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We imaged DNA synthesis in vivo with PET and 18F-1-(2�-deoxy-
2�-fluoro-�-D-arabinofuranosyl)thymine (FMAU), which is phos-
phorylated by thymidine kinases and incorporated into DNA.
Methods: We produced 18F-FMAU and injected the tracer into
5 normal dogs and studied them by imaging or biodistribution
for up to 2.5 h. The pharmacokinetics of FMAU in blood and
urine were determined using high-performance liquid chroma-
tography analysis. At the end of each study, selected tissues
were removed to measure the total activity retained in these
tissues. In addition, the selected tissues were extracted by acid
precipitation, by which the macromolecules can be precipitated
to determine the radioactivity of 18F-FMAU incorporated into
DNA. Results: Imaging and tissue analysis showed increased
activity in the lymph nodes, stomach, small intestine, and bone
marrow, with mean standardized uptake values of 1.4, 1.6, 2.3,
and 3.9, respectively, because of varying degrees of increased
cell proliferation. In contrast, 18F-FMAU was distributed with
tissue-to-muscle ratios of approximately 1.0 in nonproliferative
organs such as lung, liver, and kidneys. Analysis of the tissue
extracts using acid precipitation demonstrated that 88% of
activity in marrow and 65% of activity in small intestine was acid
precipitated. However, more than 90% of activity in the non-
proliferating tissues such as heart and lungs was in the super-
natant. Increased activity was seen in the heart because of a
high level of thymidine kinase 2 and in the gallbladder because
of excretion. Analysis of blood and urine demonstrated that
more than 95% of activity was present as intact 18F-FMAU at
the end of the studies. Conclusion: The results showed that
18F-FMAU was selectively retained in DNA of the proliferating
tissues and was resistant to degradation. These features indi-
cate that 18F-FMAU might be an alternative to 11C-thymidine for
imaging DNA synthesis in normal tissues and tumors.
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PET can produce images of tumor physiology and thus
has found increasing applications in oncology. On the basis
of the tracer used, one can selectively measure several

metabolic pathways in vivo. This approach offers the op-
portunity to measure rapid metabolic changes in tumors
after treatment (1–4). Increasing evidence indicates that
PET is a sensitive approach to tumor detection and to
evaluation of treatment response and that it complements
anatomy-based techniques, which include physical exami-
nation, radiography, ultrasound, CT, and MRI.

18F-FDG is currently the most commonly used agent for
imaging tumors with PET. Although it has been used to
stage and diagnose cancer and its uptake often declines after
successful treatment (4), 18F-FDG is not a highly selective
tracer for tumor detection since glucose is used by many cell
types. For instance, macrophages, which invade tumors and
are also found in inflammatory lesions, can also demonstrate
increased uptake (5,6).

Imaging the DNA synthetic pathway is an alternative
approach to imaging tumors because it may be more specific
and better reflect treatment response. Thymidine labeled
with 11C was the initial tracer used and has shown promise
in limited trials (7,8). The practical limitations of using
11C-thymidine include its rapid biodegradation and the short
half-life of 11C, prompting researchers to look for other
potential pyrimidine analogs, including 1-(2�-deoxy-2�-
fluoro-�-D-arabinofuranosyl)thymine (FMAU), which can
be labeled with either 11C or 18F (9–11). Previous studies
have demonstrated that FMAU resists degradation and is
incorporated into DNA but not into RNA or protein.

Our current study focused on imaging DNA synthesis
using 18F-FMAU, an antiviral and antineoplastic agent that
has been administered to patients with advanced cancer
(12,13). FMAU can be phosphorylated by thymidine kinase
1 and thymidine kinase 2 followed by DNA incorporation
through DNA polymerase (14,15). In vitro studies have
demonstrated that the level of FMAU incorporated into
DNA is proportional to the level of DNA synthesis and the
rate of proliferation. Furthermore, cell growth inhibition is
proportional to the level of FMAU incorporated into DNA
(16), suggesting that retention of FMAU within tumor cells
should be a direct indicator of DNA synthesis and tumor
proliferation when compared with other existing PET trac-
ers. Our hypothesis stated that tumors and normal prolifer-
ating tissues such as bone marrow (with increased expres-
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sion of thymidine kinase 1 and DNA polymerase) will have
increased uptake and retention of FMAU and thus show
increased activity of 18F-FMAU on PET images. Here, we
report the first (to our knowledge) imaging studies of 18F-
labeled FMAU.

MATERIALS AND METHODS

We studied 5 normal dogs with body weights ranging from 14.2
to 18.6 kg. Two of the dogs had tissue samples obtained for
analysis at 60 min after 18F-FMAU injection without PET, whereas
the other 3 were initially imaged with PET followed by tissue
removal and analysis. The dogs were anesthetized with 5 mg of
pentobarbital per kilogram of body weight per hour during the
imaging study. The animal-subjects protocol for this study was
reviewed and approved by the Committee on Animal Studies of
Wayne State University.

PET Image Acquisition
We synthesized the 18F-FMAU with a purity greater than 98%

and specific activity greater than 111 GBq/�mol as previously
described (10) and intravenously injected into the dogs a dose
ranging from 67 to 264 MBq over 60 s. A Harvard syringe pump
was used to administer 18F-FMAU in the PET study. Injection was
manual for the 2 dogs used in the biodistribution studies without
imaging.

Three dogs were imaged for up to 2.5 h, followed by tissue
removal and analysis. Before tracer injection, a 15-min transmis-
sion scan was acquired to correct for photon attenuation. Dynamic
PET was performed for 60 min using an Exact/HR tomograph
(Siemens) with the field of view over the lower chest and upper
abdomen, yielding a series of timed images of progressively longer
duration (4 � 20 s, 4 � 40 s, 4 � 60 s, 4 � 180 s, and 8 � 300 s).
The dynamic image sequence was reconstructed using a filtered
backprojection algorithm applying a Hanning filter with a smooth-
ing kernel of 13 mm in full width at half maximum.

After the dynamic acquisition, we acquired 1 whole-body PET
scan. The whole-body scans included 6–7 bed positions (4 min of
transmission and 6 min of emission per bed position) and were
started about 65 min after injection. The whole-body images were
reconstructed using an iterative ordered-subsets expectation max-
imization algorithm (2 iterations and 8 subsets) followed by a
smoothing kernel of 13 mm in full width at half maximum. Blood
samples were obtained from an intravenous catheter, different
from the one used for tracer injection, at serial times (1, 2, 3, 4, 5,
6, 7, 9, 11, 15, 20, 30, 40, 50, 60, 90, 120, and 150 min) and were
counted for total radioactivity by a NaI well counter (Cobra II;
Packard), and a limited number of samples (5, 11, 15, 30, 60, and
150 min) were analyzed by high-performance liquid chromatog-
raphy (HPLC) for metabolites. The urine samples obtained at 60
min and approximately 150 min after injection were counted for
total radioactivity and analyzed by HPLC for metabolites. For the
metabolite analysis, an ODS C-18 analytic column (250 � 4.6
mm; Hypersil) with a mobile phase of 10 mmol of NaOAc per liter
in 6% acetonitrile was used. Twenty-five fractions at a 1 mL/min
flow rate were collected. Meanwhile, all blood and urine samples
were counted for total radioactivity.

Biodistribution Studies
The 3 dogs that underwent initial PET were sacrificed after

imaging at times ranging from 151 to 162 min after injection. The

2 dogs that were not scanned were sacrificed at 60 min after
injection using an overdose of pentobarbital. Tissue samples of
selected organs were immediately removed, counted, and weighed
to obtain the 18F activity level in these organs. 18F-FMAU retention
in the tissue samples was quantified using the standardized uptake
value (SUV), defined as the radioactivity per gram of tissue di-
vided by the total injected radioactivity per gram of body weight.
In addition, the selected tissue samples were homogenized, fol-
lowed by the addition of 1 mL of perchloric acid (PCA) into each
tube to precipitate the macromolecules containing DNA, RNA,
and proteins and other macromolecules. To complete the extrac-
tion, we centrifuged the mixture at 15,000g at 4°C for 10 min to
separate the pellet from the supernatant, followed by washing of
the pellet 3 times with 1 mL of PCA (1 mol/L) and centrifugation.
After extraction, the amount of radioactivity in the acid-soluble
fraction and pellet that contained macromolecules including DNA
was quantified, and the percentage of each corresponding fraction
was calculated (17). Furthermore, the supernatants of 12 different
tissue extracts and gallbladder fluids were analyzed using HPLC to
determine the metabolite levels in these organs.

Image Data Analysis
Both the dynamic image sequence and the whole-body scan

were decay corrected to the start times of the scan. Summed
images from 30 to 60 min over all dynamic frames were used to
define regions of interest (ROIs). ROIs were defined at the location
of the normal tissues, such as heart, marrow, small intestine, and
muscle. ROIs were defined with at least a 2-cm diameter to
minimize the partial-volume effects. However, distortions due to
partial-volume effect might have been present, especially in small
anatomic structures such as the marrow. Regional tracer uptake
values were quantified using SUV. Time–activity curves were
obtained for all defined ROIs from the dynamic sequence. Re-
gional time–activity curves were continued beyond 60 min by
combining the initial data from the dynamic scan with the data
from the whole-body scans. For each ROI, the time at which the
corresponding organ was in the field of view was determined, and
the activity was decay corrected to the start time of the dynamic
image sequence. This step provided 1 additional point for each
ROI beyond the time of the dynamic sequence.

RESULTS

In these normal dogs, 18F-FMAU was selectively incor-
porated into the DNA of normal proliferating tissues and
resisted degradation.

Accumulation of FMAU in the bone marrow was consis-
tent with its retention in proliferating tissues (Fig. 1).
FMAU was also found in the lymph nodes, small intestine,
and stomach because of a certain degree of proliferation in
these tissues. Furthermore, increased 18F-FMAU activity
could be visualized in the heart because of high levels of
thymidine kinase 2. In addition, the kidneys could clearly be
distinguished from background activity because of excre-
tion (Fig. 1). 18F-FMAU time–activity curves obtained from
dynamic scans (Fig. 2) showed that 18F-FMAU retention
was significantly higher in the marrow than in the blood
during the 2.5 h of the study. Furthermore, retention of
radioactivity by bone marrow increased with time, whereas
radioactivity in the blood and background decreased. Tracer
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concentration in the marrow was underestimated because of
the limitation from partial volume. The time–activity curves
were generated from the combination of dynamic scans and
1 whole-body scan of 2-dimensional images, which were
reconstructed with different reconstruction algorithms. Al-
though the different reconstruction algorithms may have led
to different noise characteristics, it was valid to use an
additional time point from the whole-body scan to extend
the time–activity curve generated by dynamic scans, be-
cause the value pattern and the absolute values obtained
from both types of scans were the same.

Imaging data were corroborated by obtaining tissue sam-
ples for analysis at the end of whole-body scanning. The
results obtained from necropsy tissue analysis showed that
the marrow-to-blood ratio was highest, at an average value
of 12.3, followed by the ratio of small intestine to blood, at
an average value of 7.0 (Table 1). These results demon-
strated that FMAU accumulated readily in proliferating
tissues such as bone marrow and were consistent with
tracking of DNA synthesis by FMAU. In addition, the
necropsy tissue analysis indicated that marrow had the
highest SUV (3.9) at 160 min after injection, followed by
small intestine, heart, stomach, lymph nodes, and kidneys,
which had mean SUVs of 2.26, 1.78, 1.62, 1.44, and 1.28,
respectively (Table 1). Furthermore, Table 1 demonstrates
that FMAU retention increased with time in proliferating
tissue such as marrow (e.g., SUVs of 1.1 at 60 min and 3.9
at 160 min) but decreased with time in nonproliferating
tissues such as heart and kidneys (heart SUV of 2.68 at 60
min and 1.78 at 160 min; kidney SUV of 2.37 at 60 min and
1.28 at 160 min). 18F-FMAU was distributed with tissue-to-
muscle ratios of approximately 1.0 in nonproliferative or-
gans such as lung, liver, and kidneys. Despite the fact that
FMAU retention increased not only in proliferating tissue
but also in some nonproliferating tissues, the tissue extract
analysis demonstrated that 87.4% of the radioactivity in
marrow and 64.4% of the radioactivity in small intestine
was acid precipitable. Although these acid-precipitable

macromolecules could include DNA, RNA, proteins, and
other macromolecules, previous studies reported that
FMAU incorporates into DNA but not into either RNA or
proteins (16). Therefore, we consider this acid-precipitable
18F-FMAU consistent with incorporation into DNA. In con-
trast, more than 90% of the activity in nonproliferating
tissues such as heart, lung, stomach, and kidneys was in the
supernatant (Fig. 3). In addition, about 50% of the radioac-
tivity in the lymph nodes was in the precipitate. Finally,
HPLC analysis of blood and urine at 60 min after injection
indicated that more than 95% of activity was present as
intact 18F-FMAU in blood and urine.

DISCUSSION

Previous studies demonstrated that FMAU could be in-
corporated into DNA and showed potential to be a prolif-
eration marker for PET. We imaged 3 normal dogs with
18F-FMAU and PET to investigate whether this tracer can
be used to image DNA synthesis in proliferating tissues and
if it can be developed as a clinical imaging agent. Our
results (Table 1 and Fig. 3) demonstrated that 87.4% of the
radioactivity in marrow, 64.4% of the radioactivity in small
intestine, and 50% of the activity in lymph nodes was
incorporated into DNA. Although the percentage of activity
remaining in small molecules varied in these proliferative
tissues, the absolute amounts, as measured by SUV, varied
between only 0.5 and 0.8. By contrast, more than 90% of the

FIGURE 2. 18F-FMAU retention curves for marrow, muscle,
and blood of normal dog. Curves were obtained from dynamic
PET with field of view over upper abdomen and lower chest,
yielding a series of timed images for up to 60 min. Additional
time point beyond 60 min was obtained from whole-body scan
acquired about 65 min after injection. Estimate of time, 117 min
after injection in this figure, was based on time when organ of
interest was in field of view. Marrow activity was not corrected
for partial volumes, and marrow-to-blood ratio was 12.3 in
tissue samples removed at 160 min after injection.

FIGURE 1. Attenuation-cor-
rected projection (A) and sag-
ittal (B) PET images of a dog
68–150 min after injection of
81.4 MBq of 18F-FMAU show
accumulation of 18F-FMAU
and increased activity in
lymph nodes, small intestine,
stomach, and marrow be-
cause of varying degrees of
increased cell proliferation. In-
creased activity was also seen
in heart because of high level
of thymidine kinase 2.
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radioactivity in the nonproliferating tissues, such as heart
and kidneys, was in the supernatant, although increased
activity could be seen both on the PET images and in tissues
removed at autopsy. In addition, retention of FMAU in
proliferating tissues increased with time, whereas retention
of FMAU in nonproliferating tissues decreased with time.
Further studies are needed to determine whether the level of
FMAU incorporation is proportional to the rate of prolifer-
ation increase. In view of the evidence that FMAU has the
same metabolic pathway as thymidine (18), we conclude
that FMAU is a direct proliferation marker and that the use
of 18F-FMAU for in vivo imaging of DNA synthesis is
feasible.

For decades, investigators have been seeking relatively
ideal tracers to image tumor and DNA synthesis with PET.
Thymidine has been labeled with 11C for imaging tumor
proliferation with PET and, because it can rapidly be incor-
porated into newly synthesized DNA, has been shown to be

better than 18F-FDG as a marker for detecting tumor re-
sponse after successful therapy (8). Unfortunately, its rapid
in vivo degradation and the short half-life of 11C (20 min)
has impaired both the imaging quality and the calculation of
proliferation rates with thymidine. 18F-Labeled 3�-deoxy-3�-
fluorothymidine (FLT) is being tested since it is resistant to
degradation and accumulates favorably in several types of
human cancer (19,20). However, FLT is not a direct marker
for DNA synthesis because most FLT cannot be incorpo-
rated into DNA. Therefore, FLT measures only cellular
thymidine kinase activity, although phosphorylation and
thus trapping of FLT correlate with DNA synthesis (21). In
contrast, FMAU can be taken up by the cells and then
phosphorylated by thymidine kinase 1, followed by DNA
incorporation through DNA polymerase (18). Therefore,
imaging with 18F-FMAU may provide data complementary
to those provided by FLT, which is trapped in the cell as
FLT phosphate by thymidine kinase alone. Furthermore,
consistent with previous studies (11), HPLC analysis of
blood and urine samples obtained at 60 min after injection
demonstrated that more than 95% of the activity was present
as intact FMAU, indicating that FMAU resists degradation
in vivo.

CONCLUSION

Further clinical studies are needed to evaluate FMAU
imaging of tumors. Limitations imposed by uptake of
FMAU in normal heart, kidneys, and liver also need to be
determined. Finally, it would be worthwhile to compare
18F-FMAU with 18F-FLT and other proliferation markers to
determine their retention and clinical application. In sum-
mary, we produced 18F-FMAU with high purity and per-
formed in vivo imaging of DNA synthesis with 18F-FMAU
and PET. The ability to image and measure DNA synthesis
in vivo can provide an important tool for clinical applica-

TABLE 1
Summary of SUV and Tissue-to-Blood Ratio Obtained from Necropsy Tissue Analysis

Tissue

SUV (60 min after injection) SUV (160 min after injection)

Mean SUV of
2 dogs

Mean tissue-to-blood
ratio of 2 dogs

Mean SUV of
3 dogs

Mean tissue-to-blood
ratio of 3 dogs

Marrow 1.10 (0.98–1.22) 2.56 (2.48–2.65) 3.90 (3.62–4.18) 12.30 (10.10–14.49)
Small intestine 2.19 (1.93–2.45) 5.28 (3.93–6.62) 2.26 (2.11–2.40) 7.00 (6.69–7.31)
Lymph nodes 1.86 (1.78–1.94) 4.43 (3.62–5.24) 1.44 (1.34–1.54) 4.49 (4.30–4.67)
Stomach 1.79 (1.75–1.82) 4.22 (3.70–4.73) 1.62 (1.60–1.63) 5.05 (4.54–5.55)
Heart 2.68 (2.34–3.02) 6.45 (4.75–8.16) 1.78 (1.66–1.89) 5.50 (5.28–5.73)
Kidneys 2.37 (2.20–2.54) 5.67 (4.48–6.86) 1.28 (1.20–1.35) 4.00 (3.33–4.67)
Liver 2.01 (1.70–2.32) 4.87 (3.46–6.27) 0.92 (0.80–1.03) 2.90 (2.23–3.56)
Spleen 1.50 (1.24–1.76) 3.46 (3.35–3.57) 1.07 (1.06–1.08) 3.34 (2.95–3.73)
Lung 1.15 (0.92–1.38) 2.80 (1.86–3.73) 0.93 (0.92–0.95) 2.92 (2.64–3.19)
Muscle 0.65 (0.50–0.80) 1.59 (1.02–2.16) 0.98 (0.96–1.01) 3.06 (2.77–3.34)
Blood 0.43 (0.37–0.49) 1.00 (1.00–1.00) 0.32 (0.29–0.36) 1.00 (1.00–1.00)
Gallbladder 0.79 (0.02–1.56) 1.61 (0.05–3.18) 6.84 (5.78–7.89) 22.26 (20.04–24.48)

n � 5. Data in parentheses are ranges.

FIGURE 3. FMAU DNA incorporation (n � 3). Three normal
dogs were used for this study. One dog was sacrificed at 160
min after injection (Œ), and the other 2 dogs were sacrificed at 60
min after injection (F). All tissue samples were analyzed by acid
precipitation to determine DNA fraction. Sm � small.
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tions in the diagnosis of tumors and in surveillance of tumor
development and impact of antitumor therapy.
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