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16B-fluoro-5a-dihydrotestosterone (FDHT) is a promising new
PET radiopharmaceutical for the imaging of prostate cancer. A
recent clinical trial provided the opportunity for refinement of
normal-tissue radiation-absorbed dose estimates based on
quantitative PET. The objective of the current study was to
derive estimates of normal-tissue absorbed doses for '8F-FDHT
administered to patients with advanced prostate cancer. Meth-
ods: Absorbed dose estimates were derived from 10 8F-FDHT
PET studies (administered activity, 111-407 MBq) of 7 prostate
cancer patients. Activity concentrations in plasma and red mar-
row (assuming a plasmacrit of 0.58, an extracellular fluid fraction
of 0.40, and equilibration of activity between plasma and mar-
row extracellular fluid) were measured ex vivo from a peripheral
blood sample. Liver, spleen, urinary bladder contents, and total-
body activities were measured by region-of-interest analysis of
quantitative whole-body studies acquired with a dedicated PET
scanner. Total organ activities and residence times were calcu-
lated from the respective PET scan—derived activity concentra-
tions assuming standard (70 kg) man organ masses. Urinary
excretion was corrected for hepatobiliary excretion (liver activ-
ity), and a first-order adjustment was made for the bladder-wall
mass based on the patient’s total-body mass. Mean organ
absorbed doses were calculated with the MIRD formalism and
the standard man model using the MIRDOSES software pro-
gram. Results: The absorbed doses (mean + SD) ranged from
0.00057 = 0.000281 cGy/MBq (to skin) to 0.00868 + 0.00481
cGy/MBq (to bladder wall) (voiding intervals, 1-2 h), and the
effective dose equivalent was 0.00177 = 0.000152 cSv/MBq.
Conclusion: The maximum absorbed dose among all tissues in
all 10 studies, 0.0151 cGy/MBq, occurred for the urinary bladder
wall (with hydration and 1- to 2-h voiding intervals). To ensure
that the maximum normal-tissue absorbed dose is kept below
the recommended maximum permissible dose of 5 cGy per
single administration, a maximum administered activity of 331
MBq (5 cGy/[0.0151 cGy/MBq])) is recommended for '8F-FDHT.
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Rostate cancer is one of the most important cancers in
men in terms of both incidence and mortality, with more
than 40,000 deaths per year in the United States (/,2).
Prostate cancer exhibits a complex, temporally varying
natural history (3-6), and metastatic prostate cancer is
difficult to treat effectively. Virtually 100% of prostate
cancer will initially respond to androgen withdrawal, but
the tumor will subsequently alter its biology, becoming
castration resistant and continuing to grow despite ongo-
ing androgen suppression (7,8). The androgen receptor
may therefore play a key role in the biologic behavior of
prostate cancer. For this reason, PET of androgen recep-
tors, especially in the patient whose disease is progress-
ing despite low androgen levels, may be highly revealing.

16B-Fluoro-5a-dihydrotestosterone (FDHT) is a struc-
tural analog of Sa-dihydrotestosterone, the principal in-
traprostatic form of androgen. Among fluorinated andro-
gen analogs studied in animals, FDHT uptake in the
prostate was blocked (reduced ~10-fold) by coadminis-
tration of cold testosterone and yielded the highest levels
of unmetabolized radioligand in blood up to 45 min after
injection and the highest prostate-to-bone and prostate-
to-muscle activity concentration ratios up to 4 h after
injection (9,710). Thus, FDHT appears to bind specifically
to androgen receptors in vivo and to have the most
favorable targeting properties for noninvasive imaging
among receptor-binding radiotracers studied to date. In
addition, like androgens generally, most of the FDHT in
circulation is bound to sex-hormone-binding globulin
(9,10). Such plasma-protein binding presumably serves
to retard degradation of endogenous androgens and to
facilitate their transport into cells.

We have performed a study of 7 patients with progres-
sive androgen-independent prostate cancer; the clini-
cal results of that study have been presented in a separate
article (/7). In the current study, we describe the re-
sults of an assessment of the normal-tissue radiation
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dosimetry derived from quantitative PET of this cohort of
patients.

MATERIALS AND METHODS

Preparation of 18F-FDHT

BF-FDHT was prepared as previously described (12), starting
with cyclotron-produced aqueous '8F-fluoride, purified by normal-
phase high-pressure liquid chromatography, evaporated to dryness,
redissolved in ethanolic normal saline, and sterile-filtered for in-
jection. The total radiochemistry synthesis time was 100 min, the
specific activity greater than 22,200 GBg/mmol, the decay-cor-
rected radiochemical yield nearly 30%, and the radiochemical
purity, as determined by reverse-phase high-pressure liquid chro-
matography, greater than 95%.

Patients

A total of 10 "8F-FDHT PET studies were performed on 7
patients with progressive prostate cancer. In all cases, the diagno-
sis of prostate cancer had been confirmed histologically and the
progression of disease was confirmed by a standard bone scan, an
abnormal CT or MRI scan, or rising serum titers of prostate-
specific antigen. At the time of their respective studies, all subjects
had serum levels of dihydrotestosterone, the active androgen in
man, typical for prostate cancer patients after castration. Patients
were injected intravenously with a bolus of 111-407 MBq of
I8F-FDHT.

Blood Sampling and Counting

Serial blood samples were obtained 0—60 min after injection via
an indwelling venous catheter, weighed, and counted in a scintil-
lation well counter calibrated for '8F. Although exclusively blood-
counting data were used for the dosimetric analysis, aliquots of
some blood samples were also centrifuged and plasma decanted,
weighed, and counted.

PET

A whole-body PET scan was obtained for each patient begin-
ning at 66—154 min after injection using a dedicated PET scanner,
the Advance (General Electric Medical Systems). The Advance is
a bismuth germanate—based, multislice whole-body PET scanner
with fields of view of 55 and 15 cm in the transaxial and axial
directions, respectively. In the current study, all PET scans were
obtained in 2-dimensional mode, yielding 35 transverse sections
4.25 mm in thickness over the 15-cm axial field of view. The
nominal spatial resolution for F is 4.2 mm in full-width at
half-maximum in the transaxial plane (/3). The Advance uses %Ge
rods for a transmission-based attenuation correction; the whole-
body emission scan was obtained first, requiring up to 7 bed
positions per patient, and the %®Ge transmission scans for the
segmented attenuation correction were obtained immediately
thereafter. Scatter and randoms corrections were applied using
software provided with the scanner. The PET data were recon-
structed by the ordered-subset expectation maximization iterative
method to minimize the obscuring starburst artifact around intense
foci of radioactivity (in this case, the urinary bladder) character-
istic of filtered backprojection reconstruction.

Data Analysis
In the following analysis, all activities and activity concentra-
tions were corrected for radioactive decay of '8F from the time of

the measurement/image (i.e., the start of the whole-body emission
scan) back to the time of '8F-FDHT injection. In addition, it was
assumed that, as a first approximation, organ masses and compart-
ment sizes (i.e., the extracellular fluid space) are directly propor-
tional to total-body mass.

The maximum blood activity concentration was conservatively
used to estimate the red marrow total activity. Assuming '®F-
FDHT instantaneously equilibrated between plasma and the red
marrow extracellular fluid spaces, the maximum plasma and bone
marrow activity concentrations were estimated from the maximum
activity concentration among the serial blood samples using the
following equation (/4):

Standard man red
marrow ECF fraction, 0.40
Standard man
plasmacrit, 0.58

Maximum
“blood [activity]”

Maximum _
marrow [activity] —

Eq. 1

where maximum marrow [activity] = the maximum marrow ac-
tivity concentration (in MBq/g) and maximum blood [activity] =
the maximum blood activity concentration (in MBq/g). In Equa-
tion 1, the standard man red marrow extracellular fraction was
taken as 0.40 (15) and plasmacrit as 0.58 (/6). The maximum total
marrow activity was then estimated as follows:

Marrow Patient total-body mass
total activity —

Standard man
total-body mass, 70 kg

Standard man Maximum
" marrow mass, 1,500 g " marrow [activity] Eq. 2
In Equation 2, the standard man total-body mass was taken as
70 kg and the standard man red marrow mass as 1,500 g (/6).
Region-of-interest analysis was performed on the quantitative
PET images, yielding the mean activity concentrations (in kBq/
mL) in the liver, spleen, and total body. The total activity in organ
i was then estimated using the following equation:

Organi Patient total-body mass
total activity ~ Standard man total-body mass, 70 kg

Standard man
organ i mass

Organ i mean
. .o Eq.3
activity concentration
The '8F residence time 7; in organ i (i.e., the liver, spleen, and red
marrow) was conservatively calculated assuming elimination of
activity only by physical decay in situ:

44T Organ i total activity
T 5 e Administered activity ’

Eq. 4

where T, = the physical half-life of 18F, 1.8 h.

The '8F residence time 7rg in the total body was calculated from
the total-body effective half-life of '8F-FDHT, assuming monoex-
ponential biologic clearance from the time of injection to the time
of the PET scan:

IBE_.FDHT DOSIMETRY * Zanzonico et al. 1967



FIGURE 1. Comparative whole-body im-
ages of a 75-y-old man with progressive
prostate cancer metastatic to bones of the
thoracic spine, left rib cage, and scapula:
planar y-camera image of ®mTc-methylene
diphosphonate (A); 1-pixel-thick coronal
PET image of '8F-FDG (B); and 1-pixel-
thick coronal PET image of '8F-FDHT (C).

Ts = 144 T,

Eq. 5

Tp(Tb)TB

=1.44 00
Tp + (Ty)rs

Eq. 6
where (Ty)g = the biologic half-time of FDHT-derived '®F in the
total body.

The activity excreted up to the time of each PET scan was
calculated from the total-body activity using the following equa-
tion:

Activity
excreted

Administered Total-body
- activity © activity - Faa 7
Assuming the activity in the liver at the time of each PET scan
would be eliminated via hepatobiliary excretion, the fraction of the
excreted activity excreted in the urine was estimated using the
following equation:

Fraction of administered
activity in liver

Fraction of excreted
activity excreted in urine —

Eq. 8

The '8F residence times in the intestines (i.e., the small intestine,
upper large intestine, and lower large intestine) were calculated on the
basis of the assumption that the activity in the liver was eliminated
entirely via hepatobiliary excretion, equating the fraction of the ad-
ministered activity in the liver at the time of each PET scan with the
fraction of the administered activity entering the small intestine and
using the International Commission on Radiological Protection
(ICRP) 30 gastrointestinal tract model (/7) as implemented with the
MIRDOSE3 software program (/8). The '8F residence time in the
urinary bladder contents was calculated using the dynamic bladder
model as implemented with the MIRDOSE3 software program (/8),
with the biologic half-time of FDHT-derived '°F in the total body and
the fraction of the excreted activity excreted in the urine (Eq. 7).
Because not all of the activity in the liver may be excreted via the
intestines, that is, some of the liver activity may ultimately be elim-
inated in the urine, the foregoing approach may overestimate the
radiation dose to the intestines while underestimating that to the
bladder wall.

Mean organ absorbed doses (in ¢cGy/MBq administered) were
calculated using S-factor values for the 70-kg standard man anatomic
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model and the MIRD formalism as implemented with the MIR-
DOSES3 software program (/8). The effective dose equivalent was
calculated assuming a radiation weighting factor of unity for '8F
radiation and using the ICRP 60 tissue weighting factors (19,20).

RESULTS

Imaging and Biodistribution Data

A PET image (coronal section) showing the typical
whole-body distribution of F-FDHT in a patient with
metastatic prostate cancer is presented in Figure 1 C. For
comparison, a planar y-camera image of **"Tc-methylene
diphosphonate and a coronal-section PET image of '8F-
FDG are shown in Figures 1A and 1B, respectively.

Based on region-of-interest analysis of the PET image
data (10 studies in 7 patients), the decay-corrected percent-
age injected dose (mean = SD) in the liver, spleen, and total
body at 66—154 min after injection was 9.0% = 4.3%,
0.82% = 0.75%, and 78% = 16%, respectively. The activ-
ity concentration in plasma rapidly reaches a maximum by
~?2 min after injection and decreases by less than 30% up to
60 min after injection (Fig. 2). The decay-corrected maxi-

44

22

Plasma Activity Concentration
(kBgfmL)

0

o 10 20 30 40 50 60
Time after injection (min)

FIGURE 2. Typical plasma time-activity concentration curve
for 18F-FDHT through 60 min after injection. The activity con-
centrations, expressed in units of MBg/mL, have been decay-
corrected back to the time of injection.
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mum activity concentration in plasma through 60 min after
injection was 0.0061% = 0.0015%/mL.

Residence Times and Radiation Doses

The '8F residence times in the liver, spleen, red marrow,
and total body ranged from 0.15 to 0.46 h, 0.0077 to 0.063
h, 0.11 to 0.24 h, and 1.0 to 2.6 h, respectively. The mean
normal-tissue absorbed doses (in cGy/MB(q) and the effec-
tive dose equivalent (in cSv/MBq), with the respective SDs
and percentage SDs, are presented in Table 1 for all 10
IBE-FDHT studies. Except for the liver (0.00333 ¢cGy/MBq)
and the urinary bladder wall (0.00868 cGy/MBq), the mean
absorbed dose to each tissue was less than 0.003 cGy/MBgq.
The effective dose equivalents ranged from 0.00152 to
0.00201 c¢Sv/MBq. These absorbed doses, which provide
the basis for the recommended administered activity of
IBE-FDHT (21), are comparable to those of other '8F-labeled
radiopharmaceuticals such as 'SF-FDG (22).

DISCUSSION

The current clinical study derived normal-tissue radiation
dose estimates for a promising new radiotracer, 'F-FDHT,
for prostate cancer, based on quantitative whole-body PET
and serial blood sampling in patients with progressing dis-
ease. A total of 10 whole-body PET scans were obtained for
7 patients. Certainly, measurement of normal-tissue time—
activity data based on serial PET scans, rather than on only
a single scan, would yield more reliable dose estimates.
However, in our initial clinical studies with '$F-FDHT (11),
the primary objective was evaluation of tumor targeting
rather than measurement of whole-body normal-tissue dis-
tribution and only a single whole-body scan was obtained.
With further clinical application of 'SF-FDHT, we anticipate
the opportunity to eventually acquire more complete kinetic
data and thus refine our absorbed dose estimates. The cur-
rent dose estimates are conservative, therefore, in that it was
assumed that there was no biologic clearance from individ-
ual organs. The overestimation of tissue absorbed doses
associated with this conservative assumption may be as-
sessed on the basis of estimates of the total-body biologic
and effective half-times of 'SF-FDHT. The decay-corrected
total-body activities measured by PET from 66 to 154 min
after injection ranged from 53% to ~100%, yielding total-
body biologic half-times of 1 h to greater than 10 h and
therefore effective half-times of 0.72 to 1.8 h; most of the
effective half-times were in the 1.2- to 1.8-h range and the
mean was 1.3 h. This suggests that our absorbed dose
estimates for 'SF-FDHT, based on the assumption of no
biologic clearance from individual organs, may overesti-
mate the actual doses by an average of 38% (1.8/1.3 X
100% = 138%).

As noted, the '8F residence times in the intestines were
estimated assuming the activity in the liver was eliminated
entirely via hepatobiliary excretion, equating the fraction of
the administered activity in the liver at the time of each PET

1970

scan with the fraction of the administered activity entering
the intestinal tract. This is, of course, a conservative as-
sumption in that it maximizes the estimates of the intestinal
residence times and absorbed doses, since some of the
hepatic activity may not actually be excreted through the
intestines but rather through the urinary bladder. This as-
sumption may therefore also lead to somewhat of an under-
estimate of the urinary bladder residence time and absorbed
dose. With the limited data available from the current study,
however, it is not possible to reliably estimate the magni-
tude of these errors.

In the current study, the highest absorbed doses (mean =
SD) were delivered to the urinary bladder wall, 0.0.00868 =
0.00481 cGy/MBgq, and the liver, 0.00333 = 0.00134 cGy/
MBgq. The radiation doses thus derived, including the effec-
tive dose equivalent (0.00177 = 0.000152 ¢cSv/MBq), were
comparable to previous estimates for 'SF-FDHT determined
in nonhuman primates (9).

CONCLUSION

Although not actually applicable to routine (i.e., nonin-
vestigational) studies in patients, the maximum permissible
dose limit of 5 cGy (rad) per study to normal tissues is a
reasonable basis for specifying the administered activity for
diagnostic studies with 'SF-FDHT. Based on a maximum
absorbed dose of 0.0151 cGy/MBq to the urinary bladder
wall among all tissues in all 10 studies, an administered
activity of 5 cGy/(0.0151 cGy/MBq) = 331 MBq is recom-
mended for diagnostic studies (27). This is comparable to
administered activities routinely used for '®F-labeled diag-
nostic agents such as 'SF-FDG (22).
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