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L-[methyi-''C]methionine (‘'C-Met) is a useful tracer for tumor
imaging with PET. The drawbacks include a short half-life and high
physiological accumulation in abdominal organs. To overcome
these shortfalls, the feasible use of ['®Fjfluorophenylalanine (8F-
Phe), which shares the same amino acid transport system with Met,
for tumor imaging was examined. Methods: The time course of
tissue distribution of '8F-Phe and the tumor uptake response to
radiotherapy were compared with '“C-Met and [PH] thymidine
(®H-Thd) in the rat AH109A tumor mode!. Intratumoral distribution of
8F.Phe was compared with '*C-Met and '“C-Thd using double-
tracer macroautoradiography (ARG). We also evaluated whole-body
ARG. Results: Tumor uptake of '8F-Phe peaked at 60 min postin-
jection and was higher than that of the liver, intestine and kidney but
lower than the pancreas. Tumor uptake of '8F-Phe was similar to
that of '“C-Met. Tumor-to-blood and tumor-to-muscle ratios were
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higher in *C-Met compared with that of '®F-Phe because of the
rapid blood clearance of '“C-Met. With whole-body ARG, the tumor
was clearly visualized with high contrast. Radiotherapeutic response
of tumor uptake of '8F-Phe was as rapid as that with '*C-Met and
with 3H-Thd. Intratumoral distribution of 8F-Phe and '“C-Met were
identical, and '®F-Phe and '“C-Thd were similar. Conclusion:
Fluorine-18-Phe seems to be a potentially useful amino acid tracer
for tumor imaging with a longer half-life than ''C, with higher tumor
contrast in the abdomen than Met and a similar sensitive response
to radiotherapy.

Key Words: fluorine-18-fluorophenylalanine; autoradiography; car-
bon-11-methionine; PET; fluorine-18-FDG

J Nuc! Med 1996; 37:320-325

A glucose analog, '8F-2-fluoro-2-deoxy-D-glucose (FDG),
and an essential amino acid tracer, L-[methyl-''C]methionine
("'C-Met), have been used for tumor imaging with PET.
Carbon-11-Met is useful for the diagnosis of the brain (1), head
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and neck (2), lung (3) and breast tumors (4), as well as
lymphomas (5). Since physiological accumulation of ''C-Met
in normal brain tissue is minimal, resulting in high-contrast
delineation of brain tumors, assessing the extent of glioma is
possible (6). Whereas, FDG-PET is also useful for grading
brain malignancies (7) and diagnosing abdominal tumors (8,9).
The use of ''C-Met to image abdominal tumors, however, is
hampered by its high accumulation in the liver, pancreas and
intestine, thus reducing the contrast of tumor to the background
10,11).

In pituitary adenomas, rapid response of ''C-Met uptake
following hormonal therapy has been rePorted (12). Rapid and
sensitive responses of tumor uptake of ''C-Met to radiochemo-
therapy have also been reported in glioma (/3), lung (/4) and
breast cancers (/5). Experimental studies have demonstrated
that tumor uptake of ''C-Met is more sensitive to radiotherapy
compared to FDG (16). Within the tumor, accumulation of
14C-Met is highly cancer-cell-specific, while accumulation of
FDG is high in macrophages and granulation tissue as well as
cancer cells (/7). These studies point to the usefulness of
"'C-Met-PET for monitoring treatment of cancer. The short
half-life of ''C-Met (20 min), however, necessitates in-house
synthesis and/or rapid delivery, in addition to its unsuitability
for treatment evaluation of abdominal tumors.

L-[2-'®F)fluorotyrosine (‘®F-Tyr) is an amino acid tracer with
a long half-life, suitable for measuring the rate of protein
synthesis (/8). Weinhard et al. (/9) demonstrated that the use
of '®F-Tyr with PET caused a high accumulation of '®F-Tyr in
brain tumors mediated by increased transport rate rather than by
protein synthesis rate (/9). We have previously demonstrated
that the accumulation of 3,4-dih3'droxy-2-['sF]ﬂuoro-L-phenyl-
alanine (20) or 4-borono-2-['*F]fluoro-L-phenylalanine (27)
into melanomas was mediated by melanin synthesis as well as
by increased amino acid transport associated with cell prolifer-
ation. The accumulation of phenylalanine analogs into various
tumors was suggested to be mediated by increased amino acid
transport.

L-[2-'®F]fluorophenylalanine ('®F-Phe) was developed and
used to study the transport of brain amino acids (22,23), but has
never been evaluated as a tumor imaging agent except in
preliminary brain tumor imaging (24). To overcome the disad-
vantages of the short half-life of ''C-Met, while preserving the
characteristics of an amino acid tracer, we studied 'F-Phe as a
possible tumor imaging tracer and compared the results with
14C-Met.

MATERIALS AND METHODS

The experimental protocol was approved by the Laboratory
Animal Care and Use Committee of Tohoku University.
Radiopharmaceuticals

Fluorine-18-Phe was synthesized according to the method of
Murakami et al. (22) with a specific activity of 23-38 GBg/mmole
and radiochemical purity =99%. Briefly, L-phenylalanine was
fluorinated by ['®FJacetylhypofluoride and '8F-Phe was purified
from the fluorinated mixture by high-performance liquid chroma-
tography. L-[methyl-'*C]-methionine ('*C-Met, specific activity
2.15 GBg/mmole) as a substitute for ''C-Met. [6-*H]thymidine
(*H-Thd, specific activity: 962 GBg/mmole) and [2-'*C]thymidine
('*C-Thd, specific activity: 2.1 GBg/mmole) were obtained com-
mercially.

Time-course of Tissue Distribution

Seven-week-old male Donryu rats were transplanted with 0.1 ml
suspension of 10’ AHI09A hepatoma cells injected subcutane-
ously in the thigh region. Tracer experiments were performed 8

FLUORINE-18-FLUOROPHENYLALANINE FOR TUMOR IMAGING « Kubota et al.

days after tumor transplantation following 8 hr of fasting. Twenty-
one rats bearing AH109A tumor were injected intravenously into
the lateral tail vein with a mixture of 1.11 MBq (30 uCi) '®F-Phe
and 178 kBq (4.8 uCi) each '*C-Met and *H-Thd in 0.25 ml of
saline and killed 5 (n = 4), 15 (n = 4), 30 (n = 4), 60 (n = 6), and
120 (n = 3) min later. Tissue samples were excised and weighed,
and '8F radioactivity was measured using an automated gamma-
scintillation counter. One week later, tissue samples were pro-
cessed and *H and '“C radioactivity was measured using a liquid
scintillation counter with a double-window technique, as previ-
ously described (/6). Tissue radioactivity was expressed as the
differential uptake ratio (DUR).

Tissue radioactivity/Tissue weight
" Injected radioactivity/Animal weight "

DUR Eq. 1
Differences between two sets of data were tested for statistical
significance using the Student’s t-test.

Radiotherapy Monitoring Study

Animals were irradiated when tumors grew to 1.0-1.5 cm in
diameter. Rats were anesthetized with intraperitoneal injection of
sodium pentobarbital. Thigh tumors were exposed to a single dose
of 20 Gy ®Co irradiation, as described previously (25). Nonirra-
diated tumors in rats handled in the same manner, including
anesthesia, were used as control. The tracer mixture of '®F-Phe,
14C-Met and *H-Thd was administered to three groups of 8 rats at
1, 3 and 6 days after irradiation and also to a control group of 6 rats.
Rats were killed 60 min later and tissue radioactivity was measured
as previously described.

Double-Tracer Macroautoradiography (ARG)

Four rats bearing AH109A tumors were injected with a mixture
of either 111 MBq (3 mCi) '®F-Phe and 1.11 MBq (30 uCi)
14C-Met or '®F-Phe and 1.11 MBq (30 uCi) '*C-Thd and killed 1
hr later. The tumors were dissected and frozen for sectioning as
previously reported (26). Several 5-um thick sections were
mounted on clean glass slides, air-dried and placed in direct contact
with ARG films for 2 hr to produce '®F-Phe images. One week
later, following the decay of '®F, the same sections were placed in
contact with separate films for 14 days to produce '*C-Met or
'%C-Thd images.

Whole-body ARG

Three rats bearing AH109A tumors in the back were injected
with 185 MBq (5 mCi) '®F-Phe, and two rats with 555 kBq (15
uCi) "*C-Met, and killed 1 hr later by an overdose of chloroform
anesthesia. The rats were embedded, frozen and sectioned as
previously reported (27). Several 20-um thick sections were
placed on adhesive tape, mounted on cardboard, covered with thin
polystyrene film, placed in contact with ARG films in cassettes and
stored at —20°C. Fluorine-18-Phe images were obtained with
4.5-hr exposure. Carbon-14-Met images were obtained with 14-day
exposure.

RESULTS

The time course of tissue distribution of '®F-Phe is shown in
Figure 1A. The highest uptake was in the pancreas, reaching a
peak level 60 min postinjection, which then decreased at 120
min. Small intestine uptake showed a gradual increase for 120
min. Tumor uptake of '®F-Phe was the second highest and
peaked at 60 min. Tumor uptake was significantly higher than
that of the liver at 30 and 60 min (p < 0.02), and the small
intestine and kidney at 60 min (p < 0.001 each). The uptake of
'8F-Phe in the kidney, lung, brain, myocardium and muscle, and
blood levels of '8F-Phe were significantly lower than tumor
uptake at all measured time intervals. The tumor-to-blood
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FIGURE 1. (A) Time course of tissue distribution of '®F-Phe using the
AH109A tumor in Donryu rats. Mean and s.d. of four to six rats. (B) Time
course of tissue distribution of *C-Met using the AH109A tumor in Donryu
rats performed as a multiple tracer study.

uptake ratio 60 min after injection of '®F-Phe was 3.35, while
the tumor-to-muscle ratio was 3.87 (Table 1).

Tissue distribution of '®F-Phe was compared with that of
“C-Met (Fig. 1B and Table 2). Tumor uptake of '*C-Met
peaked at 30 min and tended to decrease, although insignifi-
cantly, after that time. It was similar to the tumor uptake of
'8F_Phe at 60 min. Tumor uptake of '“C-Met was lower than
that of the intestines (p < 0.05) and pancreas (p < 0.001, p <
0.02) at 60 and 120 min, and lower than that of the liver (p <
0.005) and kidney (p < 0.05) at 60 min. The blood level of
'4C-Met decreased rapidly and became lower than that of
'8F-Phe at 30 (p < 0.002), 60 and 120 min (p < 0.001 each).
This resulted in a higher tumor-to-blood '*C-Met uptake ratio
(8.47) and tumor-to-muscle ratio (4.07) at 60 min compared
with that of '8F-Phe at the same time interval. Brain uptake of
1%C-Met was lower than that of '®F-Phe at 5 to 60 min (p <
0.001) and 120 min (p < 0.002), resulting in a higher tumor-
to-brain '“C-Met uptake ratio compared with that of 'F-Phe
(7.26 versus 3.97 at 60 min). On the other hand, *H-Thd uptake
by the tumor was lower than '®F-Phe and '*C-Met (p < 0.001
at 60 min, Table 3).

The results of radiotherapy monitoring study are shown in
Figure 2. Irradiation caused a rapid reduction in tumor uptake of
all tracers. Tritium-Thd uptake by the tumor was lower than
others but showed a similar rapid decrease following irradia-
tion. Tumor uptake decreased significantly to 65.4% * 7.4%
(p < 0.02 compared with 14C-Met), 66.5% * 8.6% (p < 0.05
compared with '“C-Met) and 77.1% = 8.7% of control levels of
'8F-Phe, *H-Thd and '*C-Met, respectively, 1 day after irradi-
ation. It decreased further to 36.2% * 6.4%, 36.5% * 7.6% and
44.2% * 5.6% (n = 8 for each) of control levels of '®F-Phe,
3H-Thd and '“C-Met, respectively, 3 days after irradiation. No
significant decline in the uptake was observed after the third
day of irradiation. Reduction in tumor uptake of '®F-Phe due to
irradiation was significantly faster than that of '*C-Met but was
equivalent to that of *H-Thd. All these three tracers showed
faster response after irradiation than FDG (1 day: 87.9% =
18.2%, 3 days, 62.8% * 13.7% of the control), as demonstrated
in our previous study using the same tumor radiotherapy model
(16). The muscle uptake and blood level of all three tracers
were constant during this period (Fig. 2).

TABLE 1
Tissue Distribution of Fluorine-18-Fluorophenylalanine in Rats

Time after injection (min)

5(nh=24 15(n=4) 30(n=4) 60 (n = 6) 120 (h = 3)
Lung 117 £ 0.05 0.98 + 0.04 0.94 + 0.03 1.01 = 0.06 1.02 = 0.08
Pancreas 479 £ 0.99 785144 854111 8.86 + 1.89 8.06 = 2.16
Intestine 1.69 = 0.46 1.63 =043 2.10 = 0.50 218+ 0.18 3.29 £ 0.99
Liver 1.38 = 0.06 1.72 £ 0.08 214 £0.12 2.60 = 0.09 2.69 + 0.32
Kidney 1.15 = 0.06 1.11 £ 0.06 1.28 = 0.05 1.52 = 0.09 1.89 = 0.07
Brain 1.12 = 0.06" 0.91 + 0.08* 0.94 = 0.06" 0.75 = 0.04* 0.62 = 0.02"
Tumor 1.91 £ 040 1.86 = 0.55 271029 2.98 =+ 0.29 2.53 £ 0.37
Tumor-to-Blood 1.83 227 3.52 3.36 2.53
Tumor-to-Muscle 1.69 194 3.01 3.87 3.89

*p < 0.001 compared to '“C-Met data in Table 2.
p < 0.002 compared to '“C-Met data in Table 2 (Student’s t-test).

Data are mean * s.d. of the differential uptake ratio. Number of animals are in parentheses. At 60 min, tumor-to-liver; p < 0.02, tumor-to-intestine and

tumor-to-kidney, p < 0.001.
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TABLE 2
Tissue Distribution of Carbon-14-L-Methionine in Rats

Time after injection (min)

5(n=24) 15(n = 4) 30(n=4) 60 (n = 6) 120(n = 3)
Lung 2.09 = 0.21 131 £ 0.16 1.08 = 0.19 1.09 = 0.10 1.01 = 0.11
Pancreas 5.20 =+ 0.38 6.95 + 1.08 6.98 + 1.11 6.49 = 0.63 6.33 = 1.41
Intestine 2.96 + 0.36 239+ 074 3.15 048 3.75 042 3.75+044
Liver 233 +0.21 232074 3.55 = 0.27 4,01 +0.28 3.70 £ 0.48
Kidney 6.26 + 0.63 3.77 £ 1.10 4.18 = 0.38 3.75+ 0.36 341 +0.22
Brain 0.45 = 0.02* 0.36 = 0.05* 0.45 = 0.01* 0.42 + 0.02" 0.46 = 0.03"
Tumor 265 *+0.14 2.50 = 0.64 3.33 = 0.37 3.05 = 0.54 2.55 + 0.55
Tumor-to-Blood 1.73 3.38 6.40 8.47 6.89
Tumor-to-Muscle 291 3.42 3.70 4.07 293

*p < 0.001 compared to '®F-Phe data in Table 1.
p < 0.002 compared to '8F-Phe data in Table 1 (Student’s t-test).

Data are mean * s.d. of the differential uptake ratio. Number of animals are in parentheses. At 60 min, tumor-to-liver was p < 0.005, tumor-to-intestine
and tumor-to-kidney, p < 0.05; tumor to pancreas, p < 0.001. At 120 min, tumor to pancreas; p < 0.02, tumor to intestine; p < 0.05, tumor to liver and to

kidney; NS.

Figure 3 shows two sets of typical double-tracer macroauto-
radiograms of a section of AH109A tumor obtained 1 hr after
injection of '®*F-Phe and '“C-Met or '®F-Phe and '“C-Thd. High
grain density was observed in high cell density areas both in the

8F-Phe and '*C-Met images. Lower density was usually

observed in the central necrotic region and in the granulation
tissue of the tumor rim. Although the spatial resolution of the
images was different in '®F compared with that in '*C due to the
different physical characteristics, '®F-Phe and '*C-Met showed
almost identical distribution in the tumor. The tumor uptake
density of '*C-Thd was lower than '8F-Phe and '“C-Met, but
the distribution of '8F-Phe and '*C-Thd was similar and the
dense area was identical in both images as well as the
combination of '®*F-Phe and '*C-Met.

Figure 4A shows a whole-body ARG of '8F-Phe and Figure
4B a whole-body ARG of '“C-Met 1 hr postinjection. Whole-
body ARG of '®F-Phe revealed high uptake in the AH109A
tumor transplanted on the back. The pancreas showed the
highest radioactivity followed by ureter, nasal and pharyngeal
mucous membranes, thyroid and skin, which were similar to the
levels observed in the tumor. The submandibular gland and
bone marrow showed lower radioactivity than the tumor. The
liver and intestine had lower radioactivity than the tumor, while
the muscle, brain, myocardium and lung showed the lowest
uptake. Whole-body ARG of '“C-Met (Fig. 4B) also showed
high uptake in the tumor. The pancreas and intestinal wall
showed higher uptake of '*C-Met than the tumor. The liver and

kidney showed similar high uptake to the tumor. The brain and
lung showed the lowest uptake and were lower than the muscle.

DISCUSSION

Increased utilization of amino acids in tumors has been
investigated for more than 40 yr. For example, increased protein
synthesis by proliferating tumor cells in vivo (28,29) and amino
acid transport by cancer cells in vitro (30,37/), have been
reported. Based on these facts, various positron-labeled amino
acids have been used for tumor imaging. Carbon-11-Met is
considered one of the best labeled amino acids for tumor
imaging, as confirmed by comparative experimental and clini-
cal studies (//,32). The accumulation of ''C-Met into malig-
nant tissue is thought to be due to amino acid metabolism of
cancer cells, such as increased active transport and incorpora-
tion of amino acids into the protein fraction (33). Furthermore,
increased transmethylation also occurs in cancer cells in vitro
(34). Recent studies revealed that the uptake of Met by tissues
reflected mainly that of amino acid active transport rather than
the rate of protein synthesis (35,36). These studies also dem-
onstrated that a rapid accumulation of free '*C-Met in a large
intracellular pool and time-related incorporation of pooled
14C-Met into protein fractions. In fact, results of brain tumor
PET studies suggest that the transport of amino acids is a factor
more important than the protein synthesis rate in determining
the distribution of the amino acid tracer of ''C-Met into tumor
tissue (37).

TABLE 3
Tissue Distribution of Tritiated Thymidine in Rats

Time after injection (min)

5 =4) 15(n = 4) 30(n=4) 60 (n = 6) 120(n = J)
Lung 141 +0.14 0.89 = 0.15 0.71 £ 0.05 0.63 = 0.07 0.52 + 0.04
Pancreas 2.96 = 0.60 3.34 = 0.40 3.13 +0.36 3.63 = 0.87 269 + 0.34
Intestine 222 + 048 1.46 + 0.21 154 = 0.13 175+ 0.23 1.59 + 0.06
Liver 168 +0.17 190 + 0.33 1.82 +0.07 1.93 = 0.11 1.59 = 0.20
Kidney 493 + 044 3.14 = 0.64 2.57 +0.38 228 +0.14 158 + 0.10
Brain 0.32 = 0.02 0.27 = 0.06 0.29 = 0.04 0.30 = 0.01 0.30 = 0.02
Tumor 1.54 + 0.20 1.66 + 0.38 1.60 = 0.20 1.89 + 0.24 1.13+0.23
Tumor-to-Blood 1.54 291 3.56 6.52 491
Tumor-to-Muscle 233 3.02 2.96 3.94 2.40

Data are mean * s.d. of the differential uptake ratio. Number of animals are in parentheses.
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FIGURE 2. Results of radiotherapy monitoring study using '®F-Phe, '“C-Met
and *H-Thd. Before (Day 0) and after 20 Gy of a single dose of %°Co
radiotherapy. AH109A tumor uptake of tracers was studied serially. Each
point represents the mean and s.d. of eight rats. The tumor on the right thigh
was iradiated while uptake by the muscle from the nonirradiated left thigh
was used for comparison.

Fluorine-18-Phe was initially developed more than 20 yr ago
as a possible pancreas imaging agent (38). Recently, Murakami
et al. (22) developed an effective method for the synthesis of
'8F-Phe and studied its metabolism in the rat brain. The slow
metabolism of '8F-Phe, compared with natural Phe, suggests
that '®F-Phe is a suitable tracer for evaluation of amino acid
transport to the brain (23). The transport of '*F-Phe through the
blood-brain barrier is mediated by the large neutral amino acid
(NAA) transport system, used in transporting Met (39). More-
over, PET has been used to study the effect of aging on the
transport of '®F-Phe into the brain (40). Sharing the same
membrane transport system with Met, '8F-Phe is thus likely to

FIGURE 3. Two sets of double-tracer macroautoradiograms of AH109A
tumor. Top and middle are double-tracer ARG, bottom is the histological
section of the tumor stained with hematoxylin. Left column: a combination of
'8F-Phe and '“C-Met. Right column: combination of '®F-Phe and '“C-Thd.
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FIGURE 4. (A) Typical whole-body ARG of '®F-Phe using a Donryu rat
bearing an AH109A tumor on the back. Note the higher tracer concentration
in the tumor compared with that in the liver. (B) Whole-body autoradiogram
of “C-Met in a Donryu rat bearing a AH109A tumor on the back. Although
these two whole-body ARGs are not the double-tracer study but rather from
two different rats, lower tumor-to-liver contrast in '“C-Met is evident com-
pared with that of '8F-Phe.

detect tumors and monitor treatment in a manner similar to that
of Met. In this regard, preliminary PET studies of brain tumor
using '8F-Phe have demonstrated a high tumor-to-normal brain
contrast, suggesting that '8F-Phe may be useful for imaging
brain tumors (24,37). Our present results demonstrated that the
tumor-to-brain uptake ratio of '“C-Met was higher than that of
'8F-Phe. This finding indicates that ''C-Met may be superior to
18F.Phe for brain tumor imaging. Our study also demonstrated
a unique property for 'F-Phe to detect the body tumors,
including a rapid response of tumor '®F-Phe uptake to radio-
therapy as well as Met and Thd and identical intratumoral
distribution of '®F-Phe, Met and Thd.

In this study, we could not compare the distribution of
14C-Met and '*C-Thd directly in the same tumor section. A
similar distribution of '*C-Met and '“C-Thd, however, in each
tumor image was observed. These findings Sl?pott our previous
studies, in which both *H-Thd (26) and '“C-Met (/7) were
detected in viable malignant cells.

The high false FDG uptake observed in several patients
following radiotherapy suggests the accumulation of FDG in
inflammatory tissue after radiotherapy. In support of this
argument, autoradiography studies have demonstrated high
accumulation of FDG in macrophages and young granulation
tissue (26). A change in tumor uptake of ''C-Met after
radiotherapy, a tracer more sensitive and faster than FDG (16),
is not affected by inflammatory reactions (4/). The low
concentration of Met in non-neoplastic tissue makes it a suitable
tracer for treatment evaluation (/7). Macroautoradiography in
the present study clearly demonstrated an identical distribution
of '®F-Phe and '*C-Met and a faster response of tumor uptake
of '8F-Phe after radiotherapy compared with that of '“C-Met.

Our results demonstrated that AH109A tumor uptake of
'8F_Phe was higher than that of the liver, intestine and kidneys.
The high tumor uptake of '8F-Phe is probably due to increased
transport of amino acids. A positive contrast of tumors in some
abdominal organs was obtained with '®F-Phe but not '*C-Met.
Liver uptake of '®F-Phe was significantly less than that of Met
at 30 and 60 min, causing higher pancreas-to-liver and tumor-
to-liver ratios for '8F-Phe. A similar low liver uptake has been
reported in other tracers for amino acid transport, such as
!'C-aminocyclopentanecarboxylic acid and its derivatives
(11,42). The dissociation of a high tumor and pancreas uptake
and a low liver uptake was observed in common with these
tracers. This observation may be due to differences in cell
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membrane function. Although the mechanism is not clear, the
low liver uptake gives '®F-Phe an advantage over Met for
imaging abdominal malignancies.

CONCLUSION

Fluorine-18-Phe seems to be a potentially useful amino acid
tracer for tumor imaging, with a longer half-life compared to
'C-Met. Its distribution is identical to '“C-Met in tumor tissues
and it has a similar sensitive response of tumor '®F-Phe uptake
to radiotherapy.
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