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An understanding of how drugs are transferred between mother
and fetus during the gestational period is an important medical
issue of relevance to both therapeutic drugs and drugs of
abuse. Though there are several in vitro and in vivo methods to
examine this issue, all have limitations. Furthermore, ethical and
safety considerations generally preclude such studies in preg-
nant humans. PET and appropriately labeled compounds have
the ability to provide information on both maternal-fetal drug
pharmacokinetics and pharmacodynamics. We present here a
nonhuman primate animal model and the methodology for com-
bining PET and MRI to identify fetal organs and to measure
maternal and fetal isotope distribution using '®F-FDG and a
whole-body imaging protocol to demonstrate proof-of-princi-
ple. Methods: One nonpregnant nonhuman primate was used
for determination of the anesthesia protocol and MRI methods
and 3 pregnant nonhuman primates (Macaques radiata) weigh-
ing 4.5-7 kg were used for the imaging study and anesthetized
with propofol (160-300 wg/kg/min). Anatomic T2-weighted MR
images were acquired on a 4-T MR instrument. Subsequently,
whole-body PET images were acquired 35 min after injection of
18F-FDG, and standardized uptake values (SUVs) were calcu-
lated. Image processing and coregistration were performed us-
ing commercial software. Results: All animals underwent un-
eventful general anesthesia for a period of up to 7 h.
Coregistration of PET and MR images allowed identification of
fetal organs and demonstrated that '8F-FDG readily crosses the
placenta and that '8F accumulates in both maternal and fetal
brain, heart, and bladder. Brain SUVs averaged 1.95 + 0.08
(mean = SD) and 1.58 = 0.11 for mothers and fetuses, respec-
tively. Monkeys delivered healthy babies after a normal gesta-
tional term of 170 d following the PET/MRI study. Conclusion:
The pregnant macaque in combination with PET and MRI tech-
nology allows the measurement of radioisotope distribution in
maternal and fetal organs. This demonstrates the potential for
noninvasively measuring the transfer of drugs across the pla-
centa and for measuring the fetal drug distribution. It also opens
up the possibility for studying binding and elimination as well as
the effects of a drug on specific cellular elements and physio-
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logic processes during the gestational period in a primate
model.
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Research in the area of maternal-fetal exchange has
been the focus of investigators for several decade3)(

The need to understand and characterize how nutrients,
metabolites, pharmaceuticals, and (potential) toxins are ex-
changed between mother and fetus during the gestational
period is essential for several reasons. First, knowledge of
the bidirectional maternal—fetal exchange of nutrients and
metabolites is critical to understand fetal physiology, me-
tabolism, normal fetal growth patterns, and overall fetal
maturation. Second, if medical treatment is warranted dur-
ing pregnancy, it is paramount to know if and how drugs are
transferred from mother to fetus; how the drugs are distrib-
uted, metabolized, and eliminated by the fetus; and how
drugs affect the fetus. For example, if the mother is the
patient, maternal transfer of drugs to the fetus may be
hazardous. On the other hand, if the fetus is the patient,
sufficient transplacental transfer of drugs from the mother to
the fetus becomes crucial in regard to therapeutic efficacy.
Third, maternal transfer of substances of abuse such as
nicotine, alcohol, cocaine, heroin, and methamphetamine is
another area of escalating importan8e11). Thus, several
drugs of abuse gain access into the maternal circulation
during pregnancy through either involuntary or voluntary
exposure. The potential transfer of these compounds into the
placenta and the fetus is a serious health concern.

The exchange of compounds across the placenta occurs
by concentration gradient—dependent diffusion as well as by
active transport by specific transporters that are expressed in
the maternal-facing border of the placenta and the fetal-
facing basal membrane of the syncytiotrophoblak?).(
These transporters can carry across physiologic, endoge-
nous substrates as well as nonphysiologic exogenous com-
pounds (e.g., pharmaceuticals, toxins, drugs of abuse, or
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environmental pollutants) (12). Placental exchange of sub-
stances can a so occur by bulk flow (hydrostatic gradient) or
by pinocytosis.

Because of ethical and safety issues, the study of mater-
nal—fetal transfer in humansis limited to several in vitro and
in vivo techniques. In vitro techniques include the dually
perfused human placental cotyledon, placental tissue slices,
syncytiotrophoblast tissue preparations, and cultured human
placental villus tissues and cells (6). Determination of pla-
cental exchange of drugs can aso be assessed in vivo by
calculating theratio of fetal-to-maternal blood drug concen-
tration. Further, by also measuring the concentration of the
compound in the umbilical artery (at the time of delivery),
information in regard to fetal drug metabolism and elimi-
nation can be obtained. For example, in a recent study, the
placental transfer of remifentanil (a drug with p.-specific
opioid activity) and its metabolite was determined after a
continuous intravenous infusion to the mother (steady state)
(13). Maternal arterial (MA), umbilical arterial (UA), and
umbilical venous (UV) blood samples were obtained at
delivery (13). The mean remifentanil UV:MA ratio of 0.88
suggested significant placental transfer, and the remifentanil
UA:UV ratio of 0.29 suggested either rapid metabolism or
rapid redistribution of the drug in the fetus (13). Another in
vivo approach is to also measure the concentration of drug
in the amniotic fluid (14). Amniotic fluid is produced by the
fetus (urine production, lung secretions, and oral—nasal se-
cretions) as well as by the placenta (amniotic fluid ex-
changes with the vasculature of the amniochorion) (15).
Thus, the presence of agiven drug of interest in the amniotic
fluid indicates transfer of the drug across the placenta and
fetal exposure (15). Alternatively, in anima models, mater-
nal—fetal drug transfer can be studied by administering the
drug to the mother and subsequently measuring the drug
concentration directly in the fetal organs after sacrifice (16).

All of the in vitro techniques described above allow
examination of transfer of substances across the placenta
but do not yield information in regard to (a) how the drugs
are metabolized, distributed, and eliminated by the fetus or
(b) how the drugs affect the fetus physiologicaly. On the
other hand, the in vivo techniques provide information in
regard to transplacental transfer, fetal drug metabolism, and
clearance (to alimited extent) but only allow assessments to
be made at the time of delivery or termination of pregnancy.
Further, none of the techniques address other pharmacoki-
netic (the study of the time course of drug and metabolite
levelsin different fluids, tissues, and excreta of the body and
of the mathematic relationships required to develop models
to interpret such data) and pharmacodynamic (the study of
the biochemical and physiologic effects of drugs and their
mechanisms of action) parameters such as the time course
of drug and metabolite levels in different fetal fluids, tis-
sues, and excreta or the action of a drug in the fetus over a
period of time.

The combination of imaging technologies such as PET
and MRI would allow noninvasive detection of maternal—

fetal transfer of drugs and fetal drug distribution and elim-
ination as well as the identification of fetal organs. For
example, with a radiolabeled drug of interest, maternal or
fetal drug distribution ratios could be measured regionaly,
providing that fetal organs could be identified and spatially
resolved by the PET scanner. Additionally, for suitable
receptor ligands, receptor-binding characteristics could be
assessed in fetal brain and other organs.

For safety reasons, radioisotope techniques are precluded
in pregnant women with rare exceptions in the pregnant
cancer patient (17). However, the pregnant nonhuman pri-
mate— compared with other animal species such as rodents
or sheep—is a potentially more clinically relevant model to
use for the assessment of drug pharmacokinetics and phar-
macodynamics in the living mother and fetus. In fact, there
is precedent for using PET in pregnant monkeysto visualize
placental transfer of nutrients (*C-methionine) (18) and
drugs (**C-morphine metabolites and *C-heroin) in preg-
nant rhesus monkeys (19). For example, Hartvig et al.
sampled maternal blood, urine, amniotic fluid, and umbili-
cal vein blood from the fetus and measured 'C activity
while imaging the monkey’s uterus (19). Although some
interpretation of pharmacokinetics could be made for 11C-
heroin and other compounds with regard to the placenta, it
was difficult to identify fetal organsin this study because of
the lack of spatial resolution in the PET images and, thus,
limited fetal anatomic information. To our knowledge, the
concept of using PET imaging technologies to study mater-
nal—fetal exchange and fetal pharmacokinetics by Hartvig et
al. in 1989 has not been pursued by other investigators. This
is surprising as this approach represents a powerful tool for
investigation of maternal—fetal exchange and fetal drug me-
tabolism and because this is an important medical issue.
We, therefore, designed a series of experiments in pregnant
nonhuman primates (Macaques radiata) to revive and im-
prove the previous study design. Through a combined ap-
proach of novel anesthesiaand physiologic monitoring tech-
nologies, MRI, and a higher resolution whole-body PET
scanner, we investigated placental transfer and maternal and
fetal anatomic distribution of ¥F-FDG. F-FDG was cho-
sen for these exploratory studies because of its relative
stability in brain and heart after an initial uptake period and
our prediction that there would be sufficient 8F accumula-
tionin fetal brain and other organs such as heart and bladder
to demonstrate proof-of-principle.

MATERIALS AND METHODS

The experimenta protocol was approved by the Brookhaven
National Laboratory (BNL) and State University of New York
(SUNY) Downstate Institutional Anima Care and Use Commit-
tees, both accredited by the American Association for Accredita-
tion of Laboratory Anima Care. Four female Bonnet macaques
(M. radiata), who were group-housed (obtained from the Primate
Laboratory, Department of Psychiatry of SUNY Downstate), were
used in this study. Two of the 4 monkeys were judged to be in
third-trimester gestational stage and 1 was judged to be in early

MATERNAL—FETAL IMAGING ¢ Benveniste et dl. 1523



second-trimester gestational stage by the veterinarian after a brief
physical examination, which was performed at the Primate Labo-
ratory under ketamine anesthesia (8 mg/kg intramuscular injec-
tion) (Table 1). One nonpregnant monkey was used only to pre-
determine the anesthesia protocol and MRI parameters and was not
exposed to PET imaging (Table 1). The monkeys were transported
to BNL 3 wk before the study and were housed in stainless steel
cages in air-conditioned, temperature- and light-cycle—controlled
rooms according to National Institutes of Health guidelines at the
BNL vivarium.

Anesthesia and Physiologic Monitoring for Imaging

In preparation for imaging, the animals were initially anesthe-
tized with an intramuscular injection of ketamine (10 mg/kg) and
glycopyrrolate (0.02 mg/kg) using a squeeze cage. The vocal cords
were sprayed with cetacaine spray to prevent laryngospasm before
intubation with a 2.5-3.0 endotracheal tube (the 3.5 endotracheal
tubes were cuffed and the cuff was inflated with air when posi-
tioned endotracheally). The endotracheal tube was secured, and
correct tube placement was confirmed by auscultation and the
presence of end tida CO, (ETCO,). An intravenous line was
established in an upper extremity or saphenous vein using a
22-gauge intravenous catheter. Intravenous hydration was pro-
vided using Hextend (high-molecular-weight hydroxyethyl starch
6% [Hetastarch; BioTime, Inc.] in buffered electrolyte dextrose
solution, 5-10 mL/kg) administered in 10-mL boluses over the 6-h
time course. Routine monitors (noninvasive blood pressure, elec-
trocardiography, O, saturation probe, and rectal thermometer)
were placed. Mechanical ventilation was initiated using a Harvard
ventilator (Inspira, Advanced Safety Ventilator; volume con-
trolled) at a fraction of inspired oxygen of 60%—70%. The minute
ventilation was adjusted to achieve ETCO, values of approxi-
mately 30 mm Hg. With careful attention to physiologic parame-
ters, a continuous infusion of propofol (Diprivan; AstraZeneca)
was started using a microinfusion pump (Baxter, model AS50) at
a beginning dose of 120 wg/kg/min. The propofol infusion was
adjusted (120—300 pg/kg/min) to maintain the animal at an ade-
quate anesthetic depth (unresponsive to the presence of the endo-
tracheal tube and mechanical ventilation as well as physiologically
stable). No muscle relaxation was used.

Transport

The PET and MRI facilities at BNL are located in separate
buildings, therefore, transport of the anesthetized macaques was
required. For transport, a nonrebreathing circuit with a manual
ventilation assistance device (self-inflating bag) and O, flowing at
7 L/min was attached to the end of the endotracheal tube and

manual ventilation wasinitiated. The animal was wrapped in warm
blankets and positioned in left lateral decubitus (to avoid hypoten-
sion) within a specially designed open transport cage. The anes-
thesiologist monitored the heart rate and respiratory rate continu-
ously during transport. Preparation and transport between the
facilities each required approximately 10—15 min.

MRI

All MR images were obtained on a 4.0-T MR instrument
(Varian). The animal was positioned in lateral decubitus and
routine MRI-compatible monitors were reattached. Mechanical
ventilation was continued using the Harvard ventilator (Inspira,
Advanced Safety Ventilator; volume controlled) positioned at an
appropriate distance from the magnet (6.71-m inspiratory and
expiratory tubing were designed for this purpose). Minute venti-
lation was adjusted to ensure normal oxygenation and ventilation.
Vitamin E capsules that were to serve as external fiducial markers
on the MR images were positioned directly on the skin using
topica skin adhesive (DERMABOND; Closure Medical) in the
areas of the abdomen and pelvis. The animal was wrapped in warm
blankets and positioned within a quadrature 25-cm coil for radio-
frequency transmit and receive so that the lower abdominal and
pelvic regions were centered within the coil. Several MR param-
eters (MR contrast, spatia resolution, imaging plane, total scan
time, and breathing motion correction) were applied to define
optimal MR scan parameters (Table 2). Scan-synchronous venti-
lation was implemented during imaging of monkey B57 (Table 2)
to evaluate the overall effect of motion control when imaging the
anesthetized animals. The raw data were reconstructed by Fourier
transform and displayed as magnitude images.

PET Imaging

PET scanning was performed on an ECAT EXACT HR+
scanner (CTI, Inc.), which has aNational Electrical Manufacturers
Association resolution of 4.6-mm full width at half maximum
(FWHM) transaxialy and 4.2 mm axially at the center of the field
of view. A standard clinical whole-body protocol provided by the
PET camera manufacturer was used in the following manner. The
pregnant bonnet macaque was positioned in lateral decubitus.
Fiducial markers for PET consisting of 74-148 kBq (2—4 n.Ci)
each of 18F in 10 pL applied to Band-Aids (Johnson & Johnson)
were taped onto the vitamin E capsules fastened on the monkey’s
body to facilitate coregistration of the MR and PET images.
Scanning was started 35 min after injection of 54.76-91.02 MBq
(1.48-2.46 mCi) 8F-FDG prepared according to the method of
Hammacher et al. (20). Imaging was initiated at the lower section
of the mother's pelvis and progressed cephaadly. Data were

TABLE 1
Experimental Subjects

Injected dose

Body Gestational
Animal weight (kg) Age (y) Pregnant stage* MRI 18F-FDG PET MBq mCi
BH3 7.0 23 No — Yes No — —
Y40 7.0 5 Yes 89/170 Yes Yes 91.02 2.46
BY38 5.0 2 Yes 147/170 Yes Yes 54.76 1.48
B57 4.5 2 Yes 145/170 Yes Yes 56.24 1.52

*Gestational period of M. radiata is known to be 170 d. We estimated gestational stage at time of experiment by calculating number of

days from day of imaging to delivery of baby.
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TABLE 2
MR Parameters

Animal MR contrast Sequence TE/TR Spatial resolution (mm?3) Imaging plane Gating
BH3 Proton density Spin echo, multislice 20/5,000 0.859 X 0.859 X 4.0 Axial No
T2 Spin echo, multislice 50/5,000 1.0 X 0.75 X 4.0 Axial No
T2 Fast spin echo 50/8,000 0.859 X 0.859 X 4.0 Axial No
Y40 Proton density Spin echo, multislice 20/5,000 0.859 X 0.859 X 3.0 Axial No
BY38 Proton density Spin echo, multislice 20/5,000 0.859 X 0.859 X 4.0 Axial No
T2 Spin echo, multislice 20/5,000 0.859 X 0.859 x 3.0 Axial No
B57 T2 Spin echo 50/2,400 1.25 X 1.25 X 2 Coronal Yes
Multislice 50/6,000 0.859 X 0.859 X 2 Axial No
50/5,000 1.25 X 1.25 X 2 Coronal Yes
T2* Gradient echo, multislice 6.5/100 1.04 X 1.56 X 5 Coronal No

TE = echo time; TR = repetition time.

acquired using 5 bed positions. For each bed position, transmission
data was acquired for 4 min followed by 8 min of emission data.
The transmission data were collected with septa extended (2 di-
mensions) and then segmented to reduce statistical noise aswell as
bias from emission contamination. Emission data were aso col-
lected in 2 dimensions to minimize acceptance of scattered events,
axia sensitivity variations, and the overhead time from septa
movement between emission and transmission scans (therefore
reducing anesthesia exposure to the mother and fetus). Emission
data were reconstructed using the vendor-supplied iterative algo-
rithm (attenuation-weighted ordered-subsets expectation maximi-
zation with 2 iterations and 8 subsets) and postfiltered with an
8-mm FWHM gaussian kernel. 18F concentration (Bg/mL [nCi/
mL[) was obtained by summing the planes in groups of 2 and
selecting regions on 2-5 planes and averaging the values in the
planes. 18F accumulation in organs (Bg/mL [nCi/mL]) was nor-
malized to the decay-corrected injected activity (MBqg [mCi])/
maternal body weight (grams) to provide standardized uptake
values (SUVs) calculated as ([activity in tissue in Bg/mL (nCi/
mL)]/[injected dose in Bq (nCi)]/[body weight (g)]) for the mother
and the fetus. These were compared assuming that the 18F label is
intracellularly trapped during the initial 35-min uptake period
before scanning and remains constant during the whole-body scan-
ning. Ideally, fetal SUVswould be calculated by normalizing fetal
organ PET measurements to decay-corrected 18F activity delivered
across the placentato the fetus/fetal body weight. Because accurate
determinations of fetal body weight and 18F fetal dose were not
practical, fetal SUVs were caculated using maternal dose and
body weight. We realize that thisis not atypical approach and that,
using this approach, we are treating the fetus as a maternal body
organ. All values are decay corrected back to time of injection. All
3-dimensional (3D) PET images were displayed using a combina-
tion of ECAT 7.2 (CTI, Inc.) and Amira 2.3 (TGS) software.

Image Analysis

The multisice MR datasets were displayed as isotropic 3D
volumes using interpolation software (Amira 2.3). Anatomic re-
gions of interest were manually outlined using the Amira image
segmentation editor, which allowed for interactive segmentation of
the 3D data and quantitative analysis. Fetal interorgan distances
(from the center of the 3D reconstructed body organs) were also
measured.

PET 3D datasets were displayed as isotropic, color-coded vol-
umes. In the 3 pregnant macaques, the maternal brain, heart, spinal

column, and bladder were easily identified on the whole-body PET
images. The gravid uterine cavity was clearly visible in the 2
third-trimester macaques. However, fetal structures within it were
not clearly decipherable on the PET images, and it was therefore
necessary to coregister the PET data with the corresponding MR
images to anatomically identify fetal structures with high 8F
uptake concentration. The coregistration process included several
computational steps (Fig. 1). First, corresponding PET and MRI
3D datasets were displayed side by side. Corresponding external
fiducial markers (3 sets of vitamin E capsules on MR images and
corresponding 8F markers on PET images) were identified and
marked on both datasets using the Landmarkset module (TGS,
Inc.; www.TGS.com); internal landmarks (15 internal landmarks)
such as maternal kidneys, different areas of the maternal spine, and
several pointsin the outline of the uterine cavity were also used as
landmarks (Fig. 1). The marked MRI dataset was subsequently
“warped” to the corresponding marked PET dataset that served as
the master template. The warped MRI 3D data were displayed in
an overlaid fashion with the corresponding master PET 3D dataset
to assess the localization of the 18F hot spots within the uterine
cavity. Using the coregistered images as references, the 18F con-
centration was subsequently measured (Bg/mL [nCi/mL]) using
CTI software in maternal and fetal body organs in the macaques.
Additionally, fetal interorgan distances were measured on the PET
images.

RESULTS

The mean arteria blood pressure (MABP) and heart rate
(HR) did not change significantly during the 6- to 7-h course
of the study (MABP ~ 60-70 mm Hg; HR ~ 120-140
beats/min). In the MR scanner the body temperature of all of
the macagues decreased 1.0°C-1.5°C, but it was rapidly
normalized (36°C-37°C) in the PET scanner before injec-
tion of the radiotracer. In 1 animal, the propofol infusion
had to be increased repetitively to maintain adegquate anes-
thesia depth, but the anima remained hemodynamically
stable even at propofol infusion rates of 300 wg/kg/min.

All the animals survived the procedures. One pregnant
animal had an episode of laryngospasm immediately after
extubation but this did not result in adverse clinical out-
come. Two of the 3 pregnant monkeys delivered full-term
normal babies (as evaluated by the veterinarian) approxi-
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FIGURE 1. PET and MRI coregistration compu-
tational process. (A) First step: visualization of
external fiducial markers using surface recon-
struction algorithm. On left is 3D volume- and
surface-rendered display of PET whole-body
data; on right are corresponding MRI data. (B)
Second step: positioning of corresponding exter-
nal and internal landmarks on two 3D datasets.
(C) Third step: rigid warp and overlay of warped
3D dataset onto PET data. A total of 18 pairs of
external and internal landmarks was used to
coregister data.

mately 25 d after the imaging experiment. Thus, with a
known 170-d gestation period, both of these monkeys were
imaged at gestation day 145, signifying third trimester. One
monkey, imaged early in pregnancy, delivered a healthy
baby on December 28, 2002, indicating early second tri-
mester at the time of imaging (Oct. 1, 2002).

Maternal body organs and the externally positioned fidu-
cial markers (vitamin E capsules) were readily identified on
proton density and T2-weighted MR images (Figs. 1 and 2).
In the 2 third-trimester fetuses, internal organs such as
brain, heart, lungs, liver, intestine, and bladder were clearly
displayed on the T2-weighted MR images (Fig. 2). One
fetuswasin breech position (BY 38), whereas the other fetus
presented in correct vertex position (B57). The placenta
appeared as a low-signal-intensity structure; in fetus B57
the placenta was positioned in the upper uterine segment,
and in fetus BY 38 it was position laterally. The fetal brain
emerged as a homogeneous structure with no microana-
tomic detail on T2-weighted MR images. The posterior |lobe
and cerebellum could be identified in fetus B57 (Fig. 2).
Both maternal and fetal bladders were bright appearing on
the T2-weighted images due to the presence of urine. On
T2-weighted and proton density MR images, amniotic fluid
also appeared as areas of high signal intensity within the
uterine cavity. Crown-rump length was measured (midsag-
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Posterior Lobe

Cerebellum

FIGURE 2. T2-weighted MR image of pregnant monkey B57
(third-trimester gestational stage). Maternal and fetal organs are
easily recognized. Manual segmentation of organ of interest is
displayed: MK = maternal kidney; MB = maternal bladder;
FBrain = fetal brain; FH = fetal heart; FL = fetal liver; FB = fetal
bladder.
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TABLE 3
Measurements of Fetal Organs and Interorgan Distances

Crown-rump length Brain volume

Heart volume

Liver volume Brain-bladder distance (mm)

Fetus (cm) (cm?d) (cm?3) (cm?3) MRI/PET
BY38 11.8 36.1 29 7.6 97/94
B57 12.7 36.9 3.8 11.3 89/91
Y40 5.0 — — — —

ittally from the 3D dataset) taking the fetal spinal curvature
into account. The crown-rump length of BY38 and BY7
fetuseswas 11.8 and 12.7 cm, respectively. Thefetal crown-
rump length of macaque Y 40 only measured 5.0 cm, indic-
ative of the early gestational stage. Table 3 presents fetal
organ volumes and interorgan distances in the 2 third-
trimester fetuses.

As can be seen from Table 4, SUV's for maternal brain
(forebrain and cerebellum) and myocardium were within
similar ranges for the 3 pregnant macaques, whereas SUV's
for maternal kidneys and intestine were variable. The coreg-
istered PET and MRI images of the 2 third-trimester ma-
caques demonstrated that structures of high 8F accumula-
tion within the uterine cavity were localized to fetal brain,
heart, and bladder (Fig. 3). The SUVs in the fetal brains
were within the same range in spite of the fact that 2 were
in the third trimester and 1 was in the second trimester.
Myocardial SUVsfor the 2 third-trimester fetuses were also
similar. Figure 3 shows that the '8F uptake in the fetal brain
was heterogeneous with the highest activity in the fetal

TABLE 4
Comparison of '8F Uptake in Maternal and Fetal
Organs After Intravenous Injection of 8F-FDG into
3 Pregnant Macaques

Mother/fetus
Animal Organ Mother  Fetus ratio
B57 (3rd Forebrain 1.98 1.61 1.23
trimester) Cerebellum 2.02 1.36 1.48
Heart 1.05 1.22 0.86
Colon 1.66
Kidney 1.34
Bladder 14.6 1.48 9.86
BY38 (3rd Forebrain 2.01 1.46 1.37
trimester) Cerebellum 2.19 1.60 1.36
Heart 1.25 1.22 1.02
Colon 2.38
Kidney 1.19
Bladder 12.62 1.11 11.36
Y40 (2nd Forebrain 1.86 1.67 1.11
trimester) Cerebellum 212
Heart 1.45
Colon 5.99
Kidney 3.12
Bladder 68.29

Uptakes are expressed as SUV ([Bg/mL (nCi/mL))/[Bqg (nCi))/
[body weight (g)]).

cerebellum and forebrain. Interestingly, the maternal-to-
fetal brain 18F activity ratio was nearly identical for the 2
third-trimester fetuses. 8F activity corresponding to amni-
otic fluid-rich areas was very low (results not shown).
Interorgan distances measured in the 2 third-trimester fe-
tuses were identical to those measured on corresponding
MR images (Table 3).

DISCUSSION

We applied ¥F-FDG PET and MRI technologies in preg-
nant nonhuman primates to examine the feasibility of con-
ducting studies in vivo of maternal—fetal placental transfer
of radiolabeled compounds, fetal organ distribution of ra-
diolabeled compounds, and anatomic coregistration using
MRI. Our study revealed severa findings. First, the anes-
thesia protocol we developed provided a stable physiologic
environment and complete functional recovery of mother
and fetus (as evidenced by no preterm labor or deliveries)

Maternal
gintestinal loops

?

A
*

F bladder

Maternal

kidney Uterine

wall

". Fetal heart

: -
Fetal cerebel

Fetal forebrain

FIGURE 3. Coregistered PET and MRI data of monkey B57.
High '8F activity was localized to maternal intestine, maternal
kidney, fetal brain, fetal heart, and fetal bladder. Additionally,
uterine wall was associated with increased "8F activity.
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after >7 h of experimental time, which included multiple
transports. Second, T2-weighted MRI with scan-synchro-
nous ventilation provided excellent signal-to-noise ratios
(SNRs) and contrast-to-noise ratios with a volume resolu-
tion of 2.2-3.1 mm3. In the third trimester, pregnant non-
human primates, fetal and surrounding maternal body organ
structures were readily identified on T2-weighted MR im-
ages. Third, spatial coregistration of PET images with cor-
responding MR images was enabled with externaly posi-
tioned fiducial markers and internal maternal structures;
MRI/PET coregistered images revealed that 8F activity
within the uterine cavity was localized to fetal brain, heart,
and bladder. Measurement of 18F activity in maternal and
fetal organs revealed similar maternal-to-fetal SUV ratiosin
the brain of the 2 third-trimester pregnant macaques. Fi-
nally, and most importantly, our study provides proof-of-
concept that combined PET and MRI can be applied in
pregnant nonhuman primates to identify fetal brain and
other organs and to study the transfer and distribution of
radiolabeled compounds.

PET was first introduced as an imaging tool to study
maternal—fetal nutritional exchange and fetal pharmacoki-
netics in 1984 by Berglund et al. (18). Hartvig et al. ex-
tended these studies 5 y later and reported on fetal pharma-
cokinetics of *C-morphine- and **C-heroin—derived radio-
activity in the placenta and fetal liver (19). They showed
that 1*C-morphine was redistributed to the placenta within a
few minutes and also reached the fetal liver at a high rate
and calculated an apparent fetal half-life of 1*C-morphine of
about 20 min (19).

The volume resolution of the PET images in the study by
Hartvig et al. (19) was 1 cm?, and identification of fetal
anatomic structures was obviously limited because there
was no corresponding anatomic MRI template for compar-
ison. From preliminary work conducted with primates at our
laboratory, we realized that it was imperative to include an
MRI scan for anatomic coregistration with PET images to
identify fetal organs of interest. In this first series of feasi-
bility studies, we chose to (a) use a radioactive tracer that
would provide relatively predictable tracer distribution in
the mother and fetus, (b) focus on a nonquantitative whole-
body PET imaging approach, (c) define suitable MR param-
eters for optimal display of fetal anatomy, and (d) test the
use of external fiducial markers to coregister the images.
Additionally, because we plan to conduct future time-course
studies at various phases of gestation, it was also crucia to
develop a relatively noninvasive experimental approach
with anesthesia procedures that would allow full recovery of
the mother and fetus.

MRI has been widely used to assess human fetal anat-
omy, fetal growth patterns, and fetal pathology in uteri
(21-23). We explored several MR contrast parameters, spa-
tia resolutions, and imaging planes to define optimal scan
parameters and to assess the impact of scan-synchronous
ventilation on image SNR. Because the pregnant monkeys
were anesthetized with propofol, which is known to cross
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the placenta (24), fetal motion was probably minimized
during image acquisitions. Of note, when acquiring MR
images in unanesthetized pregnant humans, the problem of
fetal motion is usualy solved by decreasing the acquisition
time using specialized pulse sequences (gradient-echo se-
quences, fast spin-echo sequences, and half-Fourier single-
shot turbo spin echo, so-called HASTE sequence (25,26)).
On the T2-weighted images acquired in our study, third-
trimester fetal anatomy could be identified at spatial reso-
Iutions of 2.1-3.2 mme. The cerebral hemispheres, posterior
lobe, and cerebellum could be identified in the fetal brains,
but neither cerebral ventricles nor gray or white matter
differentiation could be appreciated. In comparison, in
third-trimester human fetuses, T2-weighted MR images at a
volume resolution of 2.4 mm? readily display cerebral hemi-
spheres, sulci, cerebellum, as well as cerebral ventricles
(atria and cisterna magna) (27). This discrepancy is likely
due to differences in the size of the macaque fetus in
comparison with the human fetus and lack of spatial reso-
lution in our images. The fetal M. radiata brains did not
display any gray or white matter differentiation, which
would indicate no myelination. In human fetal brains, the
first evidence of myelination appears around 32 wk, but
only in certain areas, and documentation of myelination by
MRI is generaly only seen postpartum (27). For our future
fetal MRI studies, we plan to build a smaller radiofrequency
coil and also incorporate more time-efficient pulse se-
guences, which with the same scan times used in the study
will allow us to acquire images with improved spatial res-
olution and overall SNR. This approach will also allow usto
perform studies in pregnant macaques in earlier gestational
stages (for example, in this series we were not able to
interpret fetal structures in the early second-trimester preg-
nant monkey).

Similar to the 18F-FDG whole-body distribution pattern
observed in humans, 18F activity concentrated in the mater-
nal macaque’s brain, heart, kidneys, and bladder. SUV's for
BE-FDG in brain (28) and peripheral organs in healthy
awake humans have recently been measured using whole-
body PET (29). For example, the cardiac (myocardium +
blood pool) SUV has been reported to be 3.3. In another
study (28), the brain SUV averaged 7.6. In our studiesin the
third-trimester anesthetized macagues, the maternal SUV's
averaged 2.05 and 1.15 for the brain and heart, respectively,
whereas the fetal brain and heart SUV's averaged 1.50 and
1.22, respectively. Thus, for the anesthetized macaques, the
maternal brain-to-myocardial SUV ratiois1.78 and the fetal
brain-to-myocardial SUV ratio is 1.23. The higher brain-to-
myocardial SUV in the mother most likely reflects an over-
al higher cerebral metabolism compared with that of the
fetus. Though it is tempting to compare the SUV's and SUV
ratios we have measured in the pregnant macaques with
those in humans, species, pregnancy, and anesthesia vari-
ables probably account for differences and preclude quan-
titative comparisons.
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We demonstrated that 18F-FDG crosses the placenta of
the nonhuman primate and accumulates in the fetus. 8F-
FDG is known to be transported across the placental syn-
cytiotrophoblast basal membrane by both carrier-mediated
and diffusional processes (30). In humans, 18F-FDG is also
known to cross the placenta and accumulate in the fetus
(31). However, a systematic PET study of exactly where
1BE-FDG accumulates has not been performed for obvious
safety and ethical reasons.

Although the gravid uterine cavity could be seen on the
whole-body PET images, it was not straightforward to an-
atomically identify specific fetal areas of high 18F activity.
We therefore coregistered the PET images with the corre-
sponding MR images and were able to demonstrate that,
similarly to the mother, the fetus accumulated 8F mainly in
the brain, heart, and bladder. For coregistration of the 2-mo-
dality images, we used commercial software (Amira 2.3),
which uses pairs of corresponding points (landmarks) on the
two 3D image datasets (MRI and PET). We were able to
clearly identify 18 corresponding datasets on corresponding
sets of PET and MR 3D images. The 3D PET dataset was
used as the master template and the MR image dataset was
subsequently warped to the master template using a “near-
est-neighbor interpolation approach” (rigid warp).

A wide variety of software can be used for coregistration
of multimodality images (32-35). Surface-based fitting/
warping algorithms or volume-based registration software
are among the most frequently applied computational ap-
proaches. We did not systematically investigate other more
sophisticated coregistration software solutions in our study
but, instead, decided to focus on a computational approach
that was simple (using software with a user friendly inter-
face), not automated, and would allow us to use both ex-
ternal and internal landmarks for the coregistration. For
future studies, it will be necessary to evaluate and test
different coregistration algorithms more carefully to deter-
mine the overall spatial/anatomic accuracy of uptake mea-
surements in the fetus and to assess the feasibility of per-
forming studies in early gestational stages where anatomic
landmarks are difficult to identify. The impact on fetal
motion or fetal positional change during the study and
during transports on coregistration also needs to be ad-
dressed.

The coregistration of PET and corresponding MR images
revealed that the fetal brain 18F activity was heterogeneous.
Assuming that 8F activity in the fetal brain represents
1BE-FDG cerebral uptake, and thus cerebral activity, the
coregistration of PET and MR images demonstrated that
cerebral activity was highest in the cerebellum and the
forebrain of the fetus. Chugani and Phelps previously ex-
amined maturational changesin cerebral function in infants
using 8F-FDG PET and found that, in infants =5 wk old,
glucose utilization is highest in the sensorimotor cortex,
thalamus, midbrain—brain stem, and cerebellar vermis,
which are in agreement with behavioral, neurophysiologic,
and anatomic processes during this time in development

(36). In this context, it is interesting that the nonhuman
primate third-trimester fetuses also demonstrated high cer-
ebellar high 8F activity.

Another intriguing finding of our study was the similar
maternal brain-to-fetal brain 18F activity ratio of the 2 third-
trimester fetuses. One interpretation of this finding could be
that the anesthesia brings (propofol crosses the placenta) the
maternal and fetal cerebral metabolism to a baseline re-
quired to maintain only minimal functions and the ratio is
therefore constant. This would imply that greater variability
in maternal brain-to-fetal brain 18F activity ratios might be
apparent only in the awake state. Future studies using an-
esthetics that penetrate the placenta less efficiently will
provide answers to this question.

We implemented a carefully regulated anesthetic tech-
nigue in the pregnant macagues to ensure stable physiology
during the long-term imaging study as well as a rapid and
uncomplicated recovery. Intravenous propofol enabled a
sufficiently deep anesthetic state and, in combination with
intravenous hydration and monitoring, none of the pregnant
macaques developed preterm labor during or immediately
after the study. Additionally, al 3 pregnant monkeys deliv-
ered normal, full-term (as evaluated by the veterinarian)
babies several weeks after the experiment. There is a wide
variety of anesthetic techniques that could be similarly
suitable for these types of studies. However, we selected an
intravenous anesthesia technique because we had to trans-
port the macaques several times during the imaging study.
Propofol alows for rapid adjustments of the anesthetic state
and permits aquick recovery. It has previously been used in
rhesus macaques during stereotactic frame placement and
MRI (37). Similar to our study, the intravenous concentra-
tion of propofol used in the rhesus macague was rather high
(200—300 pg/kg/min) compared with that typically used in
humans (80150 wg/kg/min).

The prerequisite for performing future studies will obvi-
ously reguire access to pregnant macaques as well as also
having access to a flexible and well-functioning imaging
infrastructure. We are fortunate to have access to both. The
primate M. radiata colony at SUNY Downstate, in which
animals are group-housed, is able to provide us with ap-
proximately 12-16 pregnant macaques yearly at various
gestational stages. Given the limited supply and the com-
plexity of the studies, we plan to focus our future efforts on
3 areas of research: maternal—fetal transfer of cocaine and
nicotine in second and third trimester, fetal drug distribution
of cocaine and nicotine in second and third trimester, and
fetal cocaine and nicotine transporter or receptor binding in
the second and third trimester. There are clearly several
technical issues that will need to be clarified when using
radiotracers other than 8F-FDG. For example, when using
radiotracers with poor SNRs, it may be problematic to
analyze feta regions of interest in early gestational stages
where the volumes or areas are intrinsically small.

Accordingly, we are currently focusing on developing
dynamic scanning protocols that will enable a consistent
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quantitative measure of drug pharmacokinetics using radio-
labeled radiotracers such as *C-cocaine, absolute drug con-
centration in the brain, and transporter and receptor avail-
ability in the mother and fetus simultaneously using PET
and MRI.

CONCLUSION

The pregnant macaque in combination with PET and
MRI technology alows the measurement of radioisotope
distribution in maternal and fetal organs. This demonstrates
the potential for noninvasively measuring the transfer of
drugs across the placenta and for measuring the fetal drug
distribution. It also opens up the possibility for studying
binding and elimination as well as the effects of a drug on
specific cellular elements and physiologic processes during
the gestational period in a primate model.
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