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4-Fluoro-11B-methoxy-16a-18F-fluoroestradiol (4FMFES) is a
newly developed radiolabeled estradiol analog for PET imaging of
estrogen receptors (ERs) that shows improved target-to-back-
ground ratios, compared with 16a-'8F-fluoroestradiol (FES), in
small-animal models. The aim of this study was to assess the bio-
distribution, dosimetry, and safety of 4FMFES in healthy women.
Methods: Ten healthy subjects (6 pre- and 4 postmenopausal
women) who had fasted were injected with 66-201 MBq of 4FMFES
at a high effective specific activity (median, 251 GBg/p.mol). During
a2-h period, each subject underwent 4 serial rapid PET acquisitions
and 2 low-dose CT acquisitions on a PET/CT camera. Volumes of
interest were drawn over source organs for each PET acquisition,
allowing the calculation of time-activity curves, residence times,
and radiation dosimetry estimates. Serial blood samples were
obtained to measure blood and plasma activity clearance. 4FMFES
safety was assessed by blood and urine analyses and vital-sign
monitoring. Results: A 4FMFES injection was well tolerated in all
subjects. The liver showed high uptake, and the hepatobiliary
excretion was massive. Little urinary excretion occurred. Uterus up-
take was visualized in all subjects and remained relatively constant
over time (maximum and mean standardized uptake values at 60
min were 5.34 = 3.32 and 2.68 = 1.89, respectively). Background
activity was low and decreased over time, resulting in an increasing
uterus-to-backgroundratio (12.1 + 2.2 at 60 min). The critical organ
was the gallbladder (0.80 = 0.51 mGy/MBq), followed by the upper
large intestine (0.13 = 0.04 mGy/MBq), small intestine (0.12 + 0.04
mGy/MBq), and liver (0095 = 0.019 mGy/MBq). For a typical
4FMFES dose of 185 MBq, the effective dose was calculated at
4.82 = 0.70 mSv. Conclusion: 4FMFES is considered safe for
use in humans, and its effective dose remains well within accept-
able limits. The absorbed dose to the gallbladder was relatively
high and could potentially be reduced by injecting 4FMFES in pa-
tients who had not fasted. 4FMFES showed a significant, potentially
estrogen receptor-mediated uterus uptake in both pre- and post-
menopausal subjects.
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Scintigraphic imaging of estrogen receptors (ERs) is useful
for in vivo tumor characterization in patients with breast cancer
(I). To date, 16a-!'8F-fluoroestradiol (FES) has been the most
successful ER imaging agent for PET (2). 4-Fluoro-113-
methoxy-16a-'8F-fluoroestradiol (4FMFES) is a newly devel-
oped radiolabeled estradiol analog for ER imaging with PET
(3). This tracer shows favorable biodistribution in small-animal
experiments and achieves higher target-to—nontarget uptake
ratios than does FES (4,5) and therefore appears promising for
ER imaging in humans. The aim of this study was to assess the
human biodistribution, establish the radiation dose estimates,
and monitor the safety of 4FMFES. We also compared our dosim-
etry results with previously published data for FES (6). Pre-
liminary results of this work have been presented elsewhere (7).

MATERIALS AND METHODS

Subjects

Ten healthy women (6 were premenopausal [age, 23-50 y], and
4 were postmenopausal [age, 52-64 y]) were recruited, and all
gave informed consent to participate in this study. None of the
postmenopausal subjects was undergoing hormone replacement
therapy. Premenopausal subjects were imaged at the start of their
menses, when the endogenous estrogens levels are at their lowest,
or after 2—4 d of oral contraceptive withdrawal. Subjects fasted
for at least 4 h before the 4FMFES injection. Two subjects
(1 premenopausal and 1 postmenopausal) had undergone a cho-
lecystectomy in the past. The study protocol was approved by
Health Canada and the Human Research Ethics Committee of the
Centre Hospitalier Universitaire de Sherbrooke.

Radiopharmaceutical

The precursor for AFMFES was synthesized as previously described
(3). '8F-radiolabeling was performed using an optimized automated
synthesis procedure (8). After purification by high-performance liquid
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chromatography, the water—ethanol solution containing 4FMFES was
sterilized by filtration (Millipore GS; 22-pm filter) and then diluted
with normal saline to obtain a final ethanol concentration of 10% (<1
mL of ethanol per dose). The effective specific activity (ESA) at the
end of synthesis (EOS) was measured as previously described (9).
With the exception of 1 production batch in which the ESA at EOS was
28 GBg/pmol, the ESA of the 9 other batches ranged from 90 to 390
GBg/pmol, with amedian ESA at EOS of 251 GBg/pmol. As recently
reported, the implementation of our automated 4FMFES radiolabeling
procedure resulted in high ESA values (8,9). A median dose of 174
MBq (range, 66201 MBq) of 4FMFES was slowly injected over
2 min, and the intravenous line was thereafter flushed with normal
saline. Median injected estradiol-equivalent mass, calculated from the
decay-corrected ESA at the time of injection, was 1,141 pmol (range,
657-10,092 pmol).

Imaging

All images were acquired on a PET/CT camera (Gemini GXL
16; Philips). All acquisitions were performed from vertex to mid
thighs, including the upper limbs. The first low-dose CT acquisi-
tion was started 5-10 min after the injection (120 kVp, 16 mAs),
immediately followed by the first rapid PET acquisition (7-9
overlapping bed positions, 18 cm/bed position, 9-cm overlap,
1-min/bed position). Second and third PET acquisitions were
performed at 30 and 60 min after injection, respectively. The
subject was asked to stay still from the beginning of the first CT
acquisition until the end of the third PET acquisition. The subject
was then allowed to stand up, void, and rest and was rescanned at
120 min after injection with a second low-dose CT followed by a
fourth PET acquisition. All PET images were reconstructed using
a 3-dimensional line-of-response row-action maximum-likelihood
algorithm with attenuation correction. The accuracy of the abso-
lute count calibration of the scanner was validated against a
uniform phantom containing 'F-FDG at a known concentration.
The measured activity was expressed as standardized uptake value
(SUV = measured tissue activity concentration/[injected activity/
patient weight]) for each voxel (64 pL).

Data Analysis

Using MIMyvista software (version 4.0; MIMvista Corp.), we
drew volumes of interest (VOIs) for each PET acquisition over the
following source organs: liver, gallbladder, intestines (including
small and large intestines), urinary bladder, and uterus. VOIs
encompassing the whole-organ activity were obtained by using a
lower SUV threshold on the PET images and then making fine
adjustments with the aid of the fused anatomic images from the
corresponding low-dose CT scan. For each source organ on the
PET acquisition, the total normalized activity was expressed in
decay-corrected percentage of injected dose (%ID). The residual
injected activity not accounted for by any source organ was
assumed to be distributed evenly in the remainder of the body
(remainder of body %ID = 100% — %IDjiyer — %IDganbladder —
%IDintcstinc - %IDutcrus - %IDurinary bladdcr)~ The %IDs of the
source organs and of the remainder of body, as a function of time
after injection, were entered in OLINDA software (Vanderbilt
University), which is a complete software for internal dosimetry
assessment that integrates updated physical models and dose
factors (/0). Biologic time—activity curves were then generated
by curve fitting (1-3 exponential terms). The integration of the
areas under the time-activity curves multiplied by the '8F physical
decay curve gave the residence times (calculated number of

4FMFES BIODISTRIBUTION AND DOSIMETRY * Beauregard

disintegrations occurring in the organ per becquerel injected).
The voiding urinary bladder model (voiding interval, 3 h) and
International Commission on Radiological Protection 30 gastro-
intestinal model (activity entering small intestine) were subse-
quently applied to account for urinary voiding and intestinal
transit. Dosimetry estimates for the adult female model (56.9 kg)
were then calculated for each individual subject with OLINDA
software and averaged among subjects thereafter. The effective
dose (ED), that is, the sum of the appropriately weighted organs,
was also calculated with OLINDA software. Finally, for 8 subjects
with an intact gallbladder, dosimetry estimates were also gener-
ated after the application of 2 different gallbladder models, a
gallbladder-voiding model (50% of gallbladder activity was
transferred into intestines every 3 h) and a simulated cholecys-
tectomy (all gallbladder activity was transferred into intestines). A
background (bkg) VOI consisting of at least 2,500 mL over the
proximal thighs (including muscular, vascular, osseous, and adi-
pose tissues) was drawn for the purpose of target-to-background
ratio (TBR) calculation, defined as follows: TBR maximum
(TBRmax) = maximum uterus SUV (SUVmaxeqs)/mean bkg
SUV (SUVmeany,,) and TBR mean (TBRmean) = mean uterus
SUV (SUVmeanyerys)/SUVmeany,,.

Biologic Samples

Tests negative for qualitative urine (3-human chorionic gonad-
otrophin were obtained before the 4FMFES injection in all
premenopausal subjects. In all subjects, serum estradiol was
measured at baseline (before the 4FMFES injection). Blood count,
serum biochemical analysis (sodium, potassium, chloride ions,
glucose, creatinine, y-glutamyl transpeptidase, aspartate transam-
inase, alanine transaminase, and alkaline phosphatase), and uri-
nalysis were performed on samples obtained at baseline and
approximately 2.5 and 24 h after the 4FMFES injection. Finally,
4 serial blood samples were also obtained after each PET acqui-
sition to measure blood and plasma activity. All samples were
withdrawn from the arm not used for the 4FMFES injection.
Plasma was separated by centrifugation. Blood and plasma
samples, along with a standard of known activity, were counted
in a y-well counter (Cobra; Packard). One-phase exponential decay
nonlinear regression was performed on the pooled plasma and blood
activity measurements taken at more than 30 min after the 4FMFES
injection. Initial plasmatic activity concentration was extrapolated
to calculate the apparent plasmatic volume of distribution.

Safety Monitoring

Vital signs (heart rate, blood pressure, and arterial oxygen
saturation) were monitored at baseline and after each PET acqui-
sition. Subjects were asked to report any discomfort or side effect
from the moment of the injection, during all the imaging proce-
dures, at the 24-h visit, and during a follow-up phone call 1 wk later.

Statistical Methods

Data are reported as mean = SD unless otherwise specified.
GraphPad Prism 5 software (GraphPad Software Inc.) was used to
perform statistical analyses and graph data. One-tailed paired
t tests were used to determine whether there was a significant
decrease in liver and renal function test parameters. Two-tailed
unpaired ¢ tests were used to assess any significant differences in
uterus uptake between pre- and postmenopausal subjects. Spearman
tests (nonparametric correlations) were performed to assess whether
uterus uptake was influenced by serum estradiol level, injected
estradiol-equivalent mass, or serum estradiol level corrected for
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injected estradiol-equivalent mass (calculated with 4FMFES plas-
matic apparent volume of distribution). A P value less than or equal
to 0.05 was considered statistically significant.

RESULTS

Biodistribution

Figure 1 shows the typical biodistribution of 4FMFES over
time, as assessed with 4 sequential rapid PET acquisitions
over 2 h. Variable amounts of activity are deposited along the
veins of the injected arm, proximal to the site of injection, as
seen with other ER imaging agents (/7). The liver showed a
rapid and intense uptake, which decreased slowly over time
as the massive biliary elimination occurred. This uptake
resulted in intense activity accumulation in both the gall-
bladder (with the exception of 2 subjects who had undergone
prior cholecystectomy) and intestines. Although low urinary
excretion occurred (3.2 = 2.2 %ID was collected in urine
before the fourth PET acquisition), activity in the renal
parenchyma remained at background levels. Figure 2 depicts
the 4FMFES dose distribution over time. The biodistribution
at 60 min after injection is summarized in Table 1.

Figure 3 shows the 4FMFES uptake in the uterus at
60 min after injection in another subject. The uterus was
visualized in both premenopausal and postmenopausal
subjects and generally exhibited a moderate uptake, which
remained relatively stable over time. Because the back-
ground activity level tended to decrease over time, this
resulted in a continually increasing TBR. There were no
significant differences in %IDyerus, SUVmMean, s, SUV-
maXyerns, 1BRmean, and TBRmax at any time point
between pre- and postmenopausal subjects (P > 0.05,
2-tailed unpaired ¢ tests), with 1 exception. We found a
significant difference between the %IDyers at 120 min
after injection between pre- and postmenopausal subjects
(0.075 = 0.033 %ID and 0.163 = 0.026 %ID, respectively;
P = 0.003, 2-tailed unpaired ¢ test). The 4FMFES uterus
uptake is detailed in Figure 4 and Table 2.

4FMFES showed a rapid blood clearance, as vascular
activity was barely visible on the first PET acquisition and
then indistinguishable from the low-level background ac-
tivity on the subsequent PET acquisitions (Fig. 1; Table 2).

FIGURE 1. Anterior maximum-inten-

sity projections of PET at 6, 27, 57, and

118 min after injection (from left to right),

in premenopausal subject. Intensity £,
scale was adjusted at same level for all
images. Liver uptake was rapid and "
intense, and this was followed by mas- g

sive biliary excretion. There was little

urinary excretion. Transient and mild

hyperactivity was seen in some highly

perfused organs, such as brain, but

vascular activitv vanished auicklv. re-

These observations are consistent with the results from the
serial blood and plasma activity measurements. Between 30
and 150 min after the 4FMFES injection, the measurements
of blood and plasma activity concentration could be rea-
sonably well fitted in a 1-phase exponential-decay model.
At 60 min after injection, the blood and plasma activities
were extrapolated at 5.6 X 107% (95% confidence interval
[CI], 5.0-6.2 X 107%) and 7.3 X 107% (95% CI, 6.5-8.1 x
10~%) %ID/g, respectively, and were decaying with a half-
life of 112 (95% CI, 76-215) and 108 (95% CI, 72-216)
min, respectively. From the plasma clearance curve, the
initial plasma activity concentration was extrapolated to
1.07 x 1073 %ID/g. Therefore, we could estimate the
apparent plasmatic volume of distribution of 4FMFES at
1.60 L/kg.

No significant correlations were found between uterus
uptake variables (%IDyierus, SUVmMeanyer,s, SUVMaxygerus,
TBRmean, and TBRmax) at any time point and baseline
serum estradiol level, estradiol-equivalent injected mass, or
serum estradiol level corrected for injected estradiol-equivalent
mass (P > 0.05, Spearman tests).

Dosimetry

The absorbed radiation dose estimates for 4FMFES are
presented in Table 3 (including all subjects, n = 10). The
gallbladder was, by far, the critical organ, followed by the
upper large intestine, small intestine, and liver.

Table 4 illustrates the influence of gallbladder activity
accumulation on the dosimetry estimates. In the 8 fasting
subjects who had not undergone cholecystectomies, the
radiation-absorbed dose to the gallbladder was high (0.99 *
0.24 mSv/MBq). In the absence of the gallbladder, the
upper large intestine became the critical organ. Interest-
ingly, when we simulated a cholecystectomy in these
subjects, by transferring all the gallbladder activity directly
to the intestines, the dose to small, upper large, and lower
large intestines rose to reach the levels of the 2 subjects who
had undergone cholecystectomies. Not surprisingly, when we
applied a gallbladder-voiding model to simulate regular meal
intake after the procedure in subjects who had not undergone
cholecystectomies, this resulted in intermediate values: a
reduction in the absorbed dose to the gallbladder but an

5 w

sulting in rather uniform and low-level background activity from 30 min and thereafter. Uterine uptake was seen in projection of right
upper portion of urinary bladder. Activity was deposited along proximal veins of injected arm, as seen with other ER imaging agents.

102

THE JoURNAL OF NUCLEAR MEDICINE ¢ Vol. 50 ¢ No. 1 ¢ January 2009



Remainder of body
----- Liver
601 LN\ 1 = - Intestines
[ Gallbladder
8 1 T~ - Urinary bladder
°
B 401
k3]
.q) ————
St
X 20 e S
0 fo- % ----------- LIy 7
0 30 60 90 120
Time after injection (min)
FIGURE 2. %ID in source organs and in remainder of body

as function of time after 4FMFES injection. Liver and remain-
der of body activity decreased over time, as hepatobiliary
excretion occurred, resulting in continuously increasing
accumulation in both gallbladder and intestines. Urinary
excretion was low. Data for uterus are presented in Figure 4.

increase in the doses to the small intestine and upper larger
intestine. Other organs were also influenced by the redis-
tribution of activity between the gallbladder and intestines,
as shown in Table 4. However, this had little repercussion
on the ED.

Safety

4FMFES was well tolerated in all subjects, although most
subjects reported a light discomfort in the arm during injec-
tion, which resolved rapidly after the end of the injection.
This discomfort was due to the small amount of ethanol in the
4FMFES solution. One subject reported redness and itching
on the skin surrounding the injection site within hours after
injection, most likely due to a reaction to the tape holding the

catheter in place rather than the radiopharmaceutical itself.
No significant increase in serum aspartate transaminase,
alanine transaminase, y-glutamyl transpeptidase, alkaline
phosphatase, and creatinine levels at 2.5 and 24 h after
4FMEFES injection was observed (P > 0.05, 1-tailed paired
t test). Although there was a mild but significant increase in
total serum bilirubin level at 2.5 h after injection (30%
increase, from 5.2 = 4.0 to 6.7 = 3.6 pmol/L; P = 0.02,
1-tailed paired ¢ test), it was not considered of any clinical
importance, because it resolved at 24 h after injection (5.1 *
2.9 wmol/L). Also, in all subjects and at all times the serum
bilirubin levels stayed well below the upper normal limit of
17 wmol/L. Serum glucose, sodium, potassium, and chloride
levels and blood counts all varied within 7% or less of their
baseline values at 2.5 and 24 h—a degree of variation that was
considered within physiologic limits. Results of urinalysis
were unremarkable at the 3 time points (baseline, 2.5 h after
injection, and 24 h after injection) in all subjects. Vital-sign
variations from baseline to approximately 20, 45, 75, and
135 min after injection were unremarkable (> 1% variation in
arterial oxygen saturation; >7% in heart rate and blood
pressure).

DISCUSSION

The majority of breast cancers express ERs or proges-
terone receptors. Hormone receptor status is the most im-
portant predictive factor of response to hormone therapy
and also has a strong prognostic significance in patients
with breast cancer (/2). Although hormone receptor status
of primary breast tumors is routinely assessed by immu-
nohistochemistry, it is not always possible to assess the
hormone receptor content of metastatic lesions noninva-
sively. Because breast cancer is often a heterogeneous
disease (/3), noninvasive whole-body molecular imaging
techniques such as ER scintigraphy have the potential to
affect the management of patients with breast cancer.

To date, FES has been the most successful ER imaging
agent for PET (2,14). FES uptake has been shown to cor-

TABLE 1. 4FMFES Biodistribution at 60 Minutes After Injection (+SD)

Region of biodistribution %ID %ID/g SUVmean SUVmax
Source organs
Gallbladder content 12.5 £ 9.6 1.96E—-01 = 1.19E-01 109 + 59 476 = 269
Liver 246 = 4.3 1.73E—-02 = 3.67E—03 9.92 + 1.62 172 £ 123
Uterus 0.12 = 0.05 4.61E—-03 = 1.08E—-03 2.68 = 0.68 5.34 = 1.24
Urinary bladder content 1.50 * 0.46 8.83E—03 * 9.83E—-03 4.89 + 4.88 14.2 + 20.4
Intestinal content* 17.6 = 8.0 2.20E—-02 + 6.07E—03 129 + 4.2 197 + 250
Nonsource regions
Backgroundt — 7.68E—04 = 1.35E—-04 0.45 = 0.10 1.63 = 0.55
Remainder of body* 43.7 = 5.5 7.90E—04 = 9.72E—-05 0.46 = 0.06 —

*Intestinal VOI was encompassing small- and large-intestine activity.
1‘Background VOI was a volume of at least 2,500 mL over proximal thighs, comprising vascular, muscular, bony, and fatty tissues.
*Remainder of body %ID = 100% - source organ ID%); remainder of body volume = body weight (g) — source organ volumes.

Times are mean *+ SD.

4FMFES BIODISTRIBUTION AND DOSIMETRY * Beauregard

103



FIGURE 3. 4FMFES uterine uptake
(green cross lines) in postmenopausal
subject, on PET/CT transaxial slice at
60 min after injection. Tracer uptake
was more prominent in endometrium
(SUVmax = 6.2). Urinary activity was
relatively low.

relate with in vitro ER concentration assessment (2,15).
FES PET provides complementary information to meta-
bolic activity assessment with '8F-FDG PET (/6,17).

Other radiolabeled estrogens may have favorable imag-
ing properties to improve on FES, which has high levels of
circulating metabolites in the blood (/8). We developed a
new ER imaging tracer for PET, 4FMFES, with improved
TBRs in animal experiments (3-5). Before studying
4FMFES PET in patients with breast cancer, we decided
to conduct a phase I study in healthy volunteer women,
primarily to assess the radiation dosimetry and safety of
4FMEFES but also to obtain physiologic biodistribution data
in controlled conditions to get more insight about various
factors that could affect the capacity of 4FMFES to image
ER-positive tumors in humans.

The most interesting feature of 4FMFES as an ER imaging
agent is its significant uptake by the uterus, the physiologic
target in healthy women. The uterus was the only organ that

=

showed significant and rapid 4FMFES uptake and retention
over time, in contrast to the liver and background, which
showed decreasing activity. The uterus was visualized in both
premenopausal and postmenopausal subjects. These observa-
tions suggest an ER-mediated specific uptake. Mankoff et al.
(6) found an FES uterine uptake of up to 3.2 x 10~* %ID/g at 60
min after injection (data extracted from a graph, 0.12 kBq/g per
37 MBq). Even if the comparison has limitations because the
respective measurements were made in different settings,
4FMFES uterine uptake appeared higher, at 4.6 = 3.0 X
1073 %ID/g. Comparison of our observed 4FMFES blood-
level activity concentrations (~6 x 104 %ID/g between 60
and 120 min after 4FMFES injection) with data presented by
Mankoff et al. (6) on FES extracted from a blood time—activity
curve (~18 x 10~ %ID/g at 60—120 min after FES injection)
shows good agreement with our previous observations in mice,
where blood-activity levels of 4FMFES were about half of FES
levels (4,5).

TABLE 2. 4FMFES Uterine Uptake as Function of Time After Injection

Time (min)
Region 7.5 30 60 120
Uterus
%ID 0.114 = 0.064 0.114 + 0.058 0.122 + 0.047 0.110 + 0.018
%ID/g 4.47E-03 = 3.13E-03 4.60E—-03 = 3.14E—-03 4.61E—-03 + 2.97E-03 4.70E-03 = 2.51E—-03
SUVmean 2.60 = 1.88 2.67 = 1.89 2.68 = 1.65 2.75 = 1.47
SUVmax 5.38 = 3.01 5.24 + 3.14 5.34 = 3.32 6.03 =+ 3.02
Background
%ID/g 1.21E—-03 + 2.26E—-04 9.62E—-04 + 1.57E—04 7.68E—04 = 1.35E—-04 4.91E-04 = 9.82E—-05
SUVmean 0.71 = 0.16 0.56 = 0.12 0.45 = 0.10 0.29 * 0.08
TBRmax 7.62 = 4.21 9.42 + 2.73 12.10 = 2.23 21.78 + 5.96
TBRmean 3.79 = 0.99 4.87 = 1.04 6.12 = 1.49 9.71 = 2.43

Times are mean *+ SD.
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(mSv/MBqg = SD)

TABLE 3. Radiation Dosimetry Estimates

Organ 4FMFES FES (6)
Absorbed dose
(mGy/MBqg = SD)
Adrenals 0.019 = 0.002 0.023 + 0.003
Brain 0.005 * 0.001 0.010 = 0.001
Breasts 0.007 = 0.000  0.009 * 0.002
Gallbladder wall 0.797 = 0.505 0.102 = 0.041
Lower large intestine 0.043 = 0.014 0.012 = 0.001
Small intestine 0.118 = 0.039 0.027 = 0.015
Stomach wall 0.019 = 0.001 0.014 + 0.001
Upper large intestine 0.131 = 0.040 0.030 = 0.016
Heart wall 0.013 = 0.001 0.026 + 0.004
Kidneys 0.020 * 0.001 0.035 *+ 0.004
Liver 0.095 = 0.019  0.126 = 0.030
Lungs 0.011 = 0.001 0.017 *= 0.002
Muscle 0.011 = 0.000  0.021 = 0.001
Ovaries 0.028 *= 0.006 0.018 *= 0.002
Pancreas 0.024 *= 0.005 0.023 = 0.002
Red marrow 0.012 = 0.001 0.013 *= 0.002
Osteogenic cells 0.013 = 0.001 0.014 = 0.001
Skin 0.007 = 0.001 0.005 *+ 0.000
Spleen 0.012 = 0.000  0.015 = 0.003
Thymus 0.008 *= 0.001 0.014 *= 0.001
Thyroid 0.006 = 0.001 0.012 = 0.001
Urinary bladder wall 0.028 *= 0.006 0.050 *+ 0.020
Uterus 0.026 = 0.006  0.039 = 0.013
Effective dose 0.026 *= 0.004 0.022 = 0.004

Because of the low sex hormone-binding globulin
(SHBGQG) affinity of 4FMFES (/,4), there is some uncertainty
regarding the applicability of results in small-animal studies
to humans. Nevertheless, our preliminary results do not
support the hypothesis that SHBG affinity is an essential
property for a successful ER imaging agent, as hypothesized
by others (/7).

Dosimetry

The dose to the gallbladder was found to be higher than
doses previously reported with other ER imaging agents,
including FES (6,19,20), and appeared mainly because of
the more extensive hepatobiliary excretion of activity with
4FMFES. The fact that participants fasted before the
4FMFES injection, probably contributed to maximizing
the activity accumulation in the gallbladder. The dose to the
gallbladder after the 4FMFES injection was even higher
than the highest dose reported with a *™Tc hepatobiliary
agent (diisopropyliminodiacetic acid, 0.56 mGy/MBq)
(21). Compared with FES, we also found higher doses to
the intestines, stomach, ovaries, and pancreas with 4FMFES
but lower doses to most other organs, as was consistent with
the faster plasma clearance of 4FMFES.

To determine the effect on dosimetry of repeated food
ingestion after a 4FMFES injection performed under fast-
ing conditions, we applied a gallbladder ejection fraction
within the reference range (arbitrarily set to 50%) at 3-h
intervals after injection. Because the majority of the ab-
sorbed dose was received before the first simulated meal,
the impact on gallbladder dose was only moderate (Table
4), but the overall dosimetry values approached the values
presented in Table 3, which included our whole study
population (20% without gallbladder; 80% with gallblad-
der). We also explored another gallbladder model, in which
we simulated a cholecystectomy in our 8 subjects with an
intact gallbladder (Table 4). Interestingly, the dosimetry
estimates approached those of the 2 subjects who had
undergone cholecystectomies. In our 8 fasting subjects who
had not undergone cholecystectomies, we observed that
gallbladder and intestines each accumulated 50% of activ-
ity excreted by the liver, similar to what was reported by
others (21). This percentage is greater than that reported by
Wau et al., who found an average accumulation of 35% of
activity in the gallbladder of fasting patients (22). Redis-

TABLE 4. Comparison of 4FMFES Radiation Dosimetry Estimates Between Subjects with Intact Gallbladder, Using

Various Gallbladder Models, and Subjects with Prior Cholecystectomy

Subjects with intact gallbladder (n = 8)

Gallbladder-voiding

Simulated Subjects with prior

Organ No gallbladder model
Absorbed dose (mGy/MBq * SD)*
Adrenals 0.020 = 0.002
Gallbladder wall 0.988 = 0.348
Lower large intestine 0.038 = 0.010
Small intestine 0.104 + 0.027
Upper large intestine 0.117 = 0.028
Ovaries 0.025 = 0.004
Pancreas 0.026 = 0.003
Uterus 0.024 = 0.004
Effective dose (mSv/MBqg + SD) 0.025 *= 0.003

model* cholecystectomyt  cholecystectomy (n = 2)
0.019 *= 0.001 0.016 = 0.001 0.016 = 0.001
0.709 = 0.247 — —

0.046 = 0.007 0.066 = 0.004 0.063 + 0.009
0.127 = 0.020 0.184 + 0.014 0.173 + 0.028
0.141 = 0.020 0.200 = 0.015 0.187 = 0.031
0.029 = 0.003 0.038 + 0.002 0.037 = 0.004
0.024 *+ 0.002 0.018 = 0.000 0.017 = 0.001
0.027 = 0.003 0.033 = 0.004 0.034 + 0.006
0.027 *+ 0.002 0.033 + 0.001 0.031 = 0.002

*Gallbladder-voiding model: 50% of gallbladder activity was transferred to intestines every 3 h.
tSimulated cholecystectomy: total gallbladder activity was transferred to intestines.
*For all other organs, absorbed dose varied by less than 12% when either gallbladder model was applied.
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FIGURE 4. SUVmeaners, SUVMeany,q, and TBRmean =
SUVmeanierus/SUVmMeany, g as function of time after
4FMFES injection. Uterine uptake remained relatively con-
stant over time, whereas background level tended to
decrease, resulting in increasing TBR.

tributing the activity excreted by the liver between the
gallbladder and intestines according to the latter proportion
would have also had significantly lowered the estimated
absorbed dose to the gallbladder.

Although limiting the injected dose of 4FMFES to
reduce the radiation dose to the gallbladder might not be
ideal for maintaining good image quality, we would cer-
tainly recommend performing 4FMFES PET/CT under
nonfasting conditions. The patients were required to fast
only to ensure controlled study conditions, but fasting is
generally not required for ER imaging.

We administered 4 MBq of 4FMFES per kilogram, with
a maximum of 185 MBq. For this maximal dose, the ED
would be 4.8 = 0.7 mSv, which remains within acceptable
limits for clinical use and within the range of other dia-
gnostic imaging procedures, including FES PET with sim-
ilar injected doses. The ED did not vary much between
different subgroups and gallbladder models (Table 4). This
is because the gallbladder is not accounted for in the ED
calculation. This is not the case with the effective dose
equivalent model (EDE; also calculated by OLINDA soft-
ware), in which a 6% dose to the gallbladder accounted for
50%—75% of the EDE in the participants who had not
undergone cholecystectomies, yielding an overall EDE of
15.2 = 4.4 mSv per 185 MBq.

There are few reports of studies using serial whole-body
PET/CT acquisitions to assess biodistribution and dosime-
try in human subjects (23,24). This study demonstrates the
convenience of determining the whole-body biodistribution
and the dosimetry estimates of novel PET tracers by
successive rapid whole-body PET/CT acquisitions. Despite
the lower image quality of the extremely low—dose CT
images in this study, we found their fusion with PET
images useful in achieving a more precise delineation of
source organs. The image fusion allowed us to identify the
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uterus with confidence, particularly on the last PET acqui-
sition, on which the intestinal activity in the pelvis was
more prominent. A whole-body acquisition begun shortly
after the tracer administration resulted in reliable and repro-
ducible time—activity curves and residence-time calculations.

Safety

The reported discomfort related to the small ethanol
content (<1 mL) of the 4FMFES preparation was not
unexpected and was well accepted by all the subjects. No
pharmacologic effects were expected because of the low
amounts of estrogen receptor-binding mass coinjected with
the radiolabeled 4FMFES. We previously conducted an
animal toxicity study, in which we injected mice with cold
4FMFES doses equivalent to more than 1,000 times the
actual human radiolabeled 4FMFES doses without observ-
ing any toxic effects (F. Bénard and J. Rousseau, unpub-
lished data, 2004). The slight and transient observed
bilirubin elevation was of no clinical significance. It would
be prudent, however, to continue monitoring serum biliru-
bin in future studies, to further clarify this finding. In light
of animal data and our preliminary clinical experience in
human subjects, we consider 4FMFES safe for human use.

CONCLUSION

This study evaluated the biodistribution of 4FMFES in
healthy women. 4FMFES exhibited significant, most likely
ER-mediated, uterus uptake in both pre- and postmenopausal
subjects in our study. This finding is in agreement with
small-animal experiments and further highlights the poten-
tial of 4FMFES for ER imaging in patients with breast
cancer. No major adverse reactions were observed with
4FMEFES in this study. A 4FMFES dose of up to 185 MBq
results in an acceptable ED and should allow good image
quality using standard whole-body PET acquisition proto-
cols. A 4FMFES injection administered to a nonfasting
subject is recommended, as it may help to decrease the
absorbed dose to the gallbladder, the critical organ. A
clinical study directly comparing 4FMFES and FES in
patients with breast cancer, to establish which radiophar-
maceutical is optimal in determining ER content in breast
cancer metastases, is projected.
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