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The potential use of PET to monitor radiotherapeutic effects
on tumors has been evaluated with L-[1-''C]tyrosine and
'®FDG. Single x-ray doses of 10, 30, or 50 Gy have been
applied to rhabdomyosarcoma tumors growing in the flank of
rats. Dose-dependent reductions of tracer uptake were reg-
istered by PET 4 and 12 days after treatment. These later
effects on tracer uptake appeared to correlate with changes
in tumor volume. Therefore, PET using L-[1-''C]tyrosine and
'®FDG is suitable to monitor kinetics of tumor growth and
tumor regression after radiotherapy. Direct effect on tracer
uptake was not observed within 8 hr after irradiation. This
indicates that, using PET, early predictions on the outcome
of radiotherapy are not possible. When combining a radiation
treatment with hyperthermia, radiation-induced inhibition of
tumor growth was clearly enhanced. Tracer uptake remained
at the pretreatment value, possibly due to invasion of host
cells. From these experiments, it can be concluded that it is
difficult to monitor a combined treatment of radiation and
hyperthermia by PET.
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In clinical practice, it is difficult to give a reliable prog-
nosis concerning the curative outcome of a radiotherapeu-
tic treatment. With positron emission tomography (PET),
metabolic processes in tissues, such as synthesis of mac-
romolecules and glycolysis, can be investigated and quan-
tified. Therefore, PET might be an elegant technique for
monitoring tumor treatment on the basis of tumor metab-
olism.

Irradiation of tumors is known to result in inhibition of
DNA synthesis, whereas protein synthesis and carbohy-
drate metabolism are only marginally influenced at the
doses used in clinical practice (/-4). Direct radiation
effects on glycolysis, protein synthesis or amino acid trans-
port can only be expected at high doses (>100 Gy) (5-7).
From this, it may be expected that PET measurements,
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used to monitor acute radiation effects on protein synthesis
and glycolysis, are less profitable for prognosis of radiation
effects on tumor growth.

In rats, Knapp et al. (8) measured acute reductions of
N-glutamate uptake into Walker 256 carcinosarcomas
30 min after 8 Gy %Co-irradiation. Also in tumor-bearing
rats, Kubota et al. (9) found a relatively rapid decrease of
L-[methyl-''C]methionine uptake within 6 hr after 20 Gy
%Co irradiation. This prompted us to evaluate, in an
experimental animal model, direct and indirect radiation-
induced changes of amino acid utilization of tumors by
PET. To correlate amino acid uptake with protein synthe-
sis in the tumor tissue, parallel studies with '“C-labeled
amino acids are necessary in which the percentages of
amino acid incorporated into proteins are determined.

It is difficult to determine the actual tumor volume in
patients undergoing radiotherapy. In clinical studies with
2-['®F]-fluoro-2-deoxy-D-glucose ('*FDG), PET data were
merely correlated with the clinical outcome of treatment,
but not with the tumor volume present at the time of the
PET measurement (/0-12). It is therefore important to
correlate PET data obtained in tumors before and after
radiotherapy with the actual radiobiological effects on
tumor growth at the time of PET.

Hyperthermia rapidly suppresses protein synthesis in
tumor tissue (/3,/4). This phenomenon appeared to be
useful for the prediction of tumor growth by PET after a
hyperthermic treatment (/5). Furthermore, hyperthermia
has a sensitizing effect on treatment with ionizing radiation
(16,17). It is therefore of interest to evaluate the effects of
the combined treatment of radiation and hyperthermia on
L-[1-""C]tyrosine (''C-tyr) and '®*FDG uptake and to cor-
relate these data with the effects on tumor growth.

The aims of the current study are:

1. To investigate the effects of radiotherapy as well as
the combination of radiotherapy and hyperthermia
on tumor uptake of ''C-tyr and '*FDG with PET,
and to compare the ''C-tyr data with L-[1-'*C]tyro-
sine (*C-tyr) data on uptake and incorporation as
obtained after dissection of tumor.
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2. To determine the effects of the respective treatments
on tumor growth and to correlate these with the PET
data.

MATERIALS AND METHODS

Radiotracers

According to Bolster et al. (/8), the radiopharmaceutical ''C-
tyr with a radiochemical purity of >99% and a specific activity
of >3.7 GBq/umol (100 Ci/mmol) was synthetized via the iso-
cyanide route. '*FDG was synthetized according to Hamacher et
al. (19). The radiochemical purity of '*FDG was >97%.

Animals

Rhabdomyosarcoma-bearing rats (20) were purchased from
TNO, Rijswijk, The Netherlands. Cubic pieces of rhabdo-
myosarcoma tissue that weighed 100 mg were dissected from
these animals and subcutaneously grafted into the left flank of 2-
mo-old female Wag/Rij rats with a weight of 140 g. Eighteen
days after transplantation, the tumors developed to ellipsoid-
shaped volumes between 4 and 5 ml. At these volumes, the
tumors were free of necrotic tissue. The rats had free access to
water and food (RMH pellets, Hope Farms, Woerden, The Neth-
erlands).

Radiotherapy and Hyperthermia

Prior to a radiotherapy, the tumor-bearing animal was sedated
with an intraperitoneally injected dose of 1.5-2.0 mg sodium
pentobarbital (1.5 g/100 ml saline) per 100 g body weight. The
body of the rat was protected by a telescoping lead cylinder with
a total shielding thickness of 4 mm. From these lead shields, the
tumor protruded through a slit. For irradiation a Philips-Muller
Mg 300 Rontgen source, operated at 200 kV and 15 mA, was
used. Only the tumor was irradiated. X-rays were filtered with
0.5 mm Cu and 0.5 mm Al The dose rate was 3 Gy/min. Each
animal received a single dose of 10, 30 or 50 Gy, respectively.
Ten minutes after irradiation, a number of the animals that were
exposed to 30 Gy received a hyperthermia treatment at 45°C for
15 min. Hyperthermia was carried out as described previously
(15).

L-[1-'“C]Tyrosine Experiments

At 8 hr, 4 days or 12 days after radiotherapy, rats with tumors
exposed to doses of 10 Gy, 30 Gy or 50 Gy, were investigated
with '“C-tyr. At these points in time, rats were anaesthetized as
described below and intravenously injected with 93 kBq (2.5 uCi)
MC-tyr (specific activity 2 MBq/umol, Amersham International
Buckinghamshire, UK). Forty-five minutes after this injection,
the rats were killed by a heart puncture, and the tumors were
rapidly dissected. Seven samples (50-100 mg) were obtained from
the dissected tumors, except from the tumors investigated 12
days after 10 Gy single-dose radiotherapy. In the latter case the
volumes were larger than 10 ml, and necrosis amounted to 10%
of the total tumor weight. From this necrotic tissue, four samples
were taken as well. Each of the five tumor samples and the two
necrosis samples were dissolved in 1.5 ml Protosol® (Dupont,
Boston, MA) and after the addition of 10 ml Plasmasol® scintil-
lation liquid (Packard Instruments, Downers Grove, IL), the '“C-
radioactivity of the samples was measured by liquid scintillation
counting. The uptake of '“C-tyr into the tissue was calculated as
the differential absorption ratio (DAR), i.e. (activity sample/
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activity injected) X (weight rat/weight sample). The remaining
two tumor samples and the two necrotic samples were used to
determine the incorporation of '“C-tyr into tumor proteins. These
samples were homogenized and the protein fraction was precipi-
tated with trichloro acetic acid. The acid insoluble fraction was
expressed as a percentage of the total '“C-activity of the tumor.
Tumor tissues of eight untreated animals served as control.

PET Experiments

Animals were intraperitoneally anaesthetized with 3-4 mg
sodium pentobarbital (3 g/100 ml saline) per 100 g body weight,
and received a catheter temporarily inserted into a tail vein to
facilitate complete injections of tracer. In order to sustain anes-
thesia, rats were given an additional dose of 1 mg per 2 hr.
Anesthesia had a lowering effect on body temperature. To main-
tain body temperature within the physiological range, animals
were irradiated with infra red lamps.

PET data were acquired with a stationary double-headed pos-
itron camera (21). This camera, with a resolution of 5.5 mm, has
a sensitivity of 2.7 cps/KBq (100 cps/uCi). The accuracy of
quantification, based on the statistical error in the measured
counts amounted less than 2% for the tumor. The quantification
with this system and this type of tumor-bearing animals has
extensively been described by Daemen and co-workers (22,23).
The time schedule for the consecutive PET measurements is
given in Figure 1. After positioning the untreated rat into the
PET camera, an intravenous dose of 1.1 MBq (30 uCi) !'C-tyr in
a volume of 0.2 ml was administered as a fast bolus, and PET
data were acquired for 45 min. After each injection, the catheter
was flushed with 0.05 ml saline. Three hours after the ''C-tyr
study, in the same tumor-bearing rat, a second PET study was
performed with 1.1 MBq (30 uCi) '*FDG for 45 min. After
regaining consciousness, the rat was allowed to recuperate for 1
day and was then subjected to radiotherapeutic and hyperthermic
treatment. Eight hours after these treatments, the tumor-bearing
rat was monitored with ''C-tyr as described above. Twelve hours
after treatment, when ''C-activity was reduced to a negligible
background level, the animal was also investigated with '*FDG.
Identical PET studies with '*FDG and ''C-tyr were carried out 4
days and 12 days after treatment. At the end of experimentation,
each individual animal had undergone a total of eight scans, four
with ''C-tyr and four with '®FDG. The radioactivity uptake into
the tumor was calculated from the measured counts in a 5-min
time frame between 40 and 45 min after injection, and expressed
as a DAR, i.e., DARPET: (counts tumor/volume tumor) X
(weight animal/counts animal).

Growth Curves and Growth Delays

The three principal diameters of the tumors were measured in
millimeters with vernier calipers while the animal was under
ether anaesthesia. From these measured diameters, the volumes
of the ellipsoid-shaped tumors were calculated using the formula:
V = Yx X length X width X thickness (24). These data were
plotted as growth curves and the tumor doubling times (TD) were
calculated. TD is the time needed for a tumor to double its
treatment volume. The treatment effect on tumor volume can be
expressed as growth delay (GD), which is calculated with the
formula: GD = (TD,, — TD.)/TD,, in which TD,, is the doubling
time for the treated tumors, and TD. is the doubling time
obtained in a control group of untreated animals. Statistical
significance was analyzed with Fisher’s distribution free sign test
(25).
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FIGURE 1. Time schedule of the experimental procedure for

PET measurements. Carbon-11-tyr ((J) and 'FDG (W) data were
acquired for 45 min. Time interval between ''C-Tyr and '®FDG
studies is 4 hr.

RESULTS

PET Experiments

PET images, as presented in Figure 2, show the distri-
butions of ''C-tyr and '*FDG in a Wag/Rij rat with a
rhabdomyosarcoma. In panels A and B, the uptake of ''C-
tyr and '*FDG into untreated tumors is shown at 45 min
after injection. The tumors are indicated with a horizontal
line. In panels C and D, distributions of ''C-tyr and '*FDG
at 12 days after 50 Gy irradiation are shown. From these
images, it can be observed that the tumor volume as well
as the amount of radioactivity per unit of volume is
decreased after treatment.

The uptake values of ''C-tyr and *FDG into rhabdo-
myosarcoma tissue were calculated as DARPET (Table 1).
The average DARPET values for !'C-tyr and '*FDG of 28

FIGURE 2. Distribution of "'C-tyr (A) and '®FDG (B) as meas-
ured by PET at 45 min after intravenous injection into the same
untreated RMS-bearing rat. Corresponding distribution of *'C-tyr
(C) and '®FDG (D) acquired 12 days after 50 Gy irradiation.
Tumors are indicated by horizontal lines. Black areas in the
images are caused by windowing in order to obtain clearer
visualization of the tumor.

untreated tumors were 1.59 and 3.49, respectively. From
these values, an '*FDG/"'C-tyr uptake ratio of about 2 was
calculated. This ratio was observed at all points of time

TABLE 1
PET Measurements on Uptake of ''C-tyr and '®FDG into Tumor Tissue of Rhabdomyosarcoma-bearing Wag/Rij Rats Before
and After Radiotherapy Only and Radiotherapy Combined with Hyperthermia

Time after treatment
Treatment Tracer Before 8/12 hrt 4 days 12 days number
10 Gy "C-tyr 1.63 £ 0.17 1.78 £ 0.16 1.64 +0.18 1.61+£0.12 n=8
(100 £ 0) (107 £ 5) (99 £+ 8) (100 + 4)
'*FDG 3.43 + 0.21 3.76 £ 0.27 3.53 £ 0.39 3.73+0.30
(100 £ 0) (110+7) (103 + 13) (110+ 10)
30 Gy C-tyr 1.70 £ 0.13 1.52 £ 0.12 1.28 + 0.13* 1.89 £ 0.25 n=8
(100 £ 0) (92+9) (79 £ 5) (113 £ 14)
'*FDG 3741027 3.73+0.23 257 £ 027" 3.51 + 0.49*
(100 £ 0) (103 +7) (64 + 10) (96 + 10)
50 Gy C-tyr 1.60 + 0.06 1.57 £ 0.11 1.36 +£ 0.15* 0.94 + 0.08* n=7
(100 + 0) (98 + 4) 83+ 8) (58 + 3)
'*FDG 3.84 £ 0.29 3.64 + 0.26 2.84 + 0.32* 2.08 + 0.27*
(100 + 0) (102 + 10) 79+ 12) (55 + 8)
30GyandHT*® "C-tyr 135+ 0.07 1.34 £ 0.13 148 £ 0.17 141 +0.15 n=5
(100 £ 0) (100 + 11) 113+ 17) (107 + 13)
FDG 272+ 017 2.62 + 0.50 2.82 +0.03 3.02 + 0.43
(100 + 0) (103 + 25) (111 £ 23) (120 + 31)
Uptake values expressed as DARPET; numbers in brackets are percentages.
Values are mean + s.e.m.
* p values of 0.05 or less with paired Student's t-test for differences with the untreated situation.
18 hr for "'C-tyr, 12 hr for '®FDG.
* For this value n = 7.
$ HT = hyperthermia for 15 min at 45°C.
PET Studies of X-Irradiated Tumors * Daemen et al 375



after the treatments. Consequently, the relative changes in
uptake for both tracers are about the same, and therefore
only results for ''C-tyr are described.

It was observed that the relative uptake of ''C-tyr into
the 10-Gy exposed tumors was not changed after treat-
ment. Four days after the 30- and 50-Gy treatments,
reductions of about 20% were measured. After 12 days,
the tumors treated with 30 Gy showed complete restora-
tion of ''C-tyr uptake to the level of the untreated situation,
whereas the 50-Gy irradiated tumors showed further de-
cline in "'C-tyr uptake.

The combined treatment of 30 Gy x-radiation with
hyperthermia did not have any significant effect on the
relative ''C-tyr uptake. Four days after treatment, a statis-
tically significant difference in tracer uptake was observed
between the tumors treated with 30 Gy only and the
tumors treated with 30 Gy in combination with hyper-
thermia.

L-[1-'“C]Tyrosine Studies

Wag/Rij rats with untreated tumors and with tumors
exposed to 10, 30 or 50 Gy were injected with '“C-tyr. For
reasons of comparison, the '“C-tyr assays were carried out
at the same points of time as in the PET studies using ''C-
tyr, namely 8 hr, 4 and 12 days after irradiation. Uptake
of '“C-tyr and incorporation of '“C-radioactivity into pro-
teins were measured in dissected tumor tissue obtained 45
min after injection. Total uptake was calculated as DAR.
The incorporation into proteins was calculated as percent-
age of the amount of accumulated '“C-activity (Table 2).
All tissue samples were homogeneous and appeared to be
representative for the total tumor, except at 12 days after
10 Gy, when a clear distinction could be made between
areas with necrotic and vital tissue, which was histologi-
cally verified in microscopic slices. In general, the '“C-
uptake data obtained after dissection of the tumor tally
with the '"C-tyr uptake data as measured by PET (see
Table 1). The amount of '“C-tyr in the tissue with necrosis

(N; last column in Table 2), measured at 12 days after 10
Gy irradiation, was about half the value of the untreated
tumors. It is also notable that pieces of necrotic tissue have
much lower amounts of '“C-tyr than the vital parts (V) of
the tumors. Since the volume of necrotic tissue is about
10% of the total, it is estimated that the total '“C-tyr
uptake, as expressed as DAR, is about 1.7. Therefore, the
small amount of necrotic tissue has no significant effect
on the total '“C-tyr uptake or the total ''C-tyr uptake.

At 4 days after irradiation with 10, 30 or 50 Gy, dose-
dependent reductions of '*C-tyr uptake of 21% (p < 0.05),
33% (p < 0.01) and 43% (p < 0.001) respectively, were
observed. Twelve days after treatment the uptake of '“C-
tyr into tumors exposed to 10 and 30 Gy was restored to
the value of the control group, while in the 50-Gy irradi-
ated tumors, uptake was still significantly reduced with
35%.

The percentage of '“C-tyr incorporated into proteins is
considered to be a reflection of the protein synthesis in the
tumor tissue. The incorporation values measured at differ-
ent points of time after the respective irradiations (68%-
87%) did not differ much from the values measured in the
untreated situation (78%).

Growth Curves and Growth Delays

The effects of irradiation on tumor growth were evalu-
ated by measuring tumor volumes in time course. To
compare the effects of the respective irradiation doses on
tumor growth, tumor volumes measured after treatment
were normalized to the volumes at the time of treatment
(100%). The data on relative tumor volumes were plotted
to obtain the growth curves as shown in Figure 3. This
figure shows that for a duration of 7 days after 10 Gy
irradiation, tumor growth had stopped. During this period,
the tumors that were exposed to 30 and 50 Gy showed
decreasing volumes. After 12 days, the 10-Gy as well as
the 30-Gy irradiated tumors were in progressive growth,
in contrast to the 50-Gy tumors. Recurrence of growth of

TABLE 2
Uptake of “C-tyr into Tumor Tissue and Its Incorporation into Tumor Proteins of Rhabdomyosarcoma-bearing Rats After
Radiotherapeutic Treatments at Different Time Points

Time after radiotherapy
Treatment Ohr(n=28) 8 hr(n=>5) 4 days (n = 6) 12 days (n=5)
Untreated 1.86 £ 0.18* — — —
(78 £ 6) — — —
10 Gy —_ 211 +£037 1.47 £ 0.31 V.1.76 £ 0.12'
— (80 + 6) (73+3) (87 £ 4)
N. 0.85 + 0.40*
(82 +3)
30 Gy —_ 1.68 £ 0.14 1.24 £ 0.29 2.01 £ 0.34
— (80 + 4) (73+8) (82+3)
50 Gy — 1.68 + 0.21 1.07 £ 0.3 1.22 £ 0.10
— (77 £ 4) (68 + 8) (78 £ 5)

* Uptake of '*C-Tyr is expressed as DAR and incorporation of accumulated “C-Tyr activity as percentage (in brackets). Values are mean

+ s.d.
TV = vital tissue and N = tissue with growth necrosis.
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FIGURE 3. Growth curves of rhabdomyosarcoma tumors ex-
posed to doses of 10 Gy (@, n = 8), 30 Gy (A, n = 6) and 50 Gy
(X, n = 6) and untreated tumors (O, n = 9). The measured
volumes (mean + s.e.m.) are normalized to the value at the time
of treatment (100%). The mean doubling times for 10 Gy, 30 Gy,
50 Gy and the untreated situation are 16.3, 24.5, 30.6 and 5.6
days, respectively.

the latter tumors started at about 2 wk after treatment.
The tumors exposed to doses of 10, 30 and 50 Gy had
doubled their volumes present at the time of treatment
(100%) after 18, 24 and 30 days, respectively. Since growth
delays caused by the different treatments are dependent
on the change in doubling time, growth delays of 1.98,
3.54 and 4.47 were calculated for the tumors treated with
10, 30 and 50 Gy, respectively (Table 3).

It is of interest to examine the combined effect of x-
irradiation and hyperthermia on tumor growth. In Figure
4, growth curves are given for untreated tumors, tumors

TABLE 3
Effect of Radiotherapeutic and Hyperthermic Treatments on
Tumor Growth of Rhabdomyosarcoma

Growth delay
Treatment (GD) P value  Number
10 Gy 198+0.09 p<0004 n=38
30 Gy 354+032 p<0016 n=6
50 Gy 447+038 p<0016 n=6
15 min at 45°C 0.177+£0.04 p<0.11 n=6
30Gy + 15 minat45°C 6.75+0.04 p<0.07 n=4

Values are mean + s.e.m.
P values obtained with Fisher’s distribution free sign test (25).
* Data are from reference 15.

treated with hyperthermia during 15 min at 45°C, tumors
treated with a dose of 30 Gy of ionizing radiation, and
tumors treated with the combination. Hyperthermia alone
had only a small effect on tumor growth as indicated by a
GD of 0.17 (Table 3). Hyperthermia in combination with
30 Gy irradiation, however, resulted in significantly more
inhibition of tumor growth than caused by 30 Gy alone.
The radiosensitizing effect of hyperthermia can be quan-
tified by using growth delay data. The GD of the combi-
nation of radiotherapy and hyperthermia, 6.75 as shown
in Table 3, appeared to be larger than the summation of
the GDs of the individual treatments (0.17 and 3.54).
Consequently, a thermal enhancement ratio (6.75/3.71)
of 1.8 may be calculated, quantifying the sensitizing effect
of hyperthermia on the radiation treatment. A temporary
increase in tumor volume, caused by edema, of about 30%
was measured only on the first day after the combined
treatment.

DISCUSSION

Tumors of rhabdomyosarcoma-bearing Wag/Rij rats
were subjected to different doses of x-rays or to a combined
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FIGURE 4. Growth curves of untreated
rhabdomyosarcoma tumors (O, n = 9),
tumors exposed to 30 Gy (A, n = 6),
tumors treated with hyperthermia for 15
min at 45°C (A, n = 6), and tumors treated
with the combination (M, n = 4). The meas-
ured volumes (mean + s.e.m.) are normal-
ized to the volume at the moment of treat-
ment. The mean doubling times for 30 Gy,
hyperthermia only, its combination and the

1 n

1
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35 40 untreated situation are 24.5, 7.0, 39.1 and

5.6 days, respectively.
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treatment of radiation and hyperthermia. Using PET,
acute and indirect treatment effects were evaluated with
"'C-tyr and '*FDG as metabolic tracers. For comparative
reasons, radiation damage was also assessed with '“C-tyr
which is a probe to monitor amino acid uptake and
incorporation into tumor proteins (26). The radiobidlogi-
cal effects on tumor growth were correlated with the
metabolic data.

The ''C-tyr data as measured by PET are in line with
the effects on the '“C-tyr uptake obtained in the corre-
sponding dissection experiments. At 4 days after irradia-
tion with 10 Gy, only a difference was observed between
the '“C-tyr data and the ''C-tyr data. It is concluded that
the "'C-tyr data obtained by PET are a good reflection of
tyrosine uptake and incorporation into proteins.

From in vitro studies, it is generally understood that
immediate source acute effects on glycolysis and protein
synthesis are not be expected from radiation doses in a
therapeutic range up to 60 Gy (3,4). The absence of
significant changes in '“C-tyr, ''C-tyr and "*FDG uptake
into rhabdomyosarcoma tumors measured directly after
irradiation are in agreement with these conclusions.

In contrast to our observations, Kubota et al. (9) re-
ported a rapid decreased uptake of L-[methyl-''C]methi-
onine into AH109A tumors at 6 hr after 20-Gy *Co
irradiation. This discrepancy with our results may be
explained by the difference in growth rate of the tumors.
The AH109A tumor has a doubling time of 2 days, which
is about half of the doubling time of the rhabdo-
myosarcoma tumor. Furthermore, in our study, the uptake
of ""C-tyr reflects protein synthesis. This was proved by
the high incorporation percentages of '“C-tyr into tumor
proteins. Kubota et al. (9) investigated only the uptake of
L-[methyl-!'C]methionine, and since this amino acid is
involved in transmethylation it is unclear whether the
rapid radiation-induced reduction of L-[methyl-''C]me-
thionine uptake reflects reduction of protein synthesis,
transmethylation or amino acid transport.

After radiotherapy, unlike hyperthermia (15), only in-
direct metabolic effects on the tumor could be registered.
Changes in tracer uptake in the tumor tissue, observed
days after the irradiation, can be correlated with changes
in tumor volume. The decline in the ''C-tyr, '"*FDG and
14C-tyr uptake, observed as indirect effects after the 30-
and 50-Gy irradiations were accompanied with declining
tumor volumes. Furthermore, in the 30-Gy experiments,
restoration of tracer uptake to the value of the untreated
situation, occurring between 4 and 12 days after treatment,
was paralleled by a reverse in kinetics of tumor growth:
from declining tumor volumes to progressive growth. In a
rhabdomyosarcoma rat model closely related to our ani-
mal system, Jung et al. (27) observed that x-irradiation-
induced decline in tumor volume was accompanied by a
depopulation of the tumor cells per unit of volume, while
after treatment recurrence of tumor growth was associated
with repopulation. It is concluded that ''C-tyr and '*FDG
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are suitable indicators for depopulation and repopulation
processes in tumors during and after radiotherapeutic
treatment.

The fraction of '*C-tyr incorporated into tumor proteins
is not markedly affected after x-irradiation. This indicates
that, although the tumor is depopulating or repopulating,
the cellular protein synthesis is about constant. Notably,
an unchanged fraction of '“C-tyr incorporated into pro-
teins was also found in necrotic parts of tumors 12 days
after exposure to 10 Gy.

The extent of tumor growth delay is an indication for
the effectivity of the treatment. In our investigation, the
calculated GD correlated almost linearly with the dose of
the irradiation.

Hyperthermia given as an adjuvant treatment to irra-
diation usually increases the effectivity of the irradiation
(23). From the growth curves in Figure 4, it can be deduced
that hyperthermia sensitizes the tumor tissue for radiation
damage. This finding corresponds closely with the results
of the study of Zywietz et al. (28) who found a thermal
enhancement ratio of 1.7 in the rhabdomyosarcoma tumor
after a combined treatment of 30-Gy x-irradiation and
hyperthermia at 43°C for 60 min.

When comparing the growth data of the combined
treatment with the corresponding rhabdomyosarcoma and
'8FDG uptake data, correlations, as observed in the single-
dose irradiation experiments, were not found. This phe-
nomenon is difficult to explain. Possibly, the time span of
the PET studies (12 days) is too short to observe effects on
metabolism. Furthermore, a pronounced edema of the
tumor tissue was observed during a period of three days
after the combined treatment. This may cause enhanced
invasion of host cells, such as macrophages, as observed
in radiotherapeutic studies of the rhabdomyosarcoma (27).
These cells have high metabolic activities, and may largely
contribute to the uptake value of !'C-tyr and '*FDG of the
treated tumor tissue.

In conclusion, immediate radiation-induced effects on
protein synthesis and glycolysis of tumor were absent.
Indirect radiation effects on ''C-tyr and '*FDG uptake into
tumor tissue correlated with radiation effects on tumor
volume. Therefore, PET is suitable for investigations on
tumor growth kinetics during and after a radiotherapeutic
treatment, indicating tumor regression or recurrence of
tumor growth. Since radiation-induced changes in ''C-tyr
uptake into rhabdomyosarcoma tissue are proportionate
to changes in '*FDG uptake, both tracers have an equiva-
lent potential for assessing radiation damage to tumors by
PET. In this study, radiotherapy in combination with
hyperthermia did not affect tissue utilization of ''C-tyr
and "*FDG. Therefore, PET data obtained during such
combined treatments have to be interpreted with caution.

ACKNOWLEDGMENTS

This research was supported by a grant from the Dutch Cancer
Society. The authors gratefully acknowledge the cooperation of

The Journal of Nuclear Medicine ¢ Vol. 33 ¢ No. 3 « March 1992



the staff of the Kernfysisch Versneller Instituut (Prof. Dr. R.H.
Siemssen) and the skilled help of the operating team at the
cyclotron.

REFERENCES

1.

Maass H, Kiinkel HA. Biochemische Veridnderungen in Tumorzellen nach
Einwirkung von Rontgenstrahlen, Jodessigsiure, Wasserstoffperoxyd und
Athyleniminobezochinonen. Int J Rad Biol 1960;2:269-279.

. Gerbaulet K, Maurer W, Briickner J. Autoradiographische Untersuchung

iiber die Inkorporation von'[*H]aminosiuren im Zellkernen wihrend der
G,-Phase under der S-Phase bei normalen and rontgen-bestrahlten Mausen.
Biochim Biophys Acta 1963;68:462-471.

. Streffer C. Strahlen-Biochmie. Berlin, Heidelberg, New York: Springer

Verlag; 1969;22-105.

. Altman KI, Gerber GB, Okada S. Radiation biochemistry, volumes I and

II. New York, London: Academic Press, 1970.

. Dose K, Dose U. Mechanisms of glycolysis by x-rays in ascites tumour

cells. 1. Alterations in steady-state concentrations of some intermediate
nucleotides and in electrolyte equilibrium under various conditions of
incubation. Int J Med Biol 1990;4:85-94.

. Cammarano P. Protein synthesis, glycolysis, and oxygen uptake in hepa-

toma cells irradiated in vitro. Rad Res 1963;18:1-11.

. Archer E. Inactivation of amino acid transport systems in Ehrlich ascites

carcinoma cells by cobalt-60 gamma radiation. Rad Res 1968;35:
109-122.

. Knapp WH, Helus F, Layer K, Panzer M, Hover K-H, Ostertag H. N-13-

glutamate uptake and perfusion in Walker 256 carcinosarcoma before and
after single dose irradiation. J Nucl Med 1986;27:1604-1610.

. Kubota K, Matsuzawa T, Takahashi T, et al. Rapid sensitive response of

carbon-1 1-L-methionine tumor uptake to irradiation. J Nucl Med 1989;
30:2012-2016.

. Patronas NJ, Di Chiro G, Brooks R, et al. Work in progress: ['*F]fluoro-

deoxyglucose and positron emission tomography in the evaluation of
radiation necrosis of the brain. Radiology 1982;144:885-889.

. Doyle WK, Budinger TF, Valk PE, Levin VA, Gutin PH. Differentiation

of cerebral radiation necrosis from tumor recurrence by ['*FJFDG and
82Rb positron emission tomography. J Comp Assist Tomogr 1987;11:
563-570.

. Di Chiro G, Oldfield E, Wright DC, et al. Cerebral necrosis after radio-

therapy and/or intraarterial chemotherapy for brain tumors: PET and
neuropathologic studies. Am J Radiol 1988;150:189-197.

. McCormick W, Penman S. Regulation of protein synthesis in HeLa cells:

PET Studies of X-lrradiated Tumors * Daemen et al

14

20.

21.

22

23.

24

25.

26.

27.

28.

translation at elevated temperatures. J Mol Biol 1969;39:315-333.

. Mondovi B, Finazzi Agro’ A, Rotilio G, Strom R, Moricca G, Rossi Fanelli

A. The biochemical mechanism of selective heat sensitivity of cancer cells
I1. Studies with nucleic acids and protein synthesis. Eur J Cancer 1969;5:
137-146.

. Daemen BJG, Elsinga PH, Mooibroek J, et al. PET measurements of

hyperthermia-induced suppression of protein synthesis in tumors in rela-
tion to effects on tumor growth. J Nucl Med 1991;32:1587-1592.

. Konings AWT. Effects of heat and radiation on mammalian cells. Radiat

Phys Chem 1987;30:339-349.

. Overgaard J. The current and potential role of hyperthermia in radiother-

apy. Int J Rad Oncol Biol Phys 1989;16:535-549.

. Bolster JM, Vaalburg W, Paans AMJ, et al. Carbon-11-labelled tyrosine to

study tumor metabolism by positron emission tomography (PET). Eur J
Nucl Med 1986;12:321-324.

. Hamacher K, Coenen HH, Stocklin G. Efficient stereospecific synthesis of

no-carrier added 2-['*F]-fluoro-2-deoxy-D-glucose using aminopolyether
supported nucleophilic substitution. J Nuc! Med 1986;27:235-238.
Barendsen GW, Broerse JJ. Experimental radiotherapy of a rat rhabdo-
myosarcoma with 15 MeV neutrons and 300 keV x-rays. I: effects of single
exposures. Eur J Cancer 1969;5:373-391.

Paans AMJ, De Graaf RJ, Welleweerd J, Vaalburg W, Woldring MG.
Performance parameters of a longitudinal tomographic positron imaging
system. Nucl Instr Meth 1982;192:491-500.

Daemen BJG, Elsinga PH, Paans AMJ, Lemstra W, Konings AWT,
Vaalburg W. Suitability of rodent tumor models for experimental PET
with L-[1-''C]tyrosine and 2-['*F]-fluoro-2-deoxy-D-glucose. J Nucl Med
Biol 1991;18:503-511.

Daemen BJG, Elsinga PH, Ishiwata K, Paans AMJ, Vaalburg W. A
comparative PET study using different ''C-labelled amino acids in Walker
256 carcinosarcoma-bearing rats. J Nuc! Med Biol 1991;18:197-204.

Steel GG. Growth rate of tumours. In: Steel GG, ed. Growth kinetics of
tumours. Oxford: Clarendon; 1977:5-55.

Hollander M, Wolf DA. Nonparametric statistical methods. New York:
John Wiley & Sons; 1973:39-41.

Ishiwata K, Vaalburg W, Elsinga PH, Paans AMJ, Woldring MG. Meta-
bolic studies with L-[1-'*C]tyrosine for the investigation of a kinetic model
to measure protein synthesis rates with PET. J Nuc/ Med 1988;29:
524-529.

Jung H, Beck HP, Brammer I, Zywietz F. Depopulation and repopulation
of the R1H rhabdomyosarcoma of the rat after x-irradiation. Eur J Cancer
1981;17:375-386.

Zywietz F. Effect of microwave heating on the radiation response of the
rhabdomyosarcoma. Strahlentherapie 1982;158:255-257.

379





