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This study evaluates the midterm follow-up of tumor and normal
tissue uptake of deoxyglucose, thymidine and methionine after
fractionated radiotherapy to assess cancer recurrence in residual
tumors. Methods: AH109A tumor-burdened rats were treated with
one to eight doses of 5Gy ®°Co radiation. Tissue distribution study
with '8F-FDG, 3H-thymidine and '*C-methionine, double-tracer au-
toradiography with '®F-FDG and '“C-methionine, and single-tracer
autoradiography with '*C-labeled deoxyglucose, thymidine and
methionine were performed 6 days after the end of therapy.
Results: Dose response study shows a significant decrease of
tumor uptake of all tracers after two and more doses, even in the
case of later recurrence. Whereas H-Thd and '“C-Met tumor
uptake was similar to that of normal muscle, *®F-FDG tumor uptake
remains higher than that of muscle, even in the case of complete
tumor cure. The irradiated muscle shows a higher '®F-FDG uptake
than the nonirradiated muscle. Autoradiography after eight doses
(100% tumor cure) reveals elevated “C-DG tumor uptake to be
ascribable to nonmalignant cellular elements, in particular to a
macrophage layer at the rim of necrotic areas. Autoradiography after
four and six doses (33% and 57% tumor cure) shows the highest
methionine and thymidine uptake in viable cancer cells, whereas
deoxyglucose uptake did not differ between viable cancer cells and
macrophages. Conclusion: To detect and differentiate viable can-
cer cells in a residual tumor mass after radiotherapy, PET using
11C-methionine or ''C-thymidine may have some advantages over
'8F-FDG, especially if the residual tumor includes larger areas of
necrosis. A
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Per using 2-deoxy-2-'®F-fluoro-D-glucose ('*F-FDG) and
L-methyl-''C-methionine (''C-Met) is well established in the
dia%nosis and follow-up of cancer (/-7). However, the decrease
of "8F-FDG tumor uptake after therapy may not necessarily
indicate a good prognosis (2,4,7), and even a high tumor uptake
of '8F-FDG after therapy may not always be consistent with the
diagnosis of tumor recurrence (3,5,8,9). In a nonirradiated
experimental tumor, about 25% of the total tumor uptake of
8E_FDG was derived from nonmalignant cellular elements
within the tumor (/0). Carbon-14-methionine as a substitute for
'C-Met uptake was not significantly influenced by changes in
intratumoral components due to its lower accumulation in
nonmalignant cellular elements (//). The different accumula-
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tion of PET tracers may become clinically relevant, in particular
after radiotherapy, because inflammation, granulation, fibrosis
and necrosis appear in the residual tumor (/2-15). These
changes may not be limited to the tumor itself but may affect
the peritumoral normal tissue in the field of radiation as well.

Tumor uptake of '“C-Met and 6-*H-thymidine (*H-Thd) in
rat AH109A hepatoma decreased more rapidly than that of
'8F-FDG after a 20-Gy single-dose irradiation, despite uptake
changes of all three tracers preceding the spread of necrosis and
tumor shrinkage (/6). It remains to be studied whether the
initial decrease of tumor uptake can predict the final outcome or
whether the tracer uptake by residual tumor mass in the
midterm follow-up after fractionated radiotherapy can differen-
tiate recurrence from fibrosis and scar.

It was recently shown that the '*F-FDG uptake of normal
tissue does not change significantly after radiotherapy (/7).
Contrary to this, a persistent and significant increase of '*F-
FDG uptake in the chest wall of patients treated with external
radiation for bronchogenic carcinoma has been observed by
others (/8). Whether methionine and thymidine show similar or
different accumulation than deoxyglucose in normal tissue due
to irradiation has not been investigated.

This study was designed to elucidate the midterm follow-up
of tumor and normal tissue uptake of FDG, L-methionine and
thymidine after different radiation doses using a rat AH109A
tumor model.

MATERIALS AND METHODS

Animals, Tumors and Irradiation

The experimental protocol for this study, involving animals
maintained in the animal laboratory of the Institute of Develop-
ment, Aging and Cancer, was fully accredited by the Laboratory
Animal Care Committee of the Tohoku University.

Five-week-old male Donryu rats were injected subcutaneously
on their left thighs with a 0.1-ml suspension containing 7 X 10°
cells of syngeneic ascitic hepatoma AH109A. Cobalt-60 irradiation
was started 8 days later. The rats were anesthetized with 5 mg
sodium pentobarbital intraperitoneally, then fixed with adhesive
tape to place the tumor-bearing thigh in the field of irradiation (/9).
The tumors were exposed to single or multiple doses of 5 Gy at a
dose rate of 1.03 Gy/min (at 65 cm SSD and 1-cm depth) with a
copper aluminum filter. Irradiation was repeated 1, 3, 5 and 7 times
with a 24-hr dose interval between two dose fractions.

Tumor Growth Study

Solid tumors were measured using a Vernier caliper every day
until the death of each rat. The product of the three principal
diameters of tumor was designated as tumor volume (20). Six rats
per group were used for single-, two- and four-dose irradiation and
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seven rats cach were used for the six- and eight-dose experiment.
To rule out different tracer uptakes due to the procedure of
irradiation with repeated anesthesia, a nonirradiated and a sham-
irradiated control group were used. Each control group consisted of
12 rats.

Irradiation started when tumor volume was approximately 3500
mm?® (about 15 mm in diameter). Growth delay was expressed as
the time after irradiation for the tumor to grow to double the size
it was at the beginning of irradiation. Growth delay of the irradiated
tumors was compared to that of the control tumors.

Triple-Tracer Tissue Distribution Study

The tissue distribution study was performed on Day 6 after
radiotherapy with single or multiple doses of 5 Gy and nonirradi-
ated controls. A total of 38 tumor-bearing rats, with five to eight
rats per group, were used. After 12 hr of fasting, a mixture of three
tracers [2.5 MBq '®F-FDG (radiochemical purity > 99%), 185 kBq
6->H-thymidine (specific activity 851 GBg/mmole, radiochemical
purity 99.2%, Amersham Int., UK) and 185 kBq L-methyl-'*C-
methionine (specific activity 2.04 GBg/mmole, radiochemical
purity 99.9%, Amersham Int., UK)] in 0.25 ml of saline was
injected through a lateral tail vein. One hour later, the rats were
anesthetized and killed. Tissue samples were quickly excised and
weighed, followed by '*F measurement by an automated gamma-
scintillation counter. Three days later, when '®F had decayed,
tissue samples were prepared for liquid scintillation counting of *H
and '*C. Each sample was digested and bleached with 0.5 ml
perchloric acid and hydrogen peroxide (1:3) in a heater at 75°C for
2 hr. The samples were mixed with 10 mli of scintillation cocktail
and left at room temperature overnight (/6). Tissue radioactivity
was expressed as a differential uptake ratio (DUR) (/9):

DUR = tissue counts (cpm)/tissue weight (g)
" injected dose counts (cpm)/body weight (g)

Autoradiography

Seven rats were prepared for autoradiography (ARG) 6 days
after four and six doses of 5 Gy ®’Co. After fasting overnight, 750
kBq of either 2 deoxy-D-[1-'*C]-glucose (specific activity 2.18
GBg/mmole, radiochemical purity > 98%, Amersham Intl., UK),
[2-'*C] thymidine (specific activity 1.92 GBg/mmole, radiochem-
ical purity 98.1%, Amersham Intl., UK) and '*C-Met were injected
through a lateral tail vein, and the rats were killed 1 hr later by an
overdose of chloroform. The tumors were quickly dissected,
embedded in O.C.T. compound (Miles Inc., Elkhart, IN) and deep
frozen on a block of dry ice. Five-um-thick sections were cut off
on a cryostat at —26°C and directly contacted with ARG film
(MARG “*H-type, Konica, Japan). After developing the film,
sections on the slides were stained with hematoxyline and eosine.

Two rats were prepared for double-tracer ARG 6 days after eight
doses of 5-Gy ®°Co irradiation. For this, a mixture of 185 MBq
'F-FDG and 750 kBq '*C-Met in 0.5 ml saline was injected. The
further procedure was the same as for single-tracer ARG. ARG
film exposure was 2-4 hr for '*F and 7-10 days for '*C image.

Semiquantitative evaluation of autoradiograms was done by
measuring optical density in the ROIs with a precision densitom-
eter (Sakura PDA 25, Tokyo, Japan) (2/). To rule out depictable
differences in grain size and numbers due to the physical nature of
'®F, 3H and '*C, only '*C-labeled tracers were used for quantita-
tion.

Statistics

Analysis of mean DUR and optical density values was done
using Student’s t-test. A Bonferroni correction was applied for
multiple comparisons.
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FIGURE 1. AH109A tumor response to different dose fractions. Tumor
volume changes are plotted on a logarithmic scale against the time on a
linear scale. The relative tumor volume of each group at the beginning of
imadiation (Day 0) is designated as 1.

RESULTS

The pattern of response of AH109A tumor growth to differ-
ent doses of 5-Gy ““Co-irradiation is shown in Figure 1. No
significant difference in tumor growth was observed between
nonirradiated and sham-irradiated controls. Therefore, only one
control group is displayed in the figure. Tumor doubling time
was 2.6 days, measured from the beginning of irradiation.
Growth delay was 4.9 * 1.3 days after a single dose, 10.6 + 1.5
days after two doses and 15 * 1.2 days after four doses. All
differences were significant (p < 0.001). Growth delay could
not be given for the six- and eight-dose experiments. In the
six-dose group, two rats showed a tumor regrowth after therapy
but died of distant metastasis before tumor volume reached the
size it was at the beginning of radiation. No tumor regrowth was
observed in the eight-dose group and the tumor disappeared
completely 4—6 wk after radiotherapy. Two rats of the four-
dose group and four rats of the six-dose group were cured of
their tumors (not shown in the figure). Tumor cure was
achieved in 100% after eight doses, in 57% after six doses and
in 33% after four doses.

Fluorine-18-FDG (left), *H-Thd (middle) and '*C-Met (right)
uptake of different tissue samples 6 days after radiotherapy with
single or multiple fractions of 5 Gy each and of nonirradiated
controls is shown in Figure 2. The tumor uptake of all tracers
declined rapidly after a single dose (p < 0.05 for '*F-FDG, p <
0.01 for *H-Thd and p < 0.001 for '“C-Met) but slowly after
more than two doses (not significant for all tracers). Muscle
from the lower leg, which was in the field of irradiation, shows
a significantly higher '*F-FDG uptake than the corresponding
nonirradiated muscle from the contralateral thigh after two and
more fractions (p < 0.01). The tumor uptake of '*F-FDG
remained higher than that of irradiated muscle (p < 0.01 for
single-, two-, six- and eight-dose experiments, not significant
for four-dose experiments). Contrary to '*F-FDG, the tumor
uptake of *H-Thd and '“C-Met declined to the level of muscle
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FIGURE 2. The differential uptake ratio
(DUR,) as a function of dose fractions. The
left graph shows the '8F-FDG uptake of
tumor and normal tissues, the middle and
the right graph show the comesponding
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with no difference between the irradiated and nonirradiated
muscle.

To figure out why tumor uptake of deoxyglucose but not of
methionine was higher than that of muscle even in the case of
100% tumor cure, double-tracer ARG with '8F-FDG and
14C-Met was performed after eight doses. Figure 3A shows the
'8F-FDG image, Figure 3B the '*C-Met image and Figure 3C
the corresponding histologic section. Fluorine-18-FDG is the
highest on the rim of central necrosis and on a few spotty dense
areas within the tumor. Carbon-14-Met uptake on those areas is
not increased. Figure 3D shows a layer of activated macro-
phages (with clear cytoplasm) between necrosis on the left and

degenerating cancer cells on the right to cause the increased
'8F.FDG uptake. The spotty dense areas on the '*F-FDG image
consist of degenerating cancer cells with significant infiltration
of macrophages and fibroblasts (not shown).

Single-tracer ARG with '“C-labeled tracers was performed to
assess differentiation of recurrence in a residual tumor before
the appearance of regrowth. Figure 4A shows a '*C-Thd ARG
of a tumor after six doses. Except for four small areas of
increased '“C-Thd uptake, the tumor uptake is homogeneously
low. Figure 4B shows the corresponding histologic sample,
Figure 4C shows details of the rim of necrosis (arrowhead)
and Figure 4D shows one area of increased uptake (arrow). The

(F) and degenerating cancer cells (DC) with macrophage and fibroblast infiltration can be identified. (D) A 200-fold magnification of the rim of central necrosis
(arrow). Necrosis (N), macrophage layer (M) and degenerating cancer cells (DC) can be differentiated. Scale bar is 1 mm for A, B and C and 50 um for D.
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FIGURE 4. (A) ARG with '“C-Thd and (B)

ing histology of a continuously

shrinking tumor. Note some spotty dense areas in the inferior part of the

tumor (arrow). (C) Detalils of the rim of necrosis (arrowheads). (D) A 200-fold magnification of a hot spot (arrow) consisting of viable cancer cells (VC). Necrosis
(N), macrophage layer (M), fibrosis (F), viable cancer cells (VC) and degenerating cancer cells (DC) can be differentiated. Scale bar is 1 mm for A and B and

50 pum for C and D.

macrophage layer on the rim of necrosis has almost the same
low uptake as areas of degenerating cancer cells with fibroblast
and macrophage infiltration. The hot spot consists of an islet of
viable cancer cells.

Figure SA shows the '*C-Met ARG of a tumor after four
doses and Figure 5B shows the corresponding histologic sec-
tion. Methionine uptake is the highest in the periphery of the
tumor. The remaining tumor shows a much lower uptake, but
inhomogeneity of accumulation pattern was somewhat more
distinct than that of thymidine. Figure 5C shows a small
necrotic area on the right (arrowheads), having the lowest
uptake in the tumor. Carbon-14-Met uptake in the surrounding
macrophage layer is not increased. Figure SD shows details of
the tumor periphery, consisting of a solid mass of viable cancer
cells (arrow).

Figure 6A shows a '*C-DG ARG of a tumor after four doses,
and Figure 6B shows the corresponding histologic section. A
central fibrotic area is surrounded by numerous foci of in-
creased deoxyglucose uptake. Figure 6C (white arrow) and 6D
(black arrow) show histologic details of two such areas. Note
that '4C-DG accumulation of an area consisting of degenerating
cancer cells with macrophage and fibroblast infiltration (Fig.
6C) is almost the same as in another area, where cancer cells
have started again to form the typical lobular structure of
hepatoma and to regrow (Fig. 6D).

Semiquantitative evaluation confirmed visually interpreted
intratumoral accumulation pattern of the three tracers (Table 1).
Residual tumors after four and six doses that currently did not
regrow before Day 6 after radiotherapy were used for this
comparison. Compared to degenerating cancer cells, the mac-
rophage uptake of '*C-DG is higher (p < 0.001), but the same
in the '*C-Thd image and lower in the '“C-Met ARG (p <
0.01). Uptake of '*C-Thd and '“C-Met on viable cancer cells is
significantly higher than on the macrophage layer at the rim of
necrosis (p < 0.001), whereas '*C-DG shows no difference.
Furthermore, '*C-DG uptake of muscle after irradiation is
significantly higher than that of nonirradiated muscle (p <
0.001), whereas '“C-Thd and '“C-Met uptake are almost the
same.

DISCUSSION

The present study uses a fractionated dose regimen to
evaluate the midterm effect of radiotherapy on tumor and
normal tissue uptake of deoxyglucose, thymidine and methio-
nine. Fractionation spares normal tissue because of repair of
sublethal damage between dose fractions and increases damage
to the tumor because of reoxygenation and reassortment of cells
into radiosensitive phases of the cycle (22). These basic terms
of fractionation are confirmed for the rapidly growing AH109A
rat tumor when compared to previous single-dose experiments
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FIGURE 5. (A) ARG with '“C-Met and (B) corresponding histology of a tumor 6 days after four doses. (C) A small necrotic area (arowheads). (D) Details of
an area with increased methionine uptake (arrow); it consists of viable cancer cells. Necrosis (N), macrophage layer (M), fibrosis (F), viable cancer cells (VC)
and degenerating cancer cells (DC) can be differentiated. Scale bar is 1 mm for A and B and 50 um for C and D.

(16,19). Growth delay of AH109A after a 10-Gy ®°Co radiation
is significantly longer when total dose is split into two equal
fractions of 5-Gy compared to a single dose (16): 10.6 = 1.5
days compared with 8 = 1.2 days (p < 0.01). The relative
tumor volume 10 days after a 20-Gy single dose was 48 *+ 10%
of that before irradiation (/9), but 36 = 9% (p < 0.05) when the
dose applied is divided into four fractions of 5 Gy each with a
24-hr dose interval. Complete tumor cure could be achieved in
33% after four doses, in 57% after six doses and in 100% after
eight doses of 5 Gy ®°Co radiation. Therefore, the eight-dose
group represents a residual tumor mass without any viable
cancer cells, whereas the four- and six-dose groups represent a
residual tumor that may regrow. The single- and two-dose
groups may be representative for early recurrence.

Multiple-dose fractions require multiple courses of anesthesia
given to the rats, which may accelerate tumor growth by
suppression of immune response (23) or by increasing the
radiobiological hypoxic fraction (24). However, eightfold ad-
ministration of 5 mg pentobarbital intraperitoneally in the
sham-irradiated control group did not produce a statistically
significant difference in the growth of AH109A hepatoma,
which is similar to the findings in 9L gliosarcoma-burdened rats
(25).

This study shows a radiation-induced increase in deoxyglu-
cose uptake of muscle tissue in the field of radiation. Thymidine
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and methionine uptake on irradiated and nonirradiated muscle
remains almost equal. There are few clinical reports depicting
an increased '®F-FDG uptake in normal tissue after radiation.
Fluorine-18-FDG uptake of the sacral bone was increased in
two patients after radiotherapy for rectal cancer without evi-
dence for osseous alteration (8). Six months after therapy,
18F.FDG uptake of the chest wall of patients with bronchogenic
carcinoma was still found to be 40% higher than before
treatment (18). On the other hand, overlapping of '*F-FDG
uptake in distinguishing between fibrosis and persistent or
recurrent cancer after radiation for bronchogenic cancer was
relatively small (26).

The pathophysiological mechanism underlying the increase
of '8F-FDG uptake of irradiated muscle is unknown. Radiation
will induce some time- and dose-dependent injuries to normal
tissue. Significant damage to the capillary endothelial cells and
the vascular basal lamina with subsequent fibrosis has been
reported (/3). An increase of the functional vascular volume
was followed by elevated extravasation rate of plasma proteins
(15). In the mid 1980s, Kairento et al. used PET and '°C oxygen
and 'O inhalation technique in rabbits to study regional blood
flow and oxygen utilization in muscle (27). Regional blood flow
increased 95% in the skeletal muscle after three doses of 6-Gy
radiation delivered on consecutive days. The regional oxygen
extraction fraction increased only 45% in muscle for at least one
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high DG uptake. (C) Some of these areas (white arrow) consist of

cancer cells with massively infiltrating fibroblasts and and (D)

others, as marked with a black arrow, show a beginning regrowth. (D) A mitosis is marked (arrow). Macrophage layer (M), fibrosis (F), viable cancer cells (VC)
and degenerating cancer cells (DC) can be differentiated. Scale bar is 1 mm for A and B and 50 um for C and D.

week (27). This difference may be interpreted as hypoxia due to
irradiation. In the skeletal muscle, hypoxia induces an adaptive
response of increasing cellular glucose uptake through elevated
expression of GLUT 1 glucose transporter in an attempt to
maintain supply of glucose for utilization by nonoxidative
pathways (28-31). While muscle uptake of DG increases due to
hypoxia, the uptake of amino acids does not change during a

6Xpoxlc state (29). Exposure to free radicals, as produced by

Co radiation, may induce an inactivation of the key enzyme of
oxidative phosphorylation, the mitochondrial FyF, ATP syn-
thase (32). Anaerobic glycolysis, as source of energy, may be
increased due to this process (33). Because anaerobic glycolysis
is less effective than aerobic glycolysis, the glucose transport
may increase consecutively. However, enzyme activity and

TABLE 1
Optical Density of Different Tissue Components of AH109A Tumor in Carbon-14-Labeled Autoradiograms with Deoxyglucose,
Thymidine and Methionine after Fractionated Radiotherapy (Background-Corrected)

Optical density Ratio relative to muscle
Tissue 14C-DG 14C-Thd 14C-Met DG Thd Met
Viable cancer cells 1.08 = 0.11 1.02 = 0.06 1.12 = 0.06 2.57 243 254
Degenerating cancer cells* 0.71 = 0.18 0.44 = 0.04 0.59 *+ 0.05 1.69 1.05 134
Macrophage layer 1.06 = 0.15 0.42 + 0.03 0.53 = 0.04 2.52 1.0 12
Fibrotic tissue 0.48 = 0.06 0.40 = 0.03 0.38 = 0.05 1.14 0.95 0.86
Necrotic tissue 0.32 = 0.02 0.37 £ 0.03 0.34 = 0.02 0.76 0.88 0.77
Iradiated muscle 0.50 = 0.03 041 +0.03 0.44 = 0.04 12 0.98 10
Nonirradiated muscle 0.42 = 0.05 0.42 + 0.03 0.44 = 0.04 — — —_
Each value is the mean * s.d. of 12 measurements of three rats each.
*Includes fibroblasts and few macrophages.
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oxygenation of muscle tissue after radiation could not be
evaluated in this experiment.

Desplte muscle uptake of '8F-FDG increased due to radio-
therapy, '8F-FDG uptake of the residual tumor mass was always
higher than that of irradiated muscle. Previous experiments had
shown that the initial decline of FDG uptake in a tumor after
radiation is somewhat slower than that of methionine or
thymidine (/6). Tumor FDG uptake in vivo showed a linear
correlation to the percentage of viable tissue after radiotherapy
(34). In this study, residual tumor mass after eight doses
consisted exclusively of nonmalignant cells. Double-tracer
ARG revealed elevated FDG uptake of residual tumor mass to
be ascribable to macrophages on the rim of necrosis and, to a
lesser extent, by fibroblast and macrophage infiltration in areas
of degenerating cancer cells.

Despite the magnitude of 'F-FDG tumor uptake changes
after radiation is larger than that of methionine and thymidine,
tumor uptake of all investigated tracers could not differentiate
later recurrence on Day 6 after radiotherapy (Fig. 2). At this
time, assessment of recurrence could be done only by the
intratumoral accumulation pattern of methionine or thymidine.
The uptake of both tracers is more than two times higher in
viable cancer cells than in all other cellular elements of the
residual tumors (Table 1). Although DG uptake of viable cancer
cells is significantly higher than that of areas of degenerating
cancer cells with fibroblast and macrophage infiltration, it
might be difficult to differentiate viable cancer cells, because
DG uptake in the macrophage layer around necrosis is equal to
that in viable cancer cells. Enhanced glycolysis, which is
characteristic for malignancy, is an activation signal for mac-
rophages as well (35), which may have a two to four times
higher glucose uptake than viable cancer cells.

In pretreatment studies with FM3A tumors of C3H mice, it
has been shown that up to 29% of tumor uptake may be
attributed to noncancer cells (/0). There is a distinct variability
on total DG uptake of macrophages: the more aggressive the
tumor growth, the higher the total DG uptake of macrophages
(11). Untreated MHI134 and FM3A mouse tumors show a
higher '8F-FDG uptake on tumor-assocmted macrophages than
on viable cancer cells, whereas '“C-Met and *H-Thd uptake was
highest on viable cancer cells (/1,36). Necrobiotic or degener-
ated cancer cells, which exist as well within the untreated
tumor, had almost the same '“C-Met but a higher '®F-FDG
uptake than macrophages (//). Six days after fractionated
radiotherapy of AHI109A tumor, these proportions are almost
the same for '*C-Met and '“C-Thd uptake. The uptake of
'8E_FDG and '*C-DG after radiation is somewhat different: the
uptake of viable cancer cells and macrophages is equal but
higher than that of necrobiotic or degenerating cancer cells
(Table 1). All other cellular components of the residual tumor
showed a significantly lower uptake. Relevant FDG-uptake by
nonmalignant cellular elements of the tumor may be welcome
for pretreatment evaluation because it will increase detectability
of smaller tumors and metastases. However, if PET is per-
formed after treatment to differentiate later recurrence in a
residual tumor mass, tracer accumulation in noncancer cells is
undesirable. It might be difficult to differentiate between cancer
recurrence and nonmalignant cellular components that form to
a significant degree during the healing process of the tumor for
a longer time period after radiotherapy usmg 18E_FDG. On the
other hand, there is no difficulty in assessing cancer recurrence
when there is an area of increased ''C-Met or ''C-Thd uptake
in a residual tumor mass. Whether these findings on a rat
hepatoma can be transferred to the variety of human tumors
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with different localizations, different growth rates and different
biologic hypoxic fractions remain to be studied.

CONCLUSION

The present study has shown in the AH109A tumor that: (a)
methionine and thymidine, but not deoxyglucose, enable dif-
ferentiation of remaining or recurrent viable cancer cells and
nonmalignant cellular elements in a residual tumor in the
midterm follow-up after radiotherapy; (b) as long as the tumor
does not regrow after radiotherapy, the total uptake of deoxy-
glucose, methionine and thymidine in the residual tumor mass
is similarly low, independent of the number of dose fractions
and later recurrence; and (c) muscle uptake of deoxyglucose,
but not of methionine and thymidine, increases temporarily
after irradiation.
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Monitoring Gene Therapy with Herpes Simplex
Virus Thymidine Kinase in Hepatoma Cells:
Uptake of Specific Substrates
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and Gerhard van Kaick
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This study investigates the application of PET with specific sub-
strates for the assesment of enzyme activity after transfer of the
herpes simplex virus thymidine kinase (HSV-tk) gene. Methods:
After transfection of a rat hepatoma cell line with a retroviral vector
containing the HSV-tk gene, different clones were established by
G418 selection. Uptake measurements were performed up to 48 hr
in a TK-expressing cell line and in a control cell line using thymidine
(TdR; measured under therapy conditions), fluorodeoxycytidine
(FACyt) and ganciclovir (GCV). Additionally, bystander experiments
and inhibition/competition studies were done. Results: in TK-ex-
pressing cells GCV treatment caused an increased (up to 250%)
TdR uptake in the acid-soluble fraction and a decrease to 5.5% in
the acid-insoluble fraction. The FdCyt uptake was higher in the
TK-expressing cells than in controls with a maximum after 4 hr
(12-fold and 3-fold higher in the acid-insoluble and acid-soluble
fraction). GCV accumulated up to 180-fold more in the acid-insolu-
ble and 26-fold more in the acid-soluble fraction. GCV uptake
occurred mainly by the nucleoside transport systems. Bystander
experiments revealed a relation between growth inhibition or GCV
uptake and the amount of TK-expressing cells. GCV uptake and
growth inhibition were correlated with r = 0.96. Conclusion: As-
sessment of GCV accumulation may serve as an indicator of the
enzyme activity and of therapy outcome. TdR may be useful to
measure therapy effects on DNA synthesis, whereas the potential of
FdCyt has to be investigated in further studies.
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UPTAKE OF SPECIFIC SUBSTRATES DURING GENE THERAPY * Haberkorn et al.

Gene therapy is one of the most promising approaches in
cancer therapy directed to selectively target and destroy tumor
cells. Using recombinant vector systems, suicide genes may be
introduced in the malignant cells. These genes encode enzymes,
which convert nontoxic prodrugs into highly toxic metabolites.
Since retroviruses preferentially infect dividing cells, recombi-
nant retroviral vectors are useful tools for the transfer of genes
in proliferating tissues as malignant tumors. Tissue specificity
may be achieved by modifying the virus envelope (/) or the
introduction of tissue or even tumor specific regulatory se-
quences (2,3).

Gene therapy with herpes simplex virus thymidine kinase
(HSV-tk) has been performed in a variety of tumor models in
vitro and in vivo (4-9). In contrast to human thymidine kinase,
HSV-tk is less specific and phosphorylates nucleoside analogs
such as acyclovir and ganciclovir (GCV) to their monophos-
phate metabolites (/0). These monophosphates are subse-
quently phosphorylated by cellular kinases to the di- and
triphosphates. After integration of the GCV metabolites into
DNA, chain termination occurs, followed by cell death.

Although it has been shown that not all tumor cells have to be
infected to obtain a sufficient therapeutic response (6,8,9),
repeated injections of the recombinant retroviruses may be
necessary until a therapeutic level of enzyme activity in the
tumor is reached. Therefore, planning and individualization of
gene therapy with the HSV-tk suicide system necessitates the
assessment of suicide gene expression in the tumor to decide if:
repeated gene transductions of the tumor are necessary, and to
establish a therapeutic window of maximum gene expression
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