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Japanese white rabbits transplanted with VX2 liver tumors are
considered to be a suitable experimental model for the evalua-
tion of therapeutic modalities. However, there has been no ad-
equate method of assessing the changes of tumor metabolism
during treatment. In the present study, 15 rabbits with VX2 liver
tumors were examined by PET using '®F-2-fluoro-2-deoxy-D-
glucose ('8F-FDG). After an intravenous injection of 'F-FDG,
serial arterial blood sampling was performed. One hour after
tracer injection, small pieces of normal liver tissue and tumor
tissue were excised to determine radioactivity. Dynamic PET
images were obtained in 11 of the tumor-bearing rabbits, and
tumor enzyme activities were determined in six rabbits. Fluorine-
18-FDG uptake by the VX2 liver tumors was 3.5 = 0.9 times
higher than that by the normal liver tissue; so good contrast
between tumor and normal liver tissue was achieved on PET
scans. The enzyme activity study showed that VX2 tumors had
increased levels of hexokinase and pyruvate kinase activity,
suggesting an increase of glycolysis. We conclude that trans-
planted VX2 liver tumors could be appropriately evaluated by
8F.FDG PET.
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Malignant tumor cells have intense glycolytic activity
and consequently an increased level of exogenous glucose
utilization (I-3). This increase in glucose metabolism can
be assessed quantitatively using '8F-2-fluoro-2-deoxy-D-
glucose (*®F-FDG), a fluorinated glucose analog, and PET.
Fluorine-18-FDG and glucose are competitive substrates
for transportation from plasma to the tissues or for phos-
phorylation by hexokinase, but the former is trapped intra-
cellularly in a phosphorylated form because of its low rate
of subsequent metabolization, low membrane permeabil-
ity, and low dephosphorylation rate (4,5), while the latter
enters the glycolytic pathway.

Increased '®F-FDG uptake has been reported in human
brain tumors (6,7) and in tumors of other organ systems
(8-19), including liver tumors (16-19). These studies have
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demonstrated the utility of '*F-FDG PET for tumor detec-
tion as well as for making a differential diagnosis and eval-
uating treatment. Data on the uptake of *F-FDG or other
tracers which support the clinical utility of these agents in
experimental tumor models have also been reported
(20-25). However, experimental liver tumors have not pre-
viously been evaluated by '*F-FDG PET. Compared with
other organs, the liver has some special features with re-
gard to ®F-FDG PET studies. Because the surrounding
normal liver tissue has a high glucose-6-phosphatase activ-
ity with the consequent rapid dephosphorylation of '®F-
FDG-6-phosphate, the lower background radioactivity pro-
vides a clearer image, as has been clinically demonstrated
in several studies.

In the present study, we evaluated VX2 liver tumors
using '8F-FDG PET to compare the uptake profile of this
liver tumor model with that previously reported for human
liver tumors and to determine the applicability of this
model to the investigation of human liver tumors. We also
assessed enzyme activity in this liver tumor model to ap-
proach the mechanism underlying the increased '*F-FDG
uptake.

MATERIALS AND METHODS

Animals and Tumors

Fifteen male Japanese white rabbits (weighing 2-3 kg) bearing
VX2 tumors in the liver were used in this study.

Tumor tissue samples were stored frozen as small blocks about
1 mm in diameter and contained approximately 1 x 10° VX2
sarcoma cells. Rabbits were anesthetized with sodium pentobar-
bital, a midline abdominal incision was made and several blocks of
VX2 tumor tissue were transplanted directly into the liver. CT
scanning was performed 3 wk after transplantation and the rab-
bits with liver tumors over 2 cm in diameter were used in the
following experiments. Figure 1 shows the CT appearance of a
VX2 liver tumor.

Radiopharmaceutical Agent

Fluorine-18 was produced by the ?’Ne(d, a)'®F nuclear reac-
tion using an ultracompact cyclotron (Sumitomo, CYPRIS-model-
325). Fluorine-18-FDG was then synthesized by the acetylhypo-
fluorite method of Shiue et al. (26) with slight modification. The
specific activity of '*F-FDG was 143-204 MBg/mg, and the radio-
chemical purity was over 95% assessed by HPLC (Shimadzu,
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FIGURE 1.
CT scan of a VX2
liver tumor (arrow).

LC-10AS; column, Carbohydrate, Waters; eluent, CH;CN:H,0
= 85:15).

Fluorine-18-FDG Injection and Arterial Blood Sampling

Tumor-bearing rabbits were anesthetized with sodium pento-
barbital (25 mg/kg body weight) after 4 hr of fasting and then
received an intravenous injection of 8-25 MBg/kg body weight of
F-FDG. Fluorine-18-FDG was injected via an auricular vein
over a 30-sec period and the time of starting injection was defined
as time 0.

Arterial blood sampling was performed in 15 rabbits (rabbits
1-15). Two milliliters of blood were sampled from a catheter
introduced into the femoral artery at 15, 30, 45, 60, 75 and 90 sec,
aswellas 2, 3, 5, 8, 15, 25, 40 and 60 min after '3F-FDG injection.
These blood samples were centrifuged for 5 min at 3000 rpm to
collect plasma; the plasma radioactivity level was measured with
an automated Nal well scintillation counter (Packard Auto-
Gamma 500, Packard Instrument, Chicago, IL).

Tissue Excision

Tissue specimens were obtained from 11 rabbits (rabbits 1-11).
Immediately after the last arterial blood sample was obtained (60
min after 'F-FDG injection), each rabbit was killed with a lethal
dose of pentobarbital, and a number of small pieces of tumor
tissue and normal liver were excised for the counting of radioac-
tivity.

Dynamic PET Iimaging

PET images were obtained with an animal PET camera (SHR-
2000; Hamamatsu Photonics, Hamakita, Japan). The transaxial
and axial resolution of the system was respectively 3.0 mm and
4.8 mm (FWHM) 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 respectively 2.3 kcps/uCi/ml and 3.8
keps/uCi/ml. Total system sensitivity was 20.7 kcps/uCi/ml in-
cluding the scatter component (27).

Fluorine-18-FDG PET scanning was performed on 11 rabbits
(rabbits 5-15). Each anesthetized rabbit was fixed in the gantry of
the camera and a transmission scan was obtained for 15 min with
a ®Ge ring. Sequential 2-min or 3-min scans then were obtained
over the 60-min period following '®F-FDG injection.
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Enzyme Activity Assays

The activity of key carbohydrate-metabolizing enzymes was
determined in six tumor-bearing rabbits. Normal liver tissue and
tumor tissue specimens were frozen immediately after excision.
The following enzymes were assayed: hexokinase (HK), glucoki-
nase (GK), phosphofructokinase (PFK), pyruvate kinase (PK),
glucose-6-phosphate  dehydrogenase (G6PDH), fructose-1,6-
diphosphatase (FDPase) and glucose-6-phosphatase (G6Pase).
Tissue homogenates were used to determine G6Pase activity, and
the homogenates were centrifuged for 30 min at 15000 rpm to
obtain supernatants for determining the other enzyme activities
(28-30).

RESULTS
Plasma °F Levels

As shown in Figure 2, the peak level of 'F radioactivity
in arterial plasma (Cp(t), open squares) occurred in the first
3 min, after which '8F levels decreased consistently.
Plasma glucose levels ranged from 111 to 241 g/dl, which
would not influence significantly the clearance of 'F. Ar-
terial input (AlI) was calculated as follows:

60
Al = J' Calt) dt.

0

Al varied with the dose of "*F-FDG and ranged from 6.1 x
10° to 4.2 x 10%Bq/ml) X min.

Fluorine-18 Levels in Liver and Tumor Tissue

The radioactivity in the tumor specimens excised 60 min
after '®F-FDG injection (C,, small closed circles) was mark-
edly higher than that in normal liver tissue (C;, small open
circles) (Fig. 2A-B). The ratio of tumor uptake-to-normal
liver tissue uptake (C,/C,, tumor-to-normal liver ratio) was
3.5 £ 0.9 (mean = s.d.) in 11 rabbits. The tumor uptake to
Al (C,-to-Al) ratio was 0.044 + 0.009 min~! (mean * s.d.),
while the normal liver uptake-to-Al (C-to-Al) ratio was
0.013 + 0.003 min~! (mean * s.d.).

PET Imaging

Dynamic PET images were obtained from 11 rabbits. In
these images, the tumors could be clearly distinguished
from the surrounding normal liver tissue. Figure 3 shows
the PET images obtained in the last 3-min scan. Regions of
interest were fixed for the tumor and normal liver, and
serial changes of tumor radioactivity (C(t), closed circles)
and normal liver radioactivity (Cy(t), open circles) were
plotted versus time (Fig. 2B-C). Tumor '®F concentration
increased continuously, whereas that of normal liver de-
creased almost in parallel to that of arterial plasma. In
seven rabbits (rabbits 5-11), the '3F-FDG concentration of
tumor tissue and normal liver tissue was measured both in
vitro by excised tissue counting and in vivo by PET imag-
ing. As shown in Table 1 and Figure 2B, the PET values
(C(60) and C; (60)) were close to the respective in vitro
values (C, and C,) at 60 min after '®F-FDG injection.
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FIGURE 2. Time course of '®F-FDG radioactivity in arterial blood

tumor tissue and normal liver tissue. (A) Rabbit 4; (B) rabbit 8;

plasma,
(C) rabbit 15. Fluorine-18 radioactivity in: OJ, arterial plasma (Cp(t)); @, in tumor (C+(t)); O, in normal liver (C (t)); @, in excised tumor (C,); and

o, in excised normal liver (C).

Enzyme Activities

The activities of seven key carbohydrate-metabolizing
enzymes in tumor tissue and normal liver tissue are pre-
sented in Table 2. Compared with normal liver tissue,
transplanted VX2 liver tumor tissue showed an increase of
HK and PK activity as well as a decrease of G6Pase and
FDPase activity. GK, PFK and G6PDH did not show any
significant differences in activity between normal liver tis-
sue and tumor tissue.

FIGURE 3. Fluorine-18-FDG
PET images of VX2 liver tumors
(arows). A, B,C,D,E, F, G, H,
I, J and K show the tumors in
rabbits 5-15, respectively.
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DISCUSSION

The present study shows that *F-FDG uptake by VX2
liver tumors was 3.5-fold higher than that by normal liver
tissue, and good contrast between the tumor and normal
liver was achieved in PET scans.

Previous clinical studies have indicated that '*F-FDG
PET is a useful agent for positive imaging of liver tumors.
For example, Yonekura et al. imaged three patients with
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TABLE 1
Summary of the Values of Various Parameters in 15 Tumor-Bearing Rabbits

Plasma
Al (kBgml) G G C.(60) Cy(60) K-complex  giucose

Rabbitno.  x min) (kBg/m) Crto-Al (min~") (kBg/m) Cyto-Al (min~") CitoC, (kBg/mi) (KBg/mi) (min™") (g/d)

1 4170 65.1 0.0156 2156 0.0517 459 124

2 860 12.7 0.0148 39.8 0.0463 3.12 138

3 2530 273 0.0108 53.6 0.0212 1.96 126

4 720 9.6 0.0134 40.2 0.0558 4.16 123

5 1090 11.8 0.0108 47 0.0410 3.79 136 394 0.0322 175

6 1140 15.8 0.0139 585 0.0513 3.69 19.2 40.3 0.0204

7 2030 25.0 0.0123 90.3 0.0445 361 237 68.7 0.0266 114

8 1110 213 0.0192 52.6 0.0474 247 137 415 0.0428 129

9 1060 1.7 0.0110 48.1 0.0454 412 13.7 48.0 0.0416 125

10 1880 173 0.0092 87.6 0.0466 5.05 219 737 0.0368 121

11 1520 211 0.0139 50.6 0.0333 240 18.7 69.0 0.0342 123

12 610 88 238 0.0394 241

13 2000 212 115.1 0.0589 m

14 1770 18.7 63.2 0.0340 113

15 760 9.8 263 0.0283 121
mean + s.d. 1550 + 890 0.0132 + 0.0027 0.0440 + 0.0091 3.54 + 0.92 0.0367 + 0.0086 135 + 33

Al = arterial input; C, = radioactivity in normal liver tissue excised 60 min after '*F-FDG injection; C, = radioactivity in tumor tissue excised 60 min
after ®F-FDG injection; C, (60) = radioactivity in normal liver tissue measured by PET 60 min after '°F-FDG injection; C,(60) = radioactivity in tumor

tissue measured by PET 60 min after '*F-FDG injection.

liver metastases from colon carcinoma (16) and Messa et al.
imaged four patients with liver metastasis from melanoma or
breast cancer (19) using '®F-FDG PET. Both studies sug-
gested its usefulness for the detection and characterization of
liver tumors. As reported by Nagata et al., '®F-FDG PET is
also a useful imaging modality for monitoring the response of
liver tumors to treatment (7). Recently, Okazumi et al.
reported on '®F-FDG PET in 35 patients with liver tumors
and demonstrated its usefulness for assessing the degree of
differentiation of hepatocellular carcinoma as well as for
making a differential diagnosis of liver tumors (18).

VX2 tumors implanted in rabbits have been widely used
in various experimental studies, including evaluation of
this tumor growing in the thigh muscle by using *F-FDG
PET (22). VX2 can also be transplanted in the liver, as was
done in the present study. Since this liver tumor model is of

an adequate size to allow the performance of various types
of experimental therapy, it is considered suitable for eval-
uation of the therapeutic response of liver tumors to dif-
ferent treatments. VX2 liver tumors can be evaluated by
various imaging modalities. CT scanning and angiography
show the morphological profile of the tumor, but the met-
abolic profile cannot be evaluated by these imaging meth-
ods. Histological examination and enzyme assays are use-
ful for evaluating tumor metabolism, but the animal must
be killed unless the tumor can be safely and accurately
biopsied. Therefore, the establishment of a new method for
evaluating tumor metabolism in vivo would be desirable. In
the present study, the metabolic ?roﬁle of VX2 tumors in
rabbit livers was evaluated by '*F-FDG PET, and our
results suggest the utility of this method for the in vivo
quantitative assessment of liver tumor metabolism.

TABLE 2
Activities of Key Carbohydrate-Metabolizing Enzymes in Tumor Tissue and Normal Liver Tissue
Enzyme activity (mU/mg protein)*
VX2 liver tumor (n = 6) normal liver (n = 4)*
Hexokinase 42+1.0 1.0+0.2
Glucokinase 12+0.2 1.7+07
Phosphofructokinase 63 +46 55+1.1
Pyruvate kinase 2742 + 1104 21327
Glucose-6-phosphate dehydrogenase 52+32 6.1+14
Fructose-1,6-diphosphatase 09+08 168 £ 23
Glucose-6-phosphatase 11+08 411 +204
*Mean + s.d.

*n = number of rabbits.

Evaluating Experimental Liver Tumors ¢ Oya et al.
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To determine whether the rabbit VX2 liver tumor model
is appropriate for assessing the clinical usefulness of 'F-
FDG PET for liver, glucose metabolism of this tumor
model must be compared with that of human liver tumors.
Accordingly, we evaluated in vitro tumor tissue to normal
liver tissue '®F radioactivity ratio (C,-to-C; ratio), in vitro
C,to-Al ratio and the in vivo K-complex value (deter-
mined as explained below).

Figure 4 summarizes the metabolic pathway of glucose.
For quantitative measurement of '*F-FDG accumulation in
tumors, an appropriate compartment model is necessary.
We applied the model shown in Figure 5, which is based on
the following assumptions:

1. Fluorine-18-FDG-6-phosphate is not metabolized fur-
ther, whereas glucose-6-phosphate enters the glyco-
lytic pathway or the pentose phosphate pathway.

2. The membrane permeability of '*F-FDG-6-phosphate
is very low.

3. Dephosphorylation of *F-FDG-6-phosphate is negli-
gible in the tumors, because of its low glucose-6-
phosphatase activity.

On the basis of this model, we used a graphical method
to determine the tumor accumulation of ®F-FDG, which
was regarded as equivalent to the K-complex, i.e., (k; %
ks)/(k, + k;), where k;, k, and k; are respectively the rate
of glucose inflow, glucose outflow and phosphorylation.

When X and Y are defined as follows:

f Ce(7) dr
0
Ge(t)

HK G6Pase
GK G6PDH

[Glucose-6-phosphate }-----b ~-»
A

PFK | | FDPase l_mr'_'_;l
ulose-
[Fructose-6-phosphate | phosphate
A
[Fructose-1,6-diphosphate |
i —> Gycoyss
* §> Gluconeogenesis
Pentose phosphate
[Phosphoenol pyruvate | -9 pee

FIGURE 4. Summary of the metabolic pathway of giucose.
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FIGURE 5. Compartment model used for assessing '°F-FDG
handling by VX2 tumor cells. k,, k,, k; and k, are rate constants.
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the curve produced by plotting Y versus X becomes a
straight line with slope K, and the K-complex is deter-
mined as the slope of this line (31,32). Table 1 summarizes
data on the C,-to-C, ratio, C,-to-Al ratio and K-complex for
the 15 tumor-bearing rabbits.

In previous studies on human liver tumors, the tumor-to-
normal liver tissue ratio was 3.3-4.7 for liver metastases
from colon carcinoma (16), while the K-complex value was
0.0358 min ™" for liver metastases from melanoma (19) and
was 0.0304 min~" for liver metastases from colon, esoph-
ageal, gastric, and pancreatic cancer (8). In this study, as
shown in Table 1, the tumor-to-normal liver tissue ratio
and the K-complex value of VX2 liver tumors were respec-
tively 3.5 + 0.9 and 0.037 + 0.009 min~! (n = 11). This
correlates well with the clinical data. Thus, this tumor
model seems to be comparable with human liver tumors.
However, human tumors could have considerable variabil-
ity in their metabolic profiles, while only one type of tumor
was examined in this study. Therefore, the inferences de-
rived from this model should be limited to tumors in which
k; is relatively high and k, (the rate of dephosphorylation)
is nearly zero, such as metastatic liver tumors.

The enzyme activity study revealed that transplanted
VX2 liver tumors had increased HK and PK activity with
decreased G6Pase and FDPase activity, when compared
with normal liver tissue. It is possible that the enzyme
activity might have been altered because tissue excision
was performed under general anesthesia and the samples
were frozen after excision. Despite these potential limita-
tions of the experimental method, the data on enzyme
activities corresponded well with accelerated glycolytic
rate of the tumor and the comparative dephosphorylation
in normal liver tissue. However, this enzymatic profile
could not completely account for the accumulation of '®F-
FDG in transplanted VX2 liver tumors or for the low back-
ground radioactivity of the surrounding liver, probably be-
cause both the K-complex value and the tumor-to-normal
liver tissue ratio of ®F-FDG uptake depend not only on k,
and k, (i.e., phosphorylation and dephosphorylation) but

Y=
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also on k, and k, (i.e., the forward and reverse *F-FDG
transfer rates). Despite this, the enzyme activity data sup-
ported the quality of the tumor images obtained with '°F-
FDG PET.
We therefore conclude that this transplanted VX2 liver
tumor model with ®F-FDG PET evaluation is useful for
the following reasons:

1. Fluorine-18-FDG PET can detect changes in tumor
metabolism which may precede morphological
changes.

2. Fluorine-18-FDG PET can be performed in vivo, and
therefore the changes during and after treatment can
be evaluated.

3. The images obtained are clear enough for quantitative
assessment.

4. The C,-to-C, ratio and K-complex values of the model
corresponded approximately to those reported for
human liver tumors.

5. The activity profile of the key carbohydrate-metabo-
lizing enzymes in this liver tumor model agreed with
tumor handling of '8F-FDG.

Another advantage of this model is that experimental
therapies such as transcatheter arterial embolization (33),
hyperthermia or irradiation can be performed easily. In the
future, this model may be applied for in vivo evaluation of
various therapeutic modalities.
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