated with its use in
pregnant women. Standard assumptions made in the calcu-
lations are that distribution of tracer in source organs is
uniform and that tracer loss after data acquisition occurs
only by physical decay, a conservative assumption expected
to overestimate the calculated radiation exposure. The
calculations also involved no voiding, to represent
a worst-case scenario since the maternal bladder was the
main contributor to fetal dose. As a result, the dose to the
maternal urinary bladder wall was about an order of
magnitude higher than that reported by Vessele et al.
(19). Properly timed voiding is known to significantly
reduce bladder dose (30,31) and, consequently, will also
reduce fetal dose. Except for bladder dose, our human
organ dose estimates (Table 3) are on the same order as or
lower than those reported by Vessele et al. (/9).

With the human fetal dose of 24 wGy/MBq, a 185-MBq
(5-mCi) '8F-FLT injection yields an estimated fetal dose of
4.4 mSv (4.4 mQGy), significantly below the threshold of
50 mSv (50 mGy) recommended by the National Council
on Radiation Protection and Measurements (32). It is
noteworthy that the dose to the uterus approximates that
to the whole fetus (Table 3).
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TABLE 3. Individual and Mean Dose Estimates

Dose estimate (wSv/MBq or nGy/MBQq)

Organ Monkey 1 Monkey 2
Adrenals 10.3 10.2
Brain 5.64 5.34
Breasts 5.8 5.38
Gallbladder wall 11.6 11.2
LLI wall 19.0 18.4
Small intestine 11.4 11.2
Stomach wall 8.45 7.99
ULI wall 10.0 9.62
Heart wall 9.36 8.51
Kidneys 35.8 40.5
Liver 22.5 20.5
Lungs 7.2 6.77
Muscle 10.5 10.0
Ovaries 15.0 15.0
Pancreas 9.99 9.55
Red marrow 15.0 19.5
Skin 7.04 6.64
Spleen 8.58 8.23
Thymus 6.74 6.24
Thyroid 6.04 5.62
Urinary bladder wall 1.1 x 103 1.1 x 108
Uterus 22.3 21.8
Fetus 23.5 24.2
Placenta 14.9 16.8
Total body 11.6 11.3

Monkey 3 Mean = SD Vessele et al.*
10.4 10.3 = 0.1 20.1
4.98 5.32 = 0.33 5.07
5.27 5.48 = 0.28 7.23
11.7 11.5 £ 0.3 19.6
19.3 18.9 + 0.5 16.2
11.3 11.3 = 0.1 18.6
8.06 8.17 = 0.25 14.9
9.78 9.80 = 0.19 14.0
8.74 8.87 + 0.44 22.3
60.5 45.6 = 13.1 42.0
21.8 216 =1.0 64.2
6.56 6.84 = 0.33 12.6
10.2 10.2 = 0.3 23.7
14.7 149 + 0.2 20.7
9.75 9.76 = 0.22 19.6
12.9 15.8 + 3.4 33.0
6.72 6.8 = 0.2 5.07
8.65 8.49 * 0.23 28.9
6.06 6.36 = 0.35 13.5
5.37 5.68 = 0.34 12.7
1.2 x 108 1.1 x 10% = 0.06 0.174 x 108
22.9 22.3 = 0.55 25.3
24.4 24.0 = 0.5 —
15.6 15.8 £ 1.0 —
11.4 11.4 = 0.15 15.6

*Estimated mean organ dose for woman who voids at 6 h after '8F-FLT injection (79).

LLI = lower large intestine; ULI = upper large intestine.

The average fetal '8F-FLT residence time, 0.061 *+ 0.004
h, is similar to that reported for '®F-FDG in the 6-mo-
pregnant human, 0.064 h (3). The '8F-FLT fetal dose
estimate is, however, higher than that for '8F-FDG, 0.024
mGy/MBq vs. 0.017 mGy/MBgq, likely because of the
difference in bladder content dose contributions (no bladder
voiding vs. voiding at 4 h).

Another difference observed was the continuous '8F-FLT
clearance from maternal liver (Figs. 1 and 2), compared
with the uptake and retention of '8F-FLT in the fetal liver
(Figs. 1 and 3B). The significant accumulation of '3F-FLT
observed in the maternal ribs and spine (Fig. 1) is expected
since the bone marrow is the primary site of hematopoiesis
(33). In the fetus, the liver is the major site of hematopoi-

esis, with the full hematopoiesis transition from liver to
marrow occurring after birth (34). Furthermore, approxi-
mately 70%—80% of umbilical blood enters the fetus
through the fetal liver before distribution by the fetal heart
to other fetal tissues (35). These 2 mechanisms likely
underlie the observed trapping of '3F-FLT in fetal liver.
Using estimated monkey fetal weights (Table 1) and
estimated liver and body weights of 49 g and 1,642 g,
respectively, for a human 6-mo fetus (/7), we calculated
a total radiation dose to the human fetal liver of 53 = 0.9
wGy/MBq (196 mrad/mCi) (Table 4), or approximately 9.8
mGy (980 mrad) for a 185-MBq (5-mCi) injection. Although
much below the 5- to 10-cGy suggested threshold for fatal
and nonfatal malformations or defects in the embryo or
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TABLE 4. Individual and Mean Fetal Liver Doses

(Extrapolated to Humans)

11
Dose Mean
(WGy/MBqg) Monkey 1 Monkey 2 Monkey 3 dose *= SD
Self 45 30 27 34 =10 12
Total 64 49 47 53 +£9
13
fetus, a genetic disease risk estimated to be 0.01%—0.09% 14
per 10 mGy (20) is worthy of careful consideration.
CONCLUSION s
Using the pregnant rhesus macaque model, we found that
a single 185-MBq (5-mCi) '8F-FLT study gives the 6-mo .
fetus an estimated dose of 4.4 mSv (4.4 mGy), comparable to
common nuclear medicine radiopharmaceuticals. Higher '8F-
. . ; 17
FLT uptake and retention were observed in the fetal liver than
in the maternal liver—Ilikely because of their different roles in
hematopoiesis—and resulted in an estimated fetal liver dose 18
of 9.8 mGy (980 mrad) for a 185-MBq (5-mCi) '8F-FLT
injection. The probability of genetic liver disease from this 19
dose should be considered in risk—benefit analyses of '®F-FLT
PET examinations in pregnant patients. PET studies using the
pregnant monkey model are useful in assessing maternal—
fetal transfer of radiotracers to obtain dosimetric data to guide
nuclear medicine applications in pregnant women. 21
22.
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