
Inhibition of metabolism by structural analogs of
metabolites is one of the recent concepts of cancer che
motherapy (1â€”3). Increased metabolic demand of the
cancer cell for glucose has also been well documented
(4-6), anda studycomparingseveralnormalandma
lignant tissues has shown that the activity of hexokinase,
an enzyme for glucose catabolism, was significantly
higher in malignant tissues (7). Many glucose analogs
have therefore been investigated as potential glucose
antimetabolites to inhibit glycolysis, and thereby growth
in the tumor cells (3,5,8). Of these, 2-deoxy-D-glucose
(2-DG) has proved to be the most promising (3,5,9-
/2).

In 1972 Coe reported that the fluorinated sugar 2-
deoxy-2-fluoro-D-glucose, a structurat analog of glucose,
caused significant inhibition ofglycolysis in ascites tumor
cells grown in vitro (/3). Our preliminary studies with
2- [ I8F] fluoro-2-deoxy-D-glucose ( F- I 8 FDG), have
shown some specificity of uptake in tumors (14). The
present study was undertaken to investigate F- I 8 FDG
further as a potential tumor-seeker both in transplanted
and spontaneous tumors.
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2-deoxy-D-glucose (2-DG) in high doses (>100
mg/kg) is known to produce toxic effects both in animals
and human beings (3,15â€”18), because of its inhibitory
effects on glucose metabolism and consequent cerebral
glucoprivation. Although the LD50 for 2-deoxy-2-flu
oro-D-glucose in mice and rats has been reported to be
approximately 600 mg/kg (8), we required a more de
tailed study preliminary to the use of F- 18 FDG in hu
mans. Therefore we also report the results of the toxicity
evaluation of F-I 8 FDG in animals.

MATERIALS AND METHODS

Radiopharmaceuticals.2-[ I8Fl fluoro-2-deoxy-D-
glucose (F-I8 FDG) was synthesized by the method
described earlier (/9,20). The specific activity varied
according to the integrated cyclotron beam dose on the
target, and ranged from 1-29.4 mCi/mg at end of syn
thÃ§sis.The radiochemical purity was over 95%, deter
mined as described previously (20). Gallium-67 citrate
was also used for comparative distribution studies in mice
and dogs.

Animal experiments. Several tumor-host systems were
studied.

1. Mice: spontaneous murine leukemia, HRS/J
strain,* types (hr/+) and (hr/hr); spontaneous and
transplanted adenocarcinoma, BNL strain,t and trans
planted L-12l0 leukemia, CDF1 strain.t
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Rapiduptakeof F-18 FDGwas observedIn a varietyof transplantedandsponta
neoustumors in animals.The tumor uptake reacheda peak by 30 mln and re
mainedrelativelyconstantupto 60mm,wItha veryslowwash-outof F-18activity
from the tumor thereafter. Tumor-to-normaltissue and tumor-to-bloodratios
ranged from 2.10-9.15 and 2.61-17.82, respectively, depending on the type of
tumor.A scintlscanof a semlnomaIn a dogshowedvery highuptake In the viable
part and lack of uptake In the necrotIcmass.ToxicologIcalstudiesin mice using
1000 times human tracer dose (HiD) per wk for 3 wk and in dogs using 50 tImes
HTDperwkfor3wkdidnotshowanyevidenceofacuteorchronictoxIcity.
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for 3 wk (total of 150 times the human tracer dose), and
a control dog received the same volume of sterile normal
saline on the same schedule. Dogs were routinely ex
amined (temperature, blood pressure, pulse, ausculation)
for any clinical signs and symptoms of abnormalities for
3wk.Bloodandurinesampleswereobtainedfor anal
ysis: before injection, and at 2 hr, I wk, and 2 wk after
injection. Cerebrospinal fluid samples were also col
lected. The following analyses were performed.

1. Urine: physical and microscopic examination,
electrolytes, creatinine, glucose, protein, urobilinogen,
and osmolarity.

2. Blood: RBC, WBC, platelets, reticulocytes, dif
ferential, hemoglobin, hematocrit, erythrocyte sedi
mentation rate, prothrombin time, osmolarity, electro
lytes, glucose, urea nitrogen, uric acid, creatinine, al
kaline phosphatase, LDH, SGOT, SGPT, CPK, total
protein, albumin, and total bilirubin.

3. Cerebrospinalfluid: glucose,protein,and chlo
ride.

At the end of 3 wk, the dogs were killed with an
overdose of i.v. pentobarbital and their internal organs
were examined grossly and microscopically.

RESULTS

Tables 1-3 and Figs. 1 and 2 show the F- 18 FDG
uptakes (% dose/g) at 30 and 60 mm after injection and
ratios of uptake in tumor and corresponding normal
tissues in various animals bearing tumors of different cell
types. Tumor-to-blood and tumor-to-normal tissue ratios
ranged from 2.61â€”17.82and 2.10â€”9.15,respectively, in
different host systems at 60 mm after injection.
Tumor-to-normal tissue ratios were similar at 30 and 60
mm after injection, but tumor-to-blood ratio increased
at 60 mm. Accordingly, a 60-mm study time was chosen
for most of the experiments (Table 2). The specific ac
tivity of the injected dose of F- I8 FDG (jsg/animal) was
different for different breeds of animals studied, but
spearate studies in mice with varying loading doses
showed that there was no loading-dose effect between
dose levels of 0.04 and 0.40 mg/kg.

Comparative distribution studies with Ga-67 citrate
in mice with breast adenocarcinoma showed that F- I 8
FDG gave much higher tumor-to-blood ratios at I hr
(15.96 comparedwith 0.27), althoughthe ratios for
tumor to normal tissue were similar (3.28 compared with
3.05, Table 4). With passageof time, however, both of
these ratios increased for Ga-67, whereas with F- 18 FDG
they appeared to decrease after 60 mm.

Figure 3 shows scintigrams with F- 18 FDG (at 2 hr
after injection) and Ga-67 citrate (at 24 hr) in a dog with
seminoma. There was high uptake of F- I 8 FDG in the
viable tumor tissues by 30 mm after injection. There was
excellent visualization of the tumor, due to low blood and

2. Rats: adenocarcinoma induced by diethylstilbestrol
and x-rays; fibroadenoma and pitutary tumors, AC!
strain.â€•

3. Syrian hamsters: transplanted Greene melanoma
of eye.

4. New Zealand rabbits:amelanoticmelanomaof
eye.

5. Dog: spontaneous seminoma in a mongrel.

F-i 8 FDG was dissolved in saline and appropriate
doses were injected intravenously in all animals except
in hamsters, where the intraperitoneal route was used
for convenience. Animals were killed at 30, 60, and 120
mm after injection. The organs were removed, blotted,
weighed, and counted in a sodium iodide well counter,
and the activity corrected for decay. Data were expressed
as percentage injected dose per gram oforgan or tissue.
Ratios for tumor-to-blood and tumor-to-corresponding
normal tissues were also obtained on a % dose/g basis.

Comparative distribution studies were performed in
mice bearing either adenocarcinoma or L- I 210 leuke
mia. F- 18 FDG studies were carried out up to I 20 mm,

since the 109-mm half-life of F- I 8 did not permit long
term studies. Gallium-67 citrate studies were carried out
up to 24 hr. Imaging was performed with F-i8 FDG and
Ga-67 citrate in a dog bearing a spontaneous seminoma.
For F-I 8 FDG, a high-energy, parallel-hole collimatort
was used and 50,000 preset counts were collected over
the tumor region. For Ga-67 citrate, a medium-energy
collimator was used and lOOK preset counts were col
lected over the same area as for F- 18 FDG.

Sterile turpentine abscesses were produced in the
thighs of New Zealand female rabbits. F- 18 FDG ( I .5
mCi) was injected i.v., and scintiphotos were obtained
with conventional gamma camera up to 2 hr. The same
animal was injected i.v. with Ga-67 citrate (0.5 mCi),
and scintiphotos were taken at 2, 5, and 24 hr after in
jection.

Since F- 18 FDG is a substrate for hexokinase, and the
hexokinase level is known to increase in certain types of
malignant transformation (4,6), determination of hex
okinase activity in normal and tumor tissues was also
performed as previously described (21).

Toxicitystudies.Thesewereperformedfollowingthe
guidelines recommended by FDA for any investigational
new drug.@ Six BNL-strain albino mice were injected

intraperitoneally with FDG, 14.3 mg/kg, at weekly in
tervals for 3 wk (total of 3000 times the human tracer
dose). They were given food and water ad libitum, and
observed over the 3-wk period. A control group of mice
were injected intraperitoneally with the same volume of
sterile normal saline on the same schedule, and observed
for 3 wk. Mice were monitored for any weight changes
or morbidity. After 3 wk they were killed and their in
ternal organs examined grossly and microscopically. Two
adult female conditioned beagle dogs were injected in
travenously with FDG, 0.72 mg/kg at weekly intervals
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TABLE1. UPTAKEOF F-18FDGIN CNSTUMORSTumorsUptake

(% dose/g)Ratios
(%dose/g)tumor/tissuetumor/bloodPituitary

tumor (rat)0.79 Â±0.053.23 Â±0.374.25 Â±0.33Amelanotic
melanoma(rabbit eye)0.43 Â±0.073.10 Â±1.103.46 Â±0.73Greene

melanoma(hamster eye)2.32 Â±0.204.64 Â±0.816.01 Â±0.89.

Time 60 mm. Each pointrepresents mean Â±s.d.. of 6â€”10animals.

Organ% dose/g@
Blood % dose/g

Organt Phenotype:hr/+ hr/hrOrgan % d@sa/gt
Blood % dose/g

Organ 30mm 60mm
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tissue backgrounds. However, the dog was catheterized

to eliminate the urinary activity, since a considerable
amount of F-l 8 FDG is excreted in the urine (20). There
was comparable uptake of Ga-67 at 24 hr after injection,
but there was also higher blood background and very
high colonic activity.

Figure 4 shows scintigrams with Ga-67 citrate and
F-18 FDG in a rabbit with an experimental sterile ab
scess. There was visualization of the abscess with Ga-67@
at 2 hr but the background activity was rather high.
There was very good delineation by 5 hr, and still better
at 24 hr, due to decreased background activity. However,
no localized uptake in the abscess was seen with F-i 8
FDG up to 2 hr.

Two phenotypes of mice (hr/hr and hr/+), bearing
spontaneous leukemia with malignant infiltrations of
spleen and liver, showed a nearly twofold increase in F-I 8
FDG-6-phosphate activity in those two organs compared
with the corresponding normal control tissues (Table 5),
indicating an increased hexokinase activity with ma
lignant transformation.

The tracer dose of F-18 FDG, for brain or heart
studies in man, is approximately I mg of F-I8 FDG
(0.014 mg/kg). Toxicity studies in mice given three doses
of 14.3 mg/kg of FDG (3000 times human tracer dose)
did not reveal any immediate or long-term effects as
determined by routine observations, changes in body
weight, and gross and histopathology of the internal
organs. Toxicity studies in dogs injected with three doses
of 0.72 mg/kg of FDG ( I 50 times human dose) did not

show any immediate or long-term effects. No significant
abnormalities were detected in blood, urine, or CSF
analyses, and no significant gross or microscopic ab
normalities were detected in the heart, brain, spleen,
liver1 kidneys, lungs, ovaries, or intestines.**

DISCUSSION

This study showed that there was an early and high
uptake of F- I 8 FDG in a variety of transplanted and
spontaneous tumors in several animal hosts. The specific
uptake of F- I 8 FDG in tumors may be related both to
(a) enhanced transport, and (b) changes in the metab
olism in tumor cells. It has been shown that during eel
lular transformation, enhancement of transport of 2-
deoxy-D-['4C]glucose occurs due to an increase in simple
and facilitated diffusion of glucose as a result of an al
teration in the plasma membrane's sugar-transport
system (20â€”22). Also an early discovery in cancer bio
chemistry was made in carbohydrate metabolism by
Warburg (25), who demonstrated that in undifferen
tiated, rapidly growing tumors, aerobic glycolysis is in
creased and respiration is decreased. In contrast, in
well-differentiated, poorly growing tumors glycolysis is
decreased or remains unchanged and respiration is in
creased (20,24). This imbalance in carbohydrate me
tabolism in cancercells is due to ordered as well as ran
dom changes in carbohydrate enzyme behavior of cancer

TABLE3. F-18 FDG ORGAN-TO-BLOOD
RATiOS IN SPONTANEOUS MURINE

LEUKEMIATABLE2. F-18 FDG LEUKEMICORGAN-TO
BLOOD RATIOS IN TRANSPLANTED L-1210

LEUKEMIAIN MICE

Liver
Spleen
Thymus
Lymphnode

4.20 Â±0.37

3.59Â±0.96
5.15Â±0.57
6.22 Â±0.94

2.61Â±0.08
4.26Â±1.31
5.31Â±1.27Liver

Spleen
Bone mairow

6.72@ 1.10

8.06Â±0.04
3.39Â±0.03

10.86Â±2.63
17.82 Â±0.88
7.65 Â±0.40

. Time = 60 mm.

t Organ infiltrated with leukemic cells.

@ Each point represents mean Â±s.d. of 6â€”10animals.

. Organs Infiltratedwith leukemic cells.

t Each point represents mean Â±s.d. of 6â€”10animals.
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MURINE LEUKEMIA,Lâ€”121030

m@n60 m,n 0TUMORL'10

NORMAL

TABLE4. UPTAKESOF F-lB FDG AND Ga-67 IN MICEWITHADENOCARCINOMAF-18FDGGa-67Ratios

lhr21w11w6hr24hrTumor/blood

15.96 Â±4.26 8.11 Â±2.020.27 Â±0.060.48 Â±0.112.03 Â±0.22Tumor/tissue
3.28 Â±0.79 2.83 Â±0.803.05 Â±0.233.38 Â±0.998.64 Â±0.93Tumor

uptake (% dose/g) 3.83 Â±1.17 2.27 Â±0.504.67 Â±1.354.40 Â±1.015.01 Â±1.02.

Each pointrepresents mean Â±s.d.of 10 animals.
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Fig. 1. Uptakes of F-18 FDG in organs indicated, at 30 and 60 mm,
in normal mice (clear bars) and when infiltrated with L-1210 leu
kemia (hatchedbars).

FIG.2. Spontaneousleukemiaintwomousephenotypes:60-mm
uptakes of F-18 FDG, comparing infiltrated organs (hatched) with
normals(clear).

rapid and is complete within 30 mm. Thereafter any
further accumulation of F- 18 FDG within the cells
ceases, and the poorly permeable, essentially trapped
product â€˜8F-FDG-6-phosphate is very slowly metabo
lized to products to which the cell membranes are rela
tively more permeable. A slow washout of the activity
from the tumor cells results. Renner (23) also reported
a similar observation with C- 14 DG and suggested that
since the tumor cells contain an excess of hexokinase,
2-DG is phosphorylated as rapidly as it enters the cells
and, without being extensively metabolized, is thereby
trapped within the cells, allowing for an extended net
uptake at the maximum rate. However, high concen
trations of 2-DG-6-phosphate within the cells are known
to inhibit further transport and utilization of glucose, due
to a rapid and almost complete depletion of cellular ATP
for the hexose-catalyzed phosphorylauon of glucose, and
also due to competitive inhibition of phosphohexokinase
isomerase by DG-6-P (27,28).

Although the tumor uptake of F-i 8 FDG was high in
various tumor models studied, the uptake (% dose/g)
differed in different tumor models (Tables 1â€”3,Figs. 1
and 2). This variation could be due to (a) different
growth rates (degree of differentiation) of various tu
mors, since metabolic makeup and demands of various
malignancies are known to differ, paralleling differences
in their growth rates and differentiation (20,26,29,30).
For example, L- 1210 is a very rapidly growing tumor,

cells (4). The key enzymes of glucose catabolism (hex
okinase, phosphofructokinase, pyruvate kinase) show a
pattern of ordered alterations linked with growth rate

of a particular tumor. For example, a rapidly growing
tumor like the Novikoff hepatoma showed more glyco
lytic enzyme activity than slowly growing Morris hep
atoma (22,26).

It has been shown that 2-deoxy-D-glucose (2-DG) can
be phosphorylatedby hexokinase,and a traceof the
phosphorylated product can be oxidized to gluconic acid
(23), but the vast niajority of the transported sugar re

mains as 2-deoxy-D-glucos.e phosphate (23,24). Weber
(4) demonstratedthat the levelof hexokinaseis in
creased two to three times in human hepatoma compared
with normal liver tissue (2.06 X l0@ @zmol/hr/cell
against 0.78 X I0@). Similarly, Monakhov et al. found
a modification of hexokinase properties as a result of
malignant transformation (7). We also observed that

F- I8 FDG-6-phosphate concentration was about twice
as high in murine leukemia tissues as in corresponding

normal tissues, indicating an increase in the hexokinase
activity in those tissues (Table 5).

The tumor concentration of F-i 8 FDG reached a peak
by 30 mm after injection and remained relatively con
stant up to 60 mm. After that, F-i 8 FDG concentration
appeared to wash out slowly from the tumors (3.83 %/g
against 2.27 %/g, p <0.005-0.001, Table 4). It appears
that transport of F-18 FDG within the tumor cells is
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FIG.3. InvivoscintigramswithF-18FDG
at 2 hr (1) andgallium-67at 24 1w(3) Ina
dogwithspontaneousseminoma.Excised
tumorIncenter.A = visibletumor;A'
necrotic. Note colonlc activity with Ga
67.

There are a number of advantages in using F-i 8 FDG
as a tumor-detecting agent in comparison with the
commonly used Ga-67 citrate. Previous studies (20,21)
have indicated that the only significant organ uptakes
of F-I 8 FDG are in brain and heart, and uptake there is
rapid. Therefore, the background activity is low at an
early time for administration, permitting study within
2 hr following injection of radioactivity. With Ga-67
citrate it is necessary to wait 1 to 3 days, and even then
the background activity, especially in the abdomen, is
rather high. Preliminary studies of turpentine-induced
sterile abscesses showed lack of uptake of F-i 8 FDG, up
to a study period of 2 hr. Therefore, F-18 FDG will be
a useful agent in differential diagnosis of tumors from
inflammatory lesions, which the tumor-seeking agent
Ga-67 citrate fails to differentiate. Studies are in prog
ress to correlate F- 18 FDG concentration in tumors at
different stages of growth cycle and also to evaluate the
regression of tumors after chemotherapy using F-18
FDG concentration as a probe to monitor such ef
fects.

FOOTNOTES

* Jackson Lab

t Brookhaven National Laboratory, Upton, NY.

IArthur D. Little

IIAugust-Crossed-Copenhagen
I Nuclear Chicago

I Guideline: Manufacturing and controls for IND's and NDA's.
Clinicaltesting:Symposisof thenewdrugregulations.FDA papers.
FDA/US HEW(FDA) 72-3013 1971.

** Detailed data available in IND No. I 3483. Data on toxicity will

be available from the authors on request.
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and showed the highest concentration (I 8.35% dose/g).
On the other hand, pituitary tumors, which are relatively
slow growing showed low F-I 8 FDG uptake (0.79%
dose/g). Or (b) the blood supply (ECF space) of the
tumor may also play a role in the delivery, and therefore
uptake, of F-l 8 FDG in the tumors, although blood flow
alone is not the limiting factor for F- I 8 FDG uptake in
the cells (3! ). For example, the amelanotic melanoma
transplanted into the posterior chamber had very little
uptake (0.43% dose/g), and the posterior chamber of the
eye is known to have very little blood supply. The scm
tigraphy of the spontaneous seminoma in a dog showed
very high uptake of F-I8 FGD in the viable tumor
tissues, although the necrotic part failed to show any
radioactivity (Fig. 3). Or (c) different hexokinase
properties as a function oftumor type (7) might also play
a role in varying the demand for the substrate F-I 8 FDG,
thereby varying in the uptake of F- I 8 FDG in different
tumors.

TABLE5. CONCENTRATiONOF F-18 FDG-6-PHOSPHATEIN NORMALAND LEUKEMICLIVERAND
SPLEENIN TWO PHENOTYPESOF MICE

hr/+

tw/lT

47.75â€”52.93
36.45â€”50.45

83.53â€”91.44
63.65â€”89.41

30.35â€”35.75
23.03â€”26.78

31.94â€”78.71
33.22â€”57.17

C Time 60 mm. Data represent concentration range for two separate experIments with two samples per experiment.
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