
between benign and malignant liver tumors and evaluate
the effects of treatment.

METHODS

Patients
Thirty-five patients with liver tumors, including 23 with pri

mary liver cancer [20 hepatocellular carcinomas (HCC) and 3
cholangiocellular carcinomas (CCC)], 10 with metastatic liver
cancer (five arising from the large bowel, two from the esophagus,
two from the stomach, and one from the pancreas) and 2 with
liver hemangioma. The patients were untreated and the tumor
diameter was over 3 cm for all patients. Twelve individuals with
normal livers and 10 patients with cirrhosis ofthe liver were also
studied as controls.

Tracer Synthesisand Instrumentation
fluorine-i 8 was manufactured from 2Â°Ne(d,a)'tF with a small

â€œCYPRISâ€•cyclotron (Sumitomo Heavy Industries). FDG was
synthesized by the acetythypofluorite method with a â€œCUPIDâ€•
automatic tracer. The preparation was tested in accordance with
the standards of the cyclotron committee of Chiba University
Hospital. The radiochemical purity ofFDG was more than 95%.
PET images were obtained on a HEADTOME III (Shimazu
Works)scanner. A ramp filter and a Butterworthfilter (cut-off
frequency: 8 mmt, order 3) were used for image reconstruction,
resulting in an in-plane spatial resolution of 10.5 mm (FWHM)
in which the resolution in the z-axis direction was 16.5 mm.

PET Scanning
Once patients were positioned, transmission scans were oh

tamed with a 68(3@ring. After cannulation of the peripheral vein
and brachial artery, FDG (148 MBq) was administered intrave
nously for about 2 mm. Upon injection to 60 mm after admin
istration, arterial blood sampleswere collectedsuccessively(15-
sec interval x 9, 30-sec interval x 4, 1-mm interval x 4, 2-mm
interval x 2, 3-mm interval x 1, 5-mm interval x 3, and 10-mm
interval x 3). In addition, dynamic scanning of the tumor was
performed (2-mm scans x 5 and 5-mm scans x 10). After the
arterial blood samples were centrifuged, radioactivity in the
plasma (Cp) was measured with a well counter. Changes of
radioactivity in the tumor (Ci) were measured over time from
the PET images. In these measurements, a region of interest (9
pixels) was designated at the site of maximum accumulation in
the tumor and the mean radioactivity (cps/ml) was determined.
No correction was made for the tumor-blood volume.

To evaluateglucosemetabolismin patientswith tumors in
volving the liver, 35 patients with liver lesions had PET using
18F-2-fluoro-2-deoxy-O-glucose(FOG). FOG (148 MBq) was
injected and radioactivity of the tumor was scanned dynami
cally by PET. The rate constants (k1, k2, k3, k4 of FOG in a
metabolic model were calculated. The results were compared
to hexokinaseactivity in the excisedtumor specimens.k3
wasfoundto reflecttumorhexokinaseactivity.Whenk@was
used as an index (cut-off value:0.025), it was possibleto
distinguish benign and malignant tumors. k@was significantly
higher in hepatocellularcarcinoma.By using k@and k@as
indices, one could assess the degree of differentiation of
hepatocellular carcinoma. After treatment, k@decreased ac
cordingto the effectivenessof therapyand thus may be a
useful index for quantitatively assessing tumor viability.

J NucI Med 1992; 33:333â€”339

t is known that the rate of glucose metabolism is in
creased in malignant tumors (1â€”3)and this is regarded as
an important indication of tumor proliferation. If this
biological characteristic could be evaluated in vivo, useful
information might be obtained regarding the characteris
tics of tumors and the effects of treatment.

In this study, â€˜8F-2-fluoro-2-deoxy-D-glucose(FDG)
was used as a tracer ofglucose metabolism and an analysis
ofglucose metabolism dynamics was performed in patients
with tumors involving the liver with PET. FDG PET has
been used mainly for neurologic studies (4) in which the
uptake characteristics of FDG by malignant brain tumors
have been reported (5-7). Although data on FDG uptake
by liver tumors have been reported (8,9), no detailed
analysis has yet been made. In this study, a detailed
analysis of the glucose metabolism of liver tumors was
performed to develop a method for assaying glycolytic
enzymes in vivo and to determine the glycolytic charac
teristics ofthose tumors. We also attempted to distinguish
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FIGURE2. Time-activitycurveofplasmaandtumorafterthe
injectionof FOG.

surrounding liver tissue in the early period, but showed
greater accumulation after 60 mm (corresponding to type
1 HCC).

The liver hemangioma (Fig. 3F) showed patchy accu
mulation in the early period, but this gradually became
uniform and equal to that of the surrounding liver tissue
after 60 mm (corresponding to type 2 HCC).

RateConstants(k1to k4
Rate constants for FDG transport into each liver tumor

were calculated (Fig. 4). k1values varied somewhat but the

FIGURE3. FOGPETimagesoflivertumors.(A)hepatocellular
carcinoma(type 1), (B) hepatocellularcarcinoma(type2), (C)
hepatocellularcarcinoma (type 3), (0) cholangiocellularcarci
noma, (E) liver metastasis from colon cancer, and (F) liver heman
gioma.Arrowsindicatethetumor.TopimageisenhancedCT (A,
B, C, 0, F)or plainCT(E).Themiddleandbottomimagesare
dynamic PET using FOG.

FIGURE1. Compartmentmodelof [18F]FOG.k1,k2,k@,k:
rateconstants.

Data Analysis
The followinganalysis was made using a metabolic model

designed for FDG in brain tissue by Phelps et al. (10) (Fig. 1).
The rate constantsusedwere:k1,transferfrom blood into tissue;
k2, transfer from tissue into blood; k3, phosphorylation by hexo
kinase; and k@,dephosphorylation by G-6-phosphatase.

Using the successive values of Cp and Ci obtained as men
tioned above, we calculated the rate constants k to k@by the
non-linear least squares method. Calculations were performed
using the NUMPAC program, and the algorithm of the least
squares method was determined using a HITAC-M680 program
and quasi-Newtonian methods.

Measurementof TumorHexokinaseACtIVIty
To confirm the abilityof this model to reflectmetabolismin

the liver, hexokinase activity in tumor tissue was measured in
accordancewith the method of Monakhovet al (11). This pro
cedure was performed on seven patients with hepatocellular
carcinoma, two patients with metastatic liver cancer and one
patient with liver hemangiomain whom the excisedspecimens
could be examined.After excision,the specimenswere cut into
transverse sections in accordance with the preoperative PET
slices. The tissue specimen for analysis was obtained immediately
after excision from the area correspondingto the ROI in the
preoperative PET image.

RESULTS

PET Imaging
In the non-cancerous portion, both normal and cirrhotic

livers showed marked accumulation of â€˜8fl)( throughout
the early period after intravenous injection of the tracer.
Accumulation subsequently decreased rapidly with time
and a steady-state was reached after 60 mm (Fig. 2). FDG
accumulation varied in all liver tumors during the early
period after injection of the tracer, but after 60 mm it
reached a steady-state irrespective of tumor vascularity
(Fig. 3).

Hepatocellular carcinomas were divided into three types
depending on the pattern of accumulation 60 mm after
the injection of FDG. Type 1 lesions showed greater
accumulation after 60 mm compared with the surrounding
liver (Fig. 3A). Type 2 lesions showed nearly the same
degree of accumulation as the surrounding liver tissue
(Fig. 3B), and type 3 tumors showed less accumulation
than the surrounding liver tissue (Fig. 3C). Type 1 tumors
were found in 11 patients (55%), type 2 tumors in 6
patients(30%),and type3 tumorsin 3 patients(15%).

Cholangiocellular carcinoma (Fig. 3D) and metastatic
liver cancer (Fig. 3E) showed less accumulation than the
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The k@values were nearly zero for CCC (k@:0.000 Â±
0.00 1) and MLC (kg: 0.003 Â±0.003), whereas HCC showed
a wide distribution ofk@@values(k4@:0.022 Â±0.022). Normal
liver (kg: 0.018 Â±0.006) and cirrhotic liver (k.,: 0.017 Â±
0.006) had similar k@values. The k@values for HCC or for
the surrounding liver tissue (NL + CL) were significantly
higher than those for non-HCC liver cancer.

When the relationship between k3 and k@values was
assessed for malignant tumors (Fig. 5), k.@was nearly zero
in CCC and MLC, irrespective of the value of k3, whereas
most HCCs with a low k3 showed a high k@value. The k@/
k3 ratio was obtained for each type ofliver cancer, and its
relation to k3 was studied (Fig. 6). In CCC and MLC, the
k4/k3 ratio was nearly zero, irrespective of the value of k3,
whereas for HCC a low k3value was associated with a high
k@/k3ratio (similar to that for the surrounding liver tissue).
Type 1 HCC had higher k3 values and lower k@/k@ratios,
type 2 HCC had similar k.@/k3ratios to the surrounding
liver tissues, and type 3 HCC had especially high k@/k3
ratios. This showed that the differences in FDG accumu
lation on PET images in HCC were related to the k@/k3
ratio (i.e., higher accumulation of FDG (type 1) corre
sponded to a lower ratio and lower accumulation (type 3)
corresponded to a higher ratio). Thus, liver cancer had a
significantly higher k3 value than normal liver tissue. Also,
some HCCs had similar k.@values to normal liver.

This characteristic was not found for CCC and MLC,
while in HCC the k4/k3 ratio was related to the differences
in FDG accumulation on PET images. No significant
difference in k1 or k2 values was noted between type 1
HCC and types 2 or 3.

Effects of Treatment
The k3value was considered to have the closest relation

ship to tumor glucose metabolism. Thus changes of this
constant after treatment of liver cancer were studied.

Case 1 was a patient with HCC who underwent trans
catheter arterial embolization (TAE). After TAE, FDG
accumulated in the tumor periphery, corresponding to the
deposition oflipiodol on CT scans, and the k3value at this
site was 0.047. On the other hand, the tumor center showed
very little accumulation and the k3 value was only 0.0 17.
Examination of the excised specimen showed that the
tumor periphery was viable, while the central zone had
undergone necrosis.

Patient 2 had HCC, and the PET images obtained before
and after TAE are shown in Figure 7. Before TAE, accu
mulation of FDG was noted in the tumor and the k3value
was 0.042. After TAE, the deposition oflipiodol was noted
in the tumor and the tumor diameter was nearly un
changed, but FDG no longer accumulated and the k3 value
was decreased to 0.024. Examination of the excised spec
imen showed complete necrosis ofthe tumor. The decrease
in the k3 value was statistically significant (p < 0.01). This
decrease was attributed to a loss of tumor hexokinase
activity after treatment.

(k4]
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0.10 A CCC('- 3)
â€¢MLC)@.1O)

0.05

o& 0

â€˜bo oâ€¢ o
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FIGURE5. The
relationshipbetween
k3 and Ic@valuesin
eachlivercancer.

mean value was similar for HCC, CCC and metastatic
liver cancer (MLC), and the lowest value was obtained for
liver hemangioma (LH). There were no significant differ
ences in k3 values among these types of tumors, while
the values for normal liver tissue (NL) were significantly
higher than those for HCC, MLC and LH (i.e., the glucose
transfer rate from the blood to the tissue was slower in the
tumors). Cirrhotic liver (CL) tissue had a similar k1 value
to NL.

Tumor k2 values showed a similar pattern to the k1
values, but there were no significant differences in k2
between NL and the tumors.

The k3valuewas0.061 Â±0.046(min') for HCC,0.075
Â±0.035 for CCC, 0.061 Â±0.026 for MLC, 0.011 Â±0.003
for LH, 0.0 17 Â±0.005 for NL, and 0.0 13 Â±0.005 for CL.
There were no significant differences in k3 between NL
and CL. HCC, CCC and MLC also showed no significant
differences, but the malignant tumors had significantly
higher values than the benign tumors and non-tumor liver
tissue (NL + CL). Furthermore, at k3@ 0.025, 100% of
the tissues were malignant, while for k3 < 0.025 it was
found that 92.3% were benign. The two malignant tumors
with a k3 value < 0.025 were both HCC (k3: 0.0 178,
0.0213).

(k,/k,)
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FIGURE 5. The
relationshipbetween
k3 and k4 valuesin
eachlivercancer.
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I in the next stepof the glycolytic pathway), it accumulates
intracellularly as FDG-6-P04.

In this study, we used the metabolic model of Phelps et
a!., which was developed for the brain and is a modification
ofSokoloff's model (15). Since the tumor k3 value showed
a significant correlation with the measured hexokinase

K3 0 042 activity, it appearsreasonableto usethis modelin the
analysis ofliver tumors.

It should be remembered that two systems of blood
supply (the portal vein and the hepatic artery) are present
in the liver. It is thus better to use data from these two
systems as the input function, but it is clinically difficult
to measure them separately in patients during PET imag
ing. Also, after intravenous injection, FDG spreads rapidly
through the blood system. We therefore used the data from
brachial arterial blood as the approximate value of the
input function. Previous studies ofliver-tumor blood sup
ply have shown that these lesions are supplied largely by
the hepatic artery (16), making it reasonable to use bra
chial artery data as the input function.

Our analysis showed that k1 (the rate of glucose inflow
from the plasma into the cells) was lower for the tumors
than for the surrounding liver tissue. A similar finding has
also been reported for brain tumors (1 7), but the clinical
significance is unknown at present.

The rate constant k3 (phosphorylation by hexokinase)
was significantly increased in malignant tumors, and we
were able to identify benign and malignant lesions by
taking a cut-offvalue ofO.025 for this constant. This result
agrees with previous reports (18,19) showing that hexoki
nase activity is increased in malignant tumors. Hexokinase
activity is also said to correlate with the proliferative
activity of a tumor (14,20), so the k3 value may perhaps
reflect tumor aggressiveness. However, since clinical prac
tice offers few chances to observe the natural course of a
tumor and it is difficult to calculate the doubling time,
this point requires further study.

k4is the rate constant for dephosphorylation by glucose
6-phosphatase, an enzyme present specifically in the liver
and kidney (21,22), that is rarely detected in other tissues
or tumors. We found a k@value of nearly zero in CCC and
MLC,whileabout 45% of HCC showedsimilark@values
to the surrounding liver tissue. From this result, some
HCCsmay partly retain the propertiesof normal liverand
the degree of this retention may be indicated by the@
value. Thus, k4 may be a useful diagnostic index not only
to distinguish HCC from other liver tumors but also to
indicate the degree of differentiation of HCC.

The PET images taken 60 mm after injection showed
three patterns of FDG accumulation in liver cancers.
Higher accumulation than the surrounding liver tissue, the
so-called hot nodule, accounted for 55% of HCC (type 1)
and for all cases of CCC and MLC. Similar or lower
accumulation than the surrounding liver was found only
in HCC (types 2 and 3). These differences could be ex
planed by the k3 and k@values of tumors (i.e., tumors

I

K3 0.024

(k3)0.08Y=0.039X+0.020

r0.658::Â°@â€¢@..â€¢â€¢@@

0 0.2 0.4 0.6 0.8 1 :O(Unt/g tissue)
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DISCUSSION

FIGURE7. Patient2 hadHCCandunderwentTAE.Arrows
indicate tumor. (Top) Images before TAE and (bottom) images
after TAE. (Left) Enhanced CT images and (right) FOG PET
images 60 mm after injection.

Measurementof HexokinaseActivity
In 10 patients for whom excised specimens could be

examined, the relationship between hexokinase activity
(units/g tissue) and the k3 value obtained preoperatively
was assessed (Fig. 8). Since the k3 value reflects the total
hexokinase activity per unit volume of tumor tissue, this
activity was also expressed per unit volume. Because the
excised specimens were assayed, there is a possibility that
the activity was slightly decreased by handling, but a
significant correlation with k3 was still noted (p < 0.05).

Glucose metabolism is increased in malignant tumors
(1â€”3),and hexokinase activity (which phosphorylates glu
cose in the glycolytic pathway) correlates with tumor pro
liferative activity (12â€”14).In this study, we used PET and
[l8flpjrj to examine the glucose metabolism of liver

tumors. This analog of glucose enters the cell and is
phosphorylated by hexokinase; but since it is not a sub
strate of phosphohexose isomerase (the enzyme involved

FIGURE8. Therelationshipbetweenk@andthehexokinase
activity. The values of k3 of liver tumors are significantly related
to their hexokinase activities.
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with a higher FDG accumulation had k@values lower than
their k3 values irrespective of the type of liver cancer,
particularly the k4ofCCC or MLC, which was nearly zero,
whereas tumors with similar or lower accumulation than
the surrounding liver tissue had a k@value close to or
higher than their k3 value). There was no significant dif
ference in k1 among types 1 and 2 or 3, so it was assumed
that the differences of FDG accumulation seen in HCC
were not due to variations in the transfer of FDG from
blood to tissue but were due to differences in the relation
ship between phosphorylation and dephosphorylation of
FDG.

In this way, it was proved that FDG accumulation in
some HCCs was modified by a high k@,and that these
appeared as low accumulation images on PET, even when
their k3 values were of a malignant level. To differentiate
benign and malignant lesions in such cases, it was thought
necessary to calculate the k3 and k@values by a dynamic
study.

The graphical method ofdynamic study (23,24) can be
used to calculate the metabolic rate of glucose from the
slope of the graph ([k1 x k3]/[k2 + k3]). It is a useful
method for evaluating many kinds oftumors and the slope
can be used as successfully as k3most ofthe time. However,
the graphical method was devised for the analysis of the
brain where k4was neglected. When the method is applied
to types 2 or 3 HCC, the value [k x k3]/[k2 + k3Jobtained
from the slope is inadequate and lower than that from the
compartment model data [k x k3]/[k2 + k3]. Therefore,
some HCCs should be evaluated by the compartment
model because of a high k.@value.

In experimental studies on liver cancer, hexokinase
activity reportedly increases during carcinogenesis (20)
and G-6-Pase activity decreases finally to zero (21,25).
Therefore enzymatic assessment of tumors with k3 and k@
as the indices as well as assessment of the degree of
differentiation of HCC by glucose metabolism are sug
gested. We found that many HCCs with high k@values
had low k3 values, and that those with low@ values had
high k3 values. The k4/k3 ratio varied from tumors that
were similar to normal or cirrhotic liver tissue (types 2 and
3) to lesions showing a similar ratio to CCC and MLC
(type 1) (Fig. 1). As the k3 value becomes higher, tumor

tissue further departs from normal liver tissue, and as the
k@/k3ratio becomes higher it moves closer to normal liver
tissue. This suggests that the degree of differentiation of
HCC may be assessedusing k3and k@as the indices.

As to the effect ofTAE or radiotherapy on liver tumors,
US, CT, and MM are generallyused to assessany reduc
tion in size or changes of the internal structure. However,
in some liver tumors, the diameter does not change and
only the internal structure changes. In addition, lipiodol
deposits can make the evaluation more difficult. We found
that by using k3as an index, a quantitative evaluation was
possible irrespective of the change in tumor diameter (or
the lack thereof), even after lipiodol deposition. Glucose

is generally the main source of energy for a tumor, and
nucleic acids are synthesized via the pentose shunt from
glucose-6-phosphate, thus hexokinase is considered to be
an important enzyme in tumor proliferation. When tumor
cells are destroyed by various treatments, the hexokinase
activity decreases correspondingly and enzymatic evalua
tion of tumor viability should be possible by measuring
the activity in vivo by FDG PET. In contrast to image
diagnosis, the quantitative evaluation of viability by glu
cose metabolism is not influenced by tumor size, mor
phology, vascularity, or lipiodol deposition.

The subjects ofthis study were restricted to those having
tumors of 3 cm or more in diameter because ofthe limited
resolution of the PET scanner, but with future technical
improvements it should be possible to analyze smaller
liver tumors.

CONCLUSION

FDG PET was used to evaluate glucose metabolism in
liver tumors. We used the MULTI-compartment model
of Phelps et al. to obtain the k1 to k@rate constants for
FDG transport. The k3 value was considered to reflect
hexokinase activity, a glycolytic phosphorylating enzyme
that increases in malignant tumors. Distinguishing be
tween benign and malignant lesions was possible by taking
a cut-off value of 0.025 for k3. k@,the dephosphorylation
rate constant values of CCC or MLC, was nearly zero,
while some HCCs showed similar k.@values to the sur
rounding liver tissue. k@may also be a useful diagnostic
index not only to distinguish HCC from other liver tumors
but also to indicate the degree of retention of properties of
normal liver in some HCCs. It is suggested that the degree
of differentiation of HCC can be assessed using k3 and k@
as the indices by the glucose metabolism. For the effect on
treatment, a quantitative evaluation of tumor viability by
glucose metabolism was considered to be possible by using
k3 as an index.
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T he glucose analog 2-['8F]fluoro-2-
deoxy-D-glucose (FDG) was first

utilized with positron emission to
mography (PET) in humans to quan
tify cerebral glucose metabolism (1-
3), based on a tracer kinetic method
initially developed for autoradi
ographic rat studies with â€˜4C-deoxy
glucose by Sokoloff et al. (4). The
method has been extended, with ap
propriate modifications, to other or
gan systems, including the heart (5).
Because of the high glycolytic rate of
many malignancies, qualitative and
quantitative PET FDG imaging eval
uations oftumors ofthe central nerv
ous system (CNS) and other organ
systems have demonstrated the poten
tial utility of the method to detect the
presence of malignant tissue and to
quantify changes in tumor glycolysis
during and after treatment (6). While
reported quantitative PET FDG tu
mor studies during and after treat
ment are limited in number, most of
these investigations have concerned
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radiotherapy, although some results
with chemotherapy have also been re
ported (7-12). The majority of quan
titative PET FDG tumor studies,
other than those of astrocytomas (13,
14), have been based on nonkinetic
evaluations of relative tumor FDG
uptake, compared either to normal
tissue or to injected dose per body
weight (6,7,15).

Following facilitated diffusion from
plasma to tissue, FDG is phosphoryl
ated by hexokinase and trapped intra
cellularly as FDG-6-P04 (2,4,16,17),
with, for most tissues, a very slow rate
of dephosphorylation. Therefore, the
5 11 keY photons resulting from an
nihilation of the positron emitted by
â€˜8Foriginate both from FDG distrib
uted between plasma and tissue, and
from FDG-6-P04 within cells. After
about 40 mm following intravenous
injection of FDG, the majority of the
â€˜8Flabel in the brain, heart,and most
tumors originates from intracellular
FDG-6-P04. In tissues with low rates
of glucose-6-phosphatase mediated
dephosphorylation, the accumulated
amount of FDG-6-P04 is propor
tional to the glycolytic rate. Since by
40 mm the majority of tissue activity

is in the form of FDG-6-P04, images
of total â€˜8Factivity represent relative
rates of glycolysis. This approxima
tion is appropriate over a wide range
of glycolytic rates, although it is less
accurate at very low glycolytic rates.

One may therefore analyze PET
FDG tumor studies on three levels:
(1) qualitative inspection of static im
ages, taken 40 mm after injection, for
identification of high local activities
characteristic ofa@essive tumors; (2)
nonkinetic quantitative analyses of
relative lesion activity concentration
compared to injected dose per body
weight or region ofinterest ratio meth
ods; and (3) kinetic evaluations of tu
mor glucose metabolic characteristics,
utilizing either the closed-form solu
tion for the FDG model (Equation 2
below) and a priori estimates of model
parameters (i.e., rate constants) with
images obtained at a single time (the
autoradiographic method) or employ
ing a dynamic acquisition sequence
and directly estimating model rate
constants with nonlinear regression
(Equation I below) (MR, in units of
@tmol/l00 g/min) (2â€”4).

The kinetic methods then produce
estimates of the tissue glucose meta
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