
Abstract. Aim: We assessed the association between the
presence and absence of androgen on the normal
biodistribution of the positron emission tomography (PET)
cellular proliferation imaging biomarker, [18F]-2’-Fluoro-5-
methyl-1-beta-D-arabinofuranosyluracil (18F-FMAU), in
mice. Materials and Methods: Non-castrated (n=4) and
castrated (n=4) athymic non-tumor-bearing male mice
served as models for presence and absence, respectively, of
androgen. MicroPET-CT scans were performed 1 h following
tail vein administration of 200 uCi of 18F-FMAU. Imaging
was performed at baseline and then at 7-day intervals
longitudinally for 35 days only in castrated mice following
subcutaneous introduction of a 12.5 mg, 21-day release,
dihydrotestosterone pellet. Mean standardized uptake values
(SUVmean) were obtained for liver, heart, and muscle.
Several two-group comparisons of average of SUVmean were
performed. Results: Pre-pellet baseline average SUVmean
(±s.d.) values in castrated mice were significantly lower than
baseline non-castrated values, increased on day 15 and
reached peak values on day 28, at which time they were
significantly higher than corresponding baseline levels in
both non-castrated and pre-pellet castrated mice. The peak
values decreased significantly following dihydrotestosterone
withdrawal. Conclusion: There is a significant modulatory
effect of androgen on normal 18F-FMAU uptake levels in
mice liver, heart and muscle tissues. 

Positron emission tomography (PET) is destined to play an
important role in the imaging evaluation of prostate cancer.
This has been fueled by major strides in our fundamental
understanding of the complex biology of this clinically
heterogeneous disease and the design and synthesis of
radiotracers that can track pathophysiological processes in
vivo. The biological targets for imaging have included
metabolites (e.g., glucose, fatty acids, amino acids), antigens
(e.g., prostate-specific membrane antigen – PSMA), receptors
(e.g., androgen receptor, gastrin-releasing peptide receptor),
angiogenesis, hypoxia, and gene-based pathways (1, 2). In
few cases, theranostic companions have also been developed
for targeted radionuclide therapy (e.g. 68Ga-PSMA for
imaging and 177Lu-PSMA for therapy). Clinical research is
actively being pursued to decipher the exact role of these
agents along the natural history of prostate cancer. 

We have previously reported on our initial pre-clinical
observations on the potential usefulness of the cellular
proliferation imaging biomarker, [18F]-2’-fluoro-5-methyl-1-
beta-D-arabinofuranosyluracil (18F-FMAU), in
characterizing prostate cancer (3). 18F-FMAU is a thymidine
analogue that is phosphorylated by thymidine kinase, is
incorporated into the DNA and tracks changes in
mitochondrial thymidine kinase 2 (4). In our experiments
that involved castrated and non-castrated mice, we made an
interesting observation that 18F-FMAU uptake levels in
organs may be influenced by androgen presence or absence. 

The goal of the present study was to perform follow-up
longitudinal imaging studies using non-tumor-bearing
athymic mice before and after subcutaneous (s.c.)
implantation of a time-release testosterone pellet to assess
the effect of androgen on 18F-FMAU biodistribution in
selected organs within same animals.

Materials and Methods

18F-FMAU Radiosynthesis. We have previously reported on a one-
pot labeling procedure for the radiosynthesis of 18F-FMAU has
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been described previously (5). 18F-FMAU is obtained at 12±3%
radiochemical yield with 547mCi/umol specific activity, overall
radiosynthesis time of about 150 minutes, and radiochemical
purity of 99%. 

Animal preparation. Non-castrated (n=4) and castrated (n=4)
athymic male mice (Harlan Sprague Dawley, Indianapolis, IN)
served as models for the presence and absence, respectively, of
androgen. Our Institutional Animal Care and Use Committee and the
Radiation Safety Committee approved all animal studies. Anesthesia
was induced using 2% isoflurane in oxygen and maintained
throughout all imaging studies. Euthanasia was performed by
cervical dislocation while the animal was anesthetized. Animals were
housed in the vivarium facility and were fed regular rodent food and
water ad libidum. Dihydrotestosterone (DHT) pellets (Innovative
Research of America, Sarasota, FL) were implanted s.c. only in the
castrated mice using a trochar and the skin opening was closed with
tissue glue Dermabond (Ethicon, Domerville, NJ). The pellet releases
12.5 mg of DHT payload over a period of 21 days nearly constantly
with slight peak at day 1. The animals did not bear any tumors. 

MicroPET imaging. MicroPET scans were performed on the
microPET R4 (Concorde Microsystems, Knoxville, TN) and
followed by microCT imaging (InveonCT, Siemens Medical
Solutions USA, Knoxville, TN) for anatomic reference. Mice were
anesthetized with inhalant anesthesia, 1-2% Isoflurane in oxygen,
prior to intravenous administration of 200 uCi of 18F-FMAU and
placed in their cage in an awakened state until scan time.
Approximately 15 min prior to imaging, mice were induced with
inhalant anesthesia and placed on the microPET scanner for
imaging at 1 h post injection. Scans were reconstructed using
Inveon Acquisition Workplace software (Siemens Medical
Solutions, Malvern, PA, USA) and analyzed using Inveon
Research Workspace (Siemens Medical Solutions, USA). PET data
were all reconstructed using four iterations of the 2D-OSEM
algorithm supplied by MicroPET Manager (Siemens Medical
Solutions, USA) into 128 × 128×63 images with 0.084 mm ×
0.084 mm × 1.21 mm spatial resolution. Computed tomographic
(CT) images were acquired with the following setting: 80 kVp,
500 uA, 220 projections, 220 degress, 200 ms/projection, bin 4,
3072 pixels by 2048 pixels image, and 104 um voxel size. PET
and CT images were co-registered using a phantom based
transformation matrix. For each microPET-CT scan, regions of
interest were drawn over the liver, left upper limb muscle, and the
heart of the whole-body coronal images with multiple slices to
create a 3D volume of interest mean concentration value. The

mean value was converted to mean standardized uptake value
using the following equation:

SUVmean=[3D mean concentration (uCi/cc)]/
[activity injected (uCi)/body mass (g)]

Imaging was first performed at baseline on 4 non-castrated and 4
castrated mice. The 4 castrated animals were then imaged
longitudinally on days, 7, 15, 21, 28, and 35 following s.c.
introduction of DHT pellet on day 0. 

Statistical data analysis. Tissue tracer uptake level was calculated
as mean standardized uptake value (SUVmean) from the PET data.
Two-group comparisons of data were performed using a two-tailed
Student t-test with unequal variance and significance probability
level of less than 0.05.

Results

Table I includes the average and standard deviations of the
SUVmean at baseline in the 4 non-castrated mice and the 4
castrated mice at baseline and then at various time points
after DHT pellet insertion. Figure 1 shows the average
SUVmean of the liver, heart, and muscle tissues in non-
castrated mice as well as castrated mice across each imaging
time point before, during and after DHT pellet insertion. 

The mean SUVs for 3 tissues were significantly different
between non-castrated and castrated mice at baseline (liver:
1.12±0.04 vs. 0.83±0.07; heart: 0.95±0.04 vs. 0.67±0.10;
muscle: 1.02±0.06 vs. 0.63±0.09, respectively, p<0.05). This
difference remained in effect for all 3 organs on day 7 and
for heart and muscle on day 15. The radiotracer uptake level
in liver was consistently higher than those for the heart and
muscle, with the latter two tissues demonstrating relatively
similar uptake levels (p>0.05). 

On day 15, average SUVmean increased and reached peak
values on day 28 that was 7 days after end of DHT pellet
hormonal release (liver: 1.55±0.17; heart: 1.21±0.14; muscle:
1.30±0.18) and were significantly different from
corresponding tissue average SUVmean at their baseline
levels in both castrate and non-castrate animals. The average
SUVmean decreased significantly and relatively quickly
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Table I. Organ standardized uptake values at 1 h post-injection of 18F-FMAU.

SUVmean (avg.±s.d.)       Non-Castrated                                                                              Castrated (n=4)
                                                (n=4)
Organ                                                                 Pre-pellet                  Day 7                   Day 15                 Day 21                 Day 28                 Day 35

Liver                                   1.12±0.04#            0.83±0.07*            0.76±0.14*            0.97±0.15            1.27±0.12#          1.55±0.17*#           1.11±0.24
Heart                                   0.95±0.04#            0.67±0.10*            0.60±0.06*           0.68±0.09*           1.04±0.10#          1.21±0.14*#           0.77±0.18
Muscle                                1.02±0.06#            0.63±0.09*            0.61±0.04*           0.70±0.12*           0.98±0.11#          1.30±0.18*#           0.79±0.18

*p<0.05 Compared to non-castrated; #p<0.05 compared to castrated (pre-pellet); s.d., standard deviation.



from their peak level on day 28 to near baseline level on day
35 (14 days after the estimated end of DHT pellet hormonal
release) and were not significantly different from either
castrate or non-castrate baseline levels. 

Discussion

There have been major recent strides in the multimodal
imaging assessment of prostate cancer at various phases
along the natural history of the disease. These developments
include multimodal imaging such as the recently
commercialized PET/MR imaging system, increasing data on
the potential utility of multiparametric MR imaging (e.g.
diffusion weighted imaging, dynamic contrast enhanced
imaging) and synthesis and testing of several novel
promising PET radiotracers such as the recently FDA-
approved synthetic L-leucine analogue, anti-1-amino-3-18F-
fluorocyclobutane-1-carboxylic acid (anti-18F-FACBC,
commercialized as Axumin™, Blue Earth Diagnostics,
Oxford, UK), 18F- or 68Ga-PSMA, 68Ga-RM2 (targeted to
gastrin releasing peptide receptor), and 16β-18F-fluoro-5α-
dihydrotestosterone (18F-FDHT, targeted to the androgen
receptor). Continued investigations with well-defined patient
cohorts, independent validation, and comparative
effectiveness studies will elucidate the utility of these PET
radiotracers, either singly or as a combination, in the imaging
evaluation of prostate cancer. Moreover, since some of these
radiotracers are also amenable to pair with therapeutic

counterparts (e.g. 68Ga-/177Lu-PSMA), the role of
theranostics is anticipated to grow (6). 

Imaging assessment of cellular proliferation may allow for
characterization of primary prostate cancer. Most prostate
tumors are slow-growing. However, there are about 16% of
inadvertently missed small-volume tumors at the time of
biopsy that are clinically aggressive and may be amenable to
focal therapy (7). Moreover, when castrate-sensitive state
evolves into castrate-resistant state, the disease becomes more
aggressive with a median survival of about 1-2 years (8). 

PET in conjunction with radiotracers that track the
thymidine salvage pathway of DNA synthesis has been
studied relatively extensively for imaging of cellular
proliferation in cancer (9). 11C-thymidine was initially
evaluated but its use was limited due to rapid catabolism of
thymidine and the short half-life (20 min) of 11C (10, 11).
Further research resulted in the development of 18F-labeled
analog with longer half-life (110 min) and resistance to
catabolism. The most studied cellular proliferation PET
radiotracer, 3’-deoxy-3’-fluorothymidine (18F-FLT), is
phosphorylated by cytosolic thymidine kinase 1 and retained
in the proliferating cells without DNA incorporation (12, 13).
Normal biodistribution of 18F-FLT shows relatively high
uptake in the liver and the normal proliferating bone marrow
(14). The physiologic high marrow accumulation of 18F-FLT
severely limits its clinical utility in the assessment of bone
metastases, which is common site of disease involvement in
prostate cancer.
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Figure 1. Average SUVmean of liver, muscle and heart at 1 h post injection of 18F-FMAU in non-castrated and castrated athymic male mice at
baseline and longitudinally in castrated mice following s.c. introduction of a 21-day release, 12.5 mg DHT pellet. Note the increase in tissue uptake
of 18F-FMAU in relation to DHT release and subsequent decline in tissue uptake upon DHT withdrawal. 



Another cellular proliferation agent, 18F-FMAU is also a
thymidine analog that is phosphorylated preferentially by the
mitochondrial thymidine kinase 2 and is incorporated in the
DNA (4). Unlike 18F-FLT, 18F-FMAU shows little
accumulation in bone that renders it potentially an ideal PET
radiotracer for imaging cellular proliferation in prostate
cancer (15). Limited observational studies of 18F-FMAU PET
in prostate cancer have demonstrated retention of 18F-FMAU
in local prostate recurrence, and in metastatic lesions with
little activity in the urinary bladder and the normal bone (16,
17). We have also recently initiated a pilot study to assess the
potential utility of 18F-FMAU in image-targeted biopsy using
a software-based fusion of PET, transrectal ultrasound and
multiparametric MR imaging of the prostate gland (18). 

We hypothesized that 18F-FMAU PET may also be useful
in characterizing primary tumor and predicting the transition
from castrate-sensitive to castrate-resistant clinical state based
on change in tumor cellular proliferation rate (19). Preclinical
and clinical studies have shown that, although upon androgen
deprivation in castrate sensitive tumor, there is a significant
decline in tumor mass and cellular proliferation as measured
by Ki67/MIB index, but then this is followed, after a period of
time, by development of recurrent tumor growth and
development of castrate-resistant state (20, 21). This
phenotypic change may be multifactorial involving the
androgen receptor-signaling axis (22). We set out to explore
whether presence or absence of androgen affects the normal
biodistribution of the cellular proliferation PET radiotracer 18F-
FMAU in non-tumor bearing athymic male mice. We focused
on 3 organ tissues of liver, muscle, and heart. Liver and muscle
are often considered as internal background reference for
target-to-background activity ratio calculations. Heart was also
included in view of the organ’s rich mitochondrial content, and
given that the underlying biological basis for uptake of 18F-
FMAU in the tissue is related to preferential phosphorylation
by mitochondrial thymidine kinase 2. We showed that there is
a statistically significant association between the presence or
absence of androgen and the 18F-FMAU uptake levels in these
3 selected tissues. This suggests that there may be an
association between androgen signaling and thymidine
metabolism as depicted by 18F-FMAU PET. Exploration of the
underlying biological mechanism for this observation was not
in the scope of our imaging investigation. One possibility,
however, may be the androgen control of mitochondrial
function that can involve thymidine kinase 2 enzymatic activity
(23). It is also interesting to note that observations in mice may
potentially be different from those in humans. This is because
there is a 10-fold lower competing circulating thymidine in
humans than in mice (~0.15 μM vs. 1.5-3 μM, respectively)
(24). The less competition for radiotracer uptake in humans
may, therefore, potentially amplify the modulatory effect of
androgens on 18F-FMAU biodistribution in human tissues but
this supposition needs additional investigation in humans. 

Our study was limited by not measuring the plasma level
of testosterone at each imaging time point. However, the
significant change in 18F-FMAU uptake levels in reference
organs before, during and after androgen released by the
pellet in castrated mice was supportive in that there was a
modulatory association in this preclinical setting. We also did
not measure the amount and activity levels of the relevant
enzymes to corroborate with the imaging findings. Further
studies measuring the content and bioactivity of both
thymidine kinase 1 and thymidine kinase 2 in tissues will be
needed. Nevertheless, there is a relatively strong suggestion
that androgen modulates the tissue uptake level of the
cellular proliferation imaging marker, 18F-FMAU, which
may be an important consideration in the future preclinical
animal and pilot human clinical studies. 

Conclusion

There is a significant association between androgen presence
or absence and the level of 18F-FMAU uptake levels in
normal liver, muscle and heart tissues as measured by
microPET in non-tumor bearing athymic male mice. This
suggests that assessment of 18F-FMAU PET studies in
prostate cancer may need to take into account the effect of
androgen-based treatments.
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