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FDG-PET Evaluation of Therapeutic Effects on

VX2 Liver Tumor

Natsuo Oya, Yasushi Nagata, Nagara Tamaki, Takehisa Takagi, Rumi Murata, Yasuhiro Magata, Mitsuyuki Abe and Junji Konishi
Departments of Radiology and Nuclear Medicine, Faculty of Medicine, Kyoto University, Kyoto, Japan

Transplanted VX2 liver tumor in the rabbit is an experimental liver
tumor mode! in which '8F-2-fluoro-2-deoxy-D-glucose (FDG) accu-
mulates to a 3.5-fold level that surrounds normal liver tissue. In this
study, changes in FDG uptake were assessed in this liver tumor
model after transcatheter arterial embolization (TAE) and radiother-
apy. Methods: Fifteen rabbits bearing VX2 liver tumors were treated
with TAE with gelatin sponges 1 day before the FDG study, and 18
rabbits received local iradiation with electron beams at a dose of
12-36 Gy 1-10 days before the FDG study. In the FDG study, serial
arterial blood sampling was performed to determine arterial input
(AN, and 1 hr after tracer injection, normal liver tissue and tumor
tissue were excised to measure radioactivity. The tumor FDG level
per Al and the tumor-to-normal liver ratio were assessed. Dynamic
PET images were obtained in 20 of the 46 rabbits. Results: Tumor
FDG uptake was significantly decreased 1 day after TAE (from 3.54
to 0.83 in the tumor-to-normal liver ratio) and 5 days after 30 Gy of
irradiation (from 3.54 to 1.28). The decrease in tumor FDG uptake
was dose-dependent, especially in the relatively low dose range
(12-24 Gy). The untreated tumors could be clearty distinguished
from the surrounding normal liver tissue, while the embolized tumors
or the imadiated tumors were not clearly delineated. Histological
analysis showed that the decrease in tumor FDG after treatment
agreed well with the decrease in number of viable tumor cells.
Conclusion: The VX2 liver tumor is an appropriate experimental
tumor model for evaluating the change in FDG uptake in various
therapeutic modalities. Moreover, the therapeutic effects can be
assessed 1 day after TAE and 5 days after iradiation. Further clinical
trials for the early evaluation of therapeutic effects on liver tumors
using FDG-PET are warranted.

Key Words: fluorine-18-fluorodeoxyglucose; VX2 tumor; trans-
catheter arterial embolization; radiotherapy

J Nucl Med 1996; 37:296-302

Many experimental and clinical studies have shown in-
creased uptake of '®F-2-fluoro-2-deoxy-D-glucose (FDG) in
malignant tumors with increased glucose utilization (/-7). In
terms of clinical use, metabolic imaging of tumors by FDG-PET
is useful in differentiating malignant tumor from benign disease
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(8-10), assessing the degree of differentiation (//-15) and
detecting recurrences (/0,16). In addition, several studies have
suggested the usefulness of FDG-PET for evaluating therapeu-
tic effects. Most of these clinical studies indicated that FDG
uptake in tumors decreases after radiotherapy (/7-22), chemo-
therapy (/8) and transcatheter arterial embolization (TAE)
(23). Some of these studies suggest that the prognosis could be
predicted by the decrease in tumor FDG uptake (/8,21,22).

Also, decreased FDG uptake following radiotherapy or che-
motherapy has been demonstrated in mouse and rat experimen-
tal tumor models (24-27). Transplanted VX2 tumor in the
rabbit is an experimental tumor model in which FDG accumu-
lates to levels several-fold those in normal organs (2—4). In our
previous study, VX2 tumors transplanted in the rabbit liver
were evaluated by FDG-PET (5). In the present study, the
change in FDG uptake in the transplanted VX2 liver tumor was
assessed after TAE and radiotherapy to determine the useful-
ness of FDG-PET in this model for evaluating the effects of
therapy.

MATERIALS AND METHODS

Animals and Tumors

Male Japanese white rabbits (weighing 2—4 kg) were used in this
study. Rabbits were anesthetized with 25 mg/kg b.w. sodium
pentobarbital, and a midline abdominal incision was made. Two-
to-six blocks of VX2 tumor tissue containing approximately 4-10
X 10° VX2 cells were transplanted directly into each rabbit’s liver
(5,28). Forty-six rabbits with VX2 liver tumors over 2 cm in
diameter 3—4 wk after transplantation were used in the following
experiments. Twenty-one of these rabbits had multiple liver tumors
and/or nonhepatic tumors (e.g., tumors in overlying muscular layer
or peritoneum).

FDG

Fluorine-18 was produced by the 2°Ne(d, a)'®F nuclear reaction
using an ultracompact cyclotron. Fluorine-18-FDG was then syn-
thesized by the acetylhypofluorite method of Shiue et al. (29) with
slight modifications. The specific activity of the ['®F]JFDG thus
obtained was 143 to 204 MBg/mg and the radiochemical purity
was over 95% as assessed by HPLC (eluent, CH,CN:H,0 =
85:15).
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TAE and Radiotherapy

Fifteen rabbits were treated with TAE using gelatin sponges 1
day before the FDG study (TAE group). The rabbits bearing VX2
liver tumors were anesthetized with sodium pentobarbital and a
4-Fr angiographic catheter was inserted through the exposed right
femoral artery. The proper hepatic artery was then selectively
catheterized under fluoroscopic guidance. The proper hepatic
artery was embolized with the gelatin sponge (approximately 0.5
mm in diameter)/lopamiron® 300 (Bracco, Italy) suspension.
Injection of the suspension was completed when blood flow
interruption was confirmed (28,30).

Eighteen rabbits received local irradiation with electron beams at
a single fraction of 12-36 Gy and 1-10 days before the FDG study
(RT group). They were divided into six subgroups (12 Gy 10 days,
24 Gy 10 days, 30 Gy 10 days, 36 Gy 10 days, 30 Gy 1 day, and
30 Gy 5 days), each consisting of three rabbits. A small abdominal
incision was made under general anesthesia to allow the tumor
palpation. Then, a circular irradiation field 4 cm in diameter was
determined so that at least one of the liver tumors should be
included. In all cases, the liver tumors were irradiated with 6 MeV
external electron beam generated using a linear accelerator at a
dose rate of 3 Gy/min. Thirteen rabbits were not treated (control

group).

FDG Study

In the FDG study, tumor-bearing rabbits were anesthetized after
4 hr of fasting with sodium pentobarbital. Then the rabbits received
an intravenous injection of 1-54 MBg/kg body weight (b.w.) of
['®F]FDG through an auricular vein over a 30-sec period; the time
of commencement of injection was defined as time 0.

Arterial blood sampling and tissue excision were performed in
all 46 rabbits (15 of the TAE group, 18 of the RT group and 13 of
the control group), according to the previous study (5). Briefly, 14
serial arterial blood samples were obtained over a 60-min period
from a catheter introduced into the femoral artery following
['®FIFDG injection. The '®F level in the collected plasma was
measured with an automated Nal well scintillation counter to
determine the arterial input (AI). Inmediately after the last arterial
blood sample was obtained (i.e., time 60 min), each rabbit was
killed with a lethal dose of pentobarbital, and a number of small
pieces (up to 0.7 g) of tumor tissue and normal liver were excised.
The '8F level in the excised tissue specimens was then measured.
Central necrotic tissue in the tumor was carefully and strictly
removed using fingers or forceps. The normal liver tissue around
the tumor could be easily removed with scissors.

Dynamic PET images were obtained with an animal PET camera
in 20 rabbits (5 of the TAE group, 7 of the RT group, and 8 of the
control group). Each anesthetized rabbit was fixed in the gantry of
the camera and a transmission scan was obtained for 15 min with
a %8Ge ring. Sequential 3-min scans were performed over the
60-min period following 7-54 MBg/kg b.w. ['®F]FDG injection.
The transaxial and axial resolution of the system were 3.0 mm and
4.8 mm (FWHM), respectively, at the center of the field of view.
The slice aperture was 8 mm, and the averaged direct slice
sensitivity and cross-slice sensitivity were 2.3 keps/uCi/ml and 3.8
keps/uCi/ml, respectively. Total system sensitivity was 20.7 kcps/
nCi/ml, including the scatter component (3/). The procedure is
summarized in Figure 1.

Data Analysis
For all 46 rabbits, the plasma '®F level (Cp(t)) was determined as
a function of time following ['®F]FDG injection. Al was deter-
mined as the area under the curve of Cp(t) for 60 min.
Fluorine-18 level in the excised VX2 tumor tissue (Cv) and in
the excised normal liver tissue (Cl) were also determined for all
rabbits. Ten of 15 rabbits of the TAE group had not only hepatic

i

PET Study
F-18-

Blood

Tissue

Excision
n=46

Electron Treatment
TAE group RT group Control group
n=15 n=18 n=13

Dynamic PET Scan

Tumor THERAPY AsSesSeED BY FDG-PET « Oya et al.

297



F-18
Level
(Ba/mL)

@ Aterial Plasma (Cp(t)
O RO for Normal Liver

A ROIfor Tumor

QO Excised Normal Liver (Cv)

F-18
Level
(Ba/mL)

100000

60000

40000

@ Artorial Plasma (Cp(t)

O ROH for Normal Liver

A ROI for Non-embolized Tumor

QO Excised Normal Liver (Cl)

/\ Excised Embotzed Tumor (Cv)
A Excised Non-embolized Tumor (Cv)

@ Anerial Piasma (Cp(t)

O RO for Normal Liver

A ROl for kradiated Tumor

A RO for Non-irradiated Tumor

O Excised Normal Liver (C)

£\ Excised radiated Tumor (Cv)
A Excised Non-iradiated Tumor (Cv)

Control group

TAE group

:o min
c RT group (10 days after 30 Gy)

T v
40 60 min [ 20 40

FIGURE 2. PET images obtained in the last 3-min scan (top panels: A-C) and time-activity curves (bottom panels: A-C) of a rabbit representing the control,
TAE and RT groups. The VX2 liver tumor in the control group, the nonembolized tumor on the abdominal wall in the TAE group and the nonimradiated tumor
in the RT group were clearly distinguishable (arrows). The embolized tumor in the TAE group was not delineated, and the iradiated tumor in the RT group
was less clearty distinguished from surrounding normal liver tissue (paired arrowheads). Error bars are 1 s.d. from 3-6 specimens.

tumors but also nonhepatic tumors (e.g., tumors in overlying
muscular layer or peritoneum). Since nonhepatic tumors were fed
mainly by arteries other than the hepatic artery, they were regarded
to be nonembolized tumors. Cv was assessed separately for the
nonembolized tumors (i.e., nonhepatic tumors) and the embolized
tumors (i.e., hepatic tumors). Eleven of 18 rabbits of the RT group
also had tumors out of the irradiation fields, which were regarded
to be nonirradiated tumors. Cv was assessed separately for the
nonirradiated tumors (i.e., tumors out of the irradiation field) and
the irradiated tumors (i.e., tumors within the irradiation field).

For the tumors in the rabbits investigated by dynamic PET
imaging, the graphical method was used to determine the K-
complex (K), according to previous reports (5,32,33). Briefly, K
was determined as the slope of the linear portion of the graph
obtained by plotting Cv(t)/Cp(t) versus [ Cp(7)d7/Cp(t), where
Cv(t) is '®F level in the ROI drawn for the tumor at time t. K was
determined for the control tumors, the nonembolized tumors in the
TAE group and the nonirradiated tumors in the RT group. K for the
irradiated tumors was also determined, whenever regions of inter-
est (ROIs) could be drawn for the irradiated tumors.

Cl/Al, Cv/Al, Cv/Cl (i.e., tumor-to-normal liver ratio) and K
were compared among the three groups. Student’s t-test was used
for statistical analysis.

RESULTS

FDG Study

The plasma glucose level ranged from 96 to 252 (150 * 38,
mean * s.d.) mg/dl, which correlated with neither CI/AI nor
Cv/Al Al varied with the dose of ['®F]JFDG and ranged from
1.4 X 10* to 7.1 X 10° (1.1 X 10%, median) (Bq/ml) X min.

Figure 2 shows the representative PET images obtained in the
last 3-min scan and time-activity curves of the three groups. In
the images, all the tumors in the control group, the nonembo-
lized tumors in the TAE group and the nonirradiated tumors in
the RT group could be clearly distinguished from the surround-
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ing normal liver tissue. Dynamic PET images were obtained in
7 of 18 rabbits in the RT group and 6 of the 7 irradiated tumors
were distinguishable, 5 of which showed lower uptake than the
tumors in the control group. Dynamic PET images were
obtained in 5 of 15 rabbits in the TAE group, and none of the
5 embolized tumors could be clearly described in the images.
ROIs were drawn for the normal liver in all cases and for the
tumors if distinguishable, and serial changes of the '*F level in
the ROI were plotted versus time. Following ['*F]FDG injec-
tion, the '3F level in the ROIs for the VX2 liver tumor gradually
increased, whereas that for the normal liver decreased almost in
parallel to the '®F level of arterial plasma (Cp(t)).

ClVAlL Cv/Al, Cv/Cl, K and tumor weight are compared
among the three groups in Table 1. CI/AI did not differ among
the three groups. Normal liver treated with TAE was not
damaged because of the blood supply from the portal vein.
Normal liver irradiated under the present experimental condi-
tions (within 10 days after irradiation of up to 36 Gy) also
showed no significant change in respect of FDG uptake. Cv/Al
in the control group was approximately 3.5-fold higher than
CV/Al, corresponding with the clear tumor description against
the surrounding normal liver tissue. Cv/Al for the embolized
tumors decreased significantly within 1 day after TAE. Since
Cv/Al was similar to CI/Al, accurate ROI could not be
determined for the embolized tumor, nor could K. Ten days
after irradiation, Cv/Al for the irradiated tumors decreased
dose-dependently at least up to 36 Gy which was the maximal
dose examined. Cv/Al at a dose of 30 Gy was variable 1 day
after irradiation, and decreased significantly S and 10 days after
irradiation. Generally, Cv/Al for the irradiated tumors was
considerably higher than that for the embolized tumors. So, in
six cases of the RT group, ROI also could be determined for the
irradiated tumor, so could K. K was decreased significantly 5
days after irradiation with 30 Gy. Both the nonembolized and
nonirradiated tumors were described clearly in the obtained
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TABLE 1

Summary of the Results
No. of Tumor
assessed weight?
Treatment tumors CVAI (min~ ") Cv/Al (min™")* cvier K (min~") Q"
Control group (n = 13) None 13 0.0131 £ 0.0026 0.0441 +0.0088 354 +0.88 0.0341 =0.0059" 4.1=*18
TAE group (n = 15) No embolization 10 —_ 0.0350 = 0.0114* 2,65 + 0.96* 0.0252 + 0.0160" —
Embolization 15 0.0139 + 0.0051 0.0113 = 0.00705 0.83 + 0.485 — 3820
RT group (n = 18) No iradiation 1" —_ 0.0313 = 0.00805 2.80 + 0.81* 0.0185 + 0.0040*S —_
10 days after 12 Gy 3 0.0116 = 0.0025 0.0217 + 0.01215  1.80 + 0.55* —_ 3.1+08
10 days after 24 Gy 3 0.0125 + 0.0013  0.0189 + 0.00525  1.33 + 0.42% — 42+18
10 days after 30 Gy 3 0.0130 = 0.0011  0.0170 + 0.0008% 1.32 + 0.14 0.0120" 3618
10 days after 36 Gy 3 0.0116 £ 0.0008 0.0154 + 0.0003%  1.40 + 0.01§ 0.0111" 39=+23
1 day after 30 Gy 3 0.0102 + 0.0020 0.0322 +0.0132 3.28 = 1.49 0.0621" 36x04
5 days after 30 Gy 3 0.0110 £ 0.0002 0.0140 = 0.0013%5 1.28 = 0.10° 0.0077 + 0.0043'% 43+ 25
*Mean * s.d.
Weight of the solid part of tumor.

#$gignificantly lower than the control in the respective columns (p < 0.05; Sp < 0.005).

TOnly one tumor was assessed.

images. Cv/Al for these tumors were significantly, although
only a little, lower than Cv/Al in the control group.

Histological Study

Photomicrographs of a tumor in the control group, an
embolized tumor in the TAE group and an irradiated tumor in
the RT group are shown in Figure 3. The untreated tumor
consisted of viable VX2 cells with bright and large nuclei (Fig.
3A). The mitotic index was about 0.5%. Inflammatory cell
infiltration was rarely seen. In the tumor treated with TAE,
degenerated tumor cells with nuclear condensation, localized
hemorrhage and macrophage infiltration around the cell debris
were observed (Fig. 3B). Viable tumor cells were rarely seen. In
the tumor excised on the 10th day after irradiation at a dose of
30 Gy, the number of viable VX2 cells was markedly de-
creased, and they were replaced by the fibrous tissue. Localized
eosinophil infiltration was also observed (Fig. 3C).

DISCUSSION

Our findings indicate that transplanted VX2 liver tumor is an
appropriate model for evaluating changes in FDG uptake
evolved by TAE and radiation therapy. A decrease in FDG
uptake was observed on 1 day after TAE and 5 days after
irradiation. Furthermore, such decreases were associated with
decreases in the number of viable cells as determined by
histological examination.

Previous Studies of FDG-PET after TAE

Some clinical studies have indicated that imaging of tumors
by FDG-PET is useful for evaluating the effects of TAE. For
instance, Nagata et al. studied FDG-PET in patients with
malignant liver tumors several weeks after TAE and demon-
strated its usefulness for monitoring the efficacy of treatment
(23). Torizuka et al. compared the FDG-PET and histological
examination of hepatocellular carcinoma 3-45 days after TAE,
suggesting that the tumors with decreased or absent FDG
uptake were highly necrotic (34). Since malignant liver tumors
are often treated with TAE, the value of FDG-PET for evalu-
ating the therapeutic effects of this treatment should be tested
experimentally.

Decreased Cell Number after TAE

In the present study, a marked decrease in FDG uptake was
observed in the VX2 liver tumor model even 1 day after TAE,
suggesting the usefulness of FDG-PET for early evaluation of

the therapeutic effects of this treatment. Even in the control
group, large VX2 tumors tended to show spontaneous central
necrosis. In the present study, almost all tumors over 3 cm in
diameter were accompanied with spontaneous central necrosis.
This was often included in the ROIs, but usually excluded from
excised tumor specimens for radioactivity counting. Therefore,
FDG uptake in the excised tumor did not depend on tumor size
or the degree of spontaneous necrosis. In the TAE group, the
proportion of the central necrosis in the embolized tumor
seemed to have been increased, but it should be noted again that
the cell debris had been removed before radioactivity counting.
Thus, the decreased Cv/Al corresponded to the decreased FDG
uptake in the solid part of the tumor. Histological analysis
showed a marked decrease in the number of vivid tumor cells,
replacement by degenerated cells and persistent cell debris even
in the solid part of the tumors. Thus, there is no doubt that the
rapid decrease in FDG uptake in the embolized tumor can be
explained by the decrease in the number of viable cells. Large
numbers of tumor cells seemed to have been killed within 1 day
after TAE by acute environmental changes such as anoxia and
nutrient deficiency induced by TAE. Of course, some viable
tumor cells might have survived and a number of macrophages
had infiltrated, but their proportion to the whole tumor seemed
to be too small to elevate tumor FDG uptake significantly.

Decreased FDG Input after TAE

As another interpretation on the decreased FDG uptake, it is
also probable that the interruption of arterial blood flow reduced
the FDG input to the embolized tumor during the 1 hr following
FDG injection. The tumor FDG input must have been smaller
than Al, which was determined by blood sampling from the
femoral artery, and the reduced FDG input to the surviving
tumor cells might result in underestimation of tumor FDG
uptake. It seems, however, that this reduced tumor FDG input
did not play an important role in the decrease in tumor FDG
uptake. The surviving tumor cells must have been provided with
glucose by a certain pathway (e.g., perfusion from surrounding
liver) to survive for 1 day following TAE. Consequently, they
should have necessarily had a chance to also incorporate
injected FDG during 1 hr of the study through the same
pathway for glucose uptake. The period of 1 hr seems to be long
enough for a considerable part of injected FDG to reach the
tumor by perfusion from the surrounding liver.
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Nonembolized Tumor in the TAE Group

Cv/Al for the nonembolized tumors in the TAE group was
slightly lower than Cv/Al in the control group. This was
probably because some of the nonembolized tumors were fed
partly by the proper hepatic artery, or because general malnu-
trition might have been induced by the stress of TAE.

Previous Clinical Studies of FDG PET after Irradiation

Many clinical studies have demonstrated the usefulness of
FDG-PET for the evaluation of radiation therapy, suggesting a
correlation between the decrement of tumor FDG uptake after
radiation therapy and the local response (/7,18) and differen-
tiating tumor recurrence from radiation necrosis (/0,21). Sev-
eral clinical studies have also indicated that tumor FDG uptake
does not necessarily decrease or may even increase after
irradiation despite good tumor response in clinical evaluation.
For example, Rozental et al. (35) showed an increase in glucose
uptake ratio in metastatic and primary brain tumor 1 day after
stereotactic radiotherapy. Okada et al. (20) reported that non-
Hodgkin’s lymphoma successfully treated with chemotherapy
and radiotherapy often showed high FDG uptake when assessed
1-8 days after treatment. Haberkorn et al. (/9) studied patients
with recurrent colorectal carcinoma and showed that the de-
crease in FDG uptake even 6 wk after therapy was not
satisfactory in half of the patients with good local response
(19). In these reports, the positive FDG-PET study after
clinically successful radiotherapy was explained mainly by the
inflammatory reaction induced by radiation. They recommend
the evaluation by FDG-PET over 3-6 mo after irradiation to
exclude completely the influence of inflammation (/9).

It is a major problem to determine the optimal interval from
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FIGURE 3. i of a tumor in the control group (A), an
embolized tumor in the TAE group (B) and a tumor 10 days after imadiation at
a dose of 30 Gy (C).

completion of radiotherapy to the FDG-PET study. If the early
therapeutic effects can be evaluated by FDG-PET before
morphological changes are detected by CT and other modali-
ties, the FDG-PET data may be of great help for radiotherapists.
It still remains controversial whether FDG-PET is suitable for
the evaluation of early responses to irradiation. Premature
evaluation (a few days after irradiation) cannot avoid the
overvaluation of tumor FDG uptake because tumor cells which
have received lethal damage but still retain glucose metabolism
persist and inflammatory cells infiltrating into the tumor tissue
continue to consume glucose. On the other hand, late evaluation
(several months after irradiation) will inform us of the degree of
tumor cell regrowth, not of the degree of tumor response to
current radiotherapy.

Previous Laboratory Studies of FDG PET after Iiradiation

In laboratory studies, changes in tumor FDG uptake after
irradiation have been assessed using rodent tumors. Kubota et
al. (24) and Abe et al. (25) examined the transplanted tumors of
the mouse and rat and found that the tumor FDG uptake
decreased gradually with time up to 6-8 days following
irradiation (24,25). It is, however, not clear whether this
relatively slow response is due to inflammation or delayed cell
death. It has been reported independently that FDG actually
accumulates in inflammatory cells as well as malignant tumor
cells in FM3A tumor in the mouse (36). In addition, FDG and
14C-methionine were compared (25,37), and it was suggested
that '“C-methionine was superior to FDG for evaluating early
effects of irradiation since '“C-methionine showed a more rapid
response.

Interval from the hiradiation to FDG-PET

The present experiments showed that the FDG uptake in the
VX2 liver tumor was variable on the first day after irradiation
with 30 Gy but decreased significantly on the 5th day. A small
difference was observed between the Sth and the 10th day.
Therefore, it was suggested that, at least for this tumor model,
1 day was too short and 5 days was long enough as an interval
from irradiation to FDG analysis. This agreed with the data on
other tumor models in rats and mice (24,25). Histological
analysis showed that the number of viable tumor cells was
decreased 10 days after irradiation, which corresponds to the
decreased FDG uptake. In the present study, the degree of
inflammatory cell infiltration after irradiation was still lower
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than that after TAE, suggesting that the inflammatory reaction
did not largely affect the tumor FDG uptake after irradiation.

Furthermore, the decrease in FDG uptake in VX2 liver tumor
preceded changes in size up to 10 days after irradiation, which
suggests the usefulness of FDG-PET in evaluating early effects
of irradiation. Although the radiosensitivity of VX2 tumor was
not determined in detail, tumor size and degrees of central
necrosis 5 and 10 days after 30 Gy irradiation were not
significantly different from those of the control tumor. On the
other hand, previous studies showed that both FM3A tumor in
the mouse and AH109A tumor in the rat decreased in size 5-10
days after irradiation with 20 Gy (24,25). Thus, the VX2 tumor
seemed to be more radioresistant than these tumors, although
the comparison may not be appropriate because these tumors
were inoculated subcutaneously and were smaller in size at
irradiation. Tumor FDG uptake decreased 5 days after irradia-
tion, while the size of the VX2 tumor did not change up to 10
days after irradiation. Therefore, FDG-PET seemed to have an
advantage over CT or other morphological imaging modalities,
especially when the therapeutic effect was evaluated 5-10 days
after irradiation. Unfortunately, further observation was unsuc-
cessful due to unavoidable pulmonary metastases, which be-
came fatal 5-6 wk after transplantation.

Irradiation Dose-Dependency

Tumor FDG uptake decreased dose-dependently when eval-
uated 10 days after irradiation. The difference in FDG uptake
between 24 and 36 Gy was smaller than that between 12 and 24
Gy. A similar tendency was observed in other tumor models,
and '*C-methionine showed more sensitive dose-dependency
than FDG (24,25). To understand this phenomenon, it is
important to know why tumor FDG uptake decreases after
irradiation. Higashi et al. (38) assessed the FDG uptake in the
human cancer cell line in vitro and showed that FDG uptake in
the culture was strongly related to the number of viable tumor
cells (38) and FDG incorporation per single viable cell was not
related to the proliferative activity or surviving probability of
the irradiated cells (39). Thus, decreased FDG uptake after
irradiation is due largely to the decreased number of viable
cells. FDG can differentiate viable cells from dead cells but
cannot differentiate proliferable cells from dying cells, while
14C-methionine (and other markers of protein or DNA synthe-
sis) may correlate well with the proliferative capacities of the
viable cells. In the in vivo assessment, tumor FDG uptake is
determined only as an average of the whole tumor. The
difference in the number of viable tumor cells between 24 and
36 Gy is smaller than that between 12 and 24 Gy. A subtle
difference may be missed being involved in the environmental
changes such as blood flow, inflammation and other factors in
vivo. Therefore, it should be noted that FDG can judge whether
the tumor response has been good or not, but it cannot predict
whether the tumor will recur. This relatively low sensitivity to
detect the differences in effects at higher radiation dose range
seems to be a limitation of the FDG-PET.

Nonirradiated Tumor in the RT Group

Cv/Al for the nonirradiated tumors in the RT group was
slightly lower than Cv/Al in the control group. Although the
tumors to receive no irradiation were strictly excluded from the
4 cm-diameter circle drawn for the irradiation field at the
setting, they may possibly have been received a few percent of
the irradiated dose because of respiratory movement and/or the
lateral expansion of the electron beams.

Clinical Applications

There are several essential differences between the radiother-
apy of clinical tumors and that of experimental tumors. First,
most clinical tumors, including liver tumors, are usually irradi-
ated by fractionated regimens, in which cell loss and repopula-
tion occur continuously. Under these conditions, a longer
interval from the completion of the therapy to the stabilization
of the tumor cell kinetics would be required. In addition, the
inflammatory reaction would be strong and prolonged due to
longer total treatment time. Second, most clinical tumors grow
more slowly than this experimental model. A tumor cell
population with a longer cell cycle and smaller growth fraction
will respond later, if mitotic death is the predominant cause of
death (40). Third, some clinical tumors have quite small
populations of tumor cells in the tumor tissue, a large part of
which consists of mainly fibrous tissue. This may result in
undervaluation of the therapeutic effects. Despite these differ-
ences, we believe that the evaluation of the therapeutic effects
on human liver tumors by FDG-PET would be appropriate a
few days after TAE and a few weeks after irradiation.

CONCLUSION

The VX2 liver tumor is an appropriate experimental tumor
model for evaluating changes in FDG uptake by various
therapeutic modalities. The decrease in tumor FDG uptake in
this model can be assessed 1 day after TAE and 5 days after
irradiation. The decrease in tumor FDG uptake after irradiation
correlates with the dose given, especially at relatively low doses
and the decrease in tumor FDG after treatment agrees well with
the decrease in the number of viable tumor cells. Therefore,
further clinical trials for the early evaluation of therapeutic
effects on human liver tumors using FDG-PET are warranted.
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Accurate Measurement of Copper-67 in the Presence
of Copper-64 Contaminant Using a Dose Calibrator

Gerald L. DeNardo, David L. Kukis, Sui Shen and Sally J. DeNardo
University of California Davis Medical Center, Sacramento, California

The use of 6’Cu-labeled antibodies for the treatment of cancer has
advanced to the clinical trial phase. Quantitation of 5’Cu radiophar-
maceuticals is complicated by the presence of the radioimpurity of
84Cu in ”Cu supplies. Here we report a method to assay ®’Cu and
84Cu in a mixed sample with a commonly available instrument, the
ionization chamber dose calibrator. Methods: The activities of 5’Cu
and ®4Cu in a mixed sample can be calculated from a single-dose
calibrator measurement. The calculation requires (1) instrument-
specific response coefficients Dg; and Dg,, generated by gag?ing
the instrument for the effici of measurement of ’Cu and ®“Cu,
and (2) a value for the ratio of °’Cu to ®*Cu in the sample, routinely
provided by major suppliers of 6’Cu. Dg; and Dg, were empirically
determined by measuring samples containing known amounts of
S7Cu and Cu. The samples were also assayed by gamma ray
spectroscopy to verify the isotope ratios given by the suppliers.
Results: This method generated accurate response coefficients. At
the recommended dose calibrator setting for the measurement of
$7Cu, at which Dg; = 1.0, the measurement for D, with this method
was 1.02 (+ 0.04). Isotope ratios provided by the radionuclide
suppliers were comroborated by gamma ray spectroscopy.
Conclusion: A method is presented by which 8’Cu and ®*Cu in a
mixed sample can be assayed using a dose calibrator. Although the
derived numeric constants are only cormect for a specific dose
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calibrator and setting, the method can be adapted for use with any
dose calibrator.

Key Words: copper-67; radiocontaminant; dose calibrator
J Nucl! Med 1996; 37:302-306

Rdionuclides used in nuclear medicine, such as ¢’Cu, ¢’Ga,
9mTc, '"'In and '?’I, often contain radiocontaminants that
complicate quantitation and increase the radiation dose ab-
sorbed by the patient (/-3). Strategies that use commonly
available instruments such as a dose calibrator to assay con-
taminants in radiopharmaceuticals have been reported (4-8).
We present a similar approach to measure **Cu radiocontami-
nation in *’Cu.

Due to its excellent physical and biochemical properties
for radioimmunotherapy, ’Cu is being actively investigated by
several groups as a radioimmunotherapeutic agent (9-/3).
Copper-67 has a half-life of 62 hr, emits abundant beta particles
and gamma rays, useful for therapy and pretherapy imaging
studies, respectively, and has no known biological pathways for
deposition in bone (14,15).

These studies have advanced to the clinical trial phase (9,/4)
using the chelating agent 1,4,8,11-tetraazacyclotetradecane-
N,N’ ,N”" N"-tetraacetic acid (TETA) as a carrier for ¢’Cu
(16,17). TETA binds ¢’Cu rapidly, selectively, completely and
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