
Recent attempts to measure the in-vivo myocardial
distribution of C-i 1 labeled glucose utilizing emission
tomography have not been successful, as the result of
a low extraction of this compound from the coronary
circulation and the widespread distribution of [11C]
glucose throughout many other organs such as the
lung (1 ) . Glucose transport is a passive, carrier
facilitated process. Thus, selective accumulation
within a tissue against a concentration gradient does
not occur and there is merely an equilibration of in

tracellular and extracellular glucose concentrations
(2) . Since glucose rapidly enters several metabolic

Received March 5, 1977; revision accepted Aug. 9, 1977.
For reprints contact: Brian Gallagher, Dept. of Chemistry,

Brookhaven National Laboratory, Upton, N.Y. I 1973.
C Present address: Mound Laboratory, Monsanto Re

search Corp., Miamisburg, Ohio 45342.
t Presentaddress:National Institute of Radiological Sci

ences, 4-9-1 Anagawa, Chiba-City, Japan.

990 JOURNAL OF NUCLEAR MEDICINE

jn.in/
AND RADIOPHARMACEUTICAL.S

Radiopharmaceuticals XXVII. â€˜8F-Labeled 2â€”Deoxy

2â€”Fluoroâ€”Dâ€”Glucose as a RadIopharmaceutical

for Measuring Regional Myocardial Glucose

Metabolism In Vivo: Tissue Distribution

and Imaging Studies in Animals

B.M. Gallagher, A. Ansari, H. Atkins, V. Casella*, D. R.Christman, J. S. Fowler, T. ldot,
R.R.MacGregor,P.Som,C.N. Wan, A. P.Wolf, D. E.Kuhl,andM. Reivich

Brookhaven National Laboratory, Upton, New York,
University of California at Los Angeles, Los Angeles, California,
and the University of Pennsylvania, Philadelphia, Pennsylvania

18F-2-Deoxy-2-fluoro-D-glucose (18FDG) is rapidly extracted by the mouse
heart, and the radioactivity in heart (3-4% per organ) remains relatively
constant for 2 hr post injection. The brain uptake (2-3% per organ) re
mained relatively constant throughout the time course of the study. Liver,
lungs, kidneys, small intestine, and blood all showed a rapid clearance of
radioactivity after injection of 18FDG. At 120 mm the heart-to-lung ratio
was 12 and heart-to-liver ratio was 32. Urinary excretion of activity was

@16% of the injected dose at 60 mm. The uptake of radioactivity by dog
heart following the intravenous administration of 18FDG was 2.8â€”4.1% at

60 mm and 2.4% at 135 mm; it was regionally distributed, the areas of high
est activity being the left ventricle and the interventricular septum. The brain
activity was 2.1â€”3.5% at 120 mm, with a ratio of gray matter-to-white mat

ter of 2â€”3:1. Urinary excretion in dogs was 16% and 50% of the injected
dose at 60 and 135 mm. The chemical form of the activity in the urine, al
though unidentified, was not 18F . Cross-sectional images of the myocardium
of the dog after intravenous injection of 18FDG were obtained using emis
sian tomography.
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pathways, however, the tendency toward equilibrium
would constantly affect net glucose influx, and the
subsequent redistribution of labeled metabolites
would result in a continuous loss of radioactivity
from the organ. It would be desirable to have a glu
cose analog labeled with a gamma-emitting nuclide
that would be transported and phosphorylated and
thus trapped intracellularly as is glucose, but that
would not undergo subsequent metabolic steps with
a redistribution of radioactivity. Because the hy
droxyl groups at C-I , C-3, C-6, and perhaps C-4
of glucose are involved in the binding of glucose to
hexokinase, glucose analogs with substituents only
on the relatively non-critical 2 positionâ€”such as
2-deoxy-2-fluoro-D-glucose (FDG)â€”are substrates
for hexokinase (3).

Local cerebral glucose metabolism has been dem
onstrated recently in animals and humans by the use
of emission tomography and the gamma-emitting
glucose analog, F-i 8-labeled 2-deoxy-2-fluoro-D-
glucose (18}TJ(J) (4). A discussion of the basis for
the use of the deoxyglucose method for measuring
local glucose metabolism has been recently pub
lished (5). This compound is a suitable substrate
for hexokinase (3), and 2-deoxy-2-fluoro-D-glucose
phosphate was the only observed product of this
reaction (4). Since this metabolic is a poor sub
strate for subsequent metabolic steps (6) and since
the permeability of hexose phosphates is quite low,
we have explored the use of 18FDG as a radiophar
maceutical for studies of myocardial metabolism and
imaging. Because the ischemic or hypoxic heart is
dependent upon glucose as its major energy source,
this compound might provide a method for the
in-vivo measurement of regional myocardial glucose

utilization as a probe for myocardial ischemic con
ditions. Our initial studies were carried out in nor
mal animals to explore the time-distribution patterns
of this compound as an agent for myocardial imaging
and metabolism. In addition, cross-sectional images
of â€˜hedog myocardium were obtained after i.v. in
jection of 18FDG using positron emission transaxial
tomography.

MATERIALS AND METHODS

Synthesis of 18F-2-deoxy-2-fluoro-D-glucose
(18@1@) High specific activity anhydrous 18F-F2 was

produced using the 20Ne(d,a)18F reaction with I 3.8

MeV deuterons on a target consisting of 0. 1% F2
in neon (7â€”9). The reaction of 18F-F2 with 3,4,6-

tri-0-acetyl-D-glucal gave [18F] 3,4,6-tri-0-acetyl-2-
deoxy-2-fluoro-D-glucopyranosyl fluoride that was
hydrolyzed to 18fl@J (10,1 1). The radiochemical
yield of l8fl@(3 has been increased by a factor of 2
over the previously reported procedure (10,11 ) by

using a 0.7 X 10 cm column of silica gel and elution
with ether:hexane ( 1: i ) to separate the gluco- and
mannopyranosyl fluorides. The radiochemical purity
was >96% as determined by thin layer chromatog
raphy (10,11).

Animal experiments. 18FDG was dissolved in iso
tonic saline and injected intravenously into 8- to 10-
week-old Swiss Albino mice (BNL strain) through a
lateral tail vein, or into female mongrel dogs (15â€”17
kg) through a leg vein. The dogs were anesthetized
with sodium pentobarbital (20 mg/kg) either 15 mm
before administration of â€˜8FDG,or were first injected
with 18FDG and anesthetized 60 mm later. At the
desired time interval after the injection of 18FDG
the animals were killed by cervical fracture (mice)
or by barbiturate overdose (dogs) . The organs were
removed, blotted to minimize adhering blood,
weighed, and counted in an automated NaI well
counter and the activity corrected for decay. Data
are expressed as percentage of the injected dose per
organ or per gram of tissue as indicated.

In some experiments, urine was collected from
the animals and analyzed for the possible presence
of 15F by passing aliquots of urine over 1- by 5-cm
alumina column and washing with 8 ml of water,
after which effluent and the alumina (containing
18Fâ€”) were counted to determine by difference the
amount of 18F in the sample. The validity of this
method for measuring 18F in samples was tested by
passing known aliquots of 18F over identical col
umns and measuring both the adsorbed radioactivity
and the column effluent. Less than 0.02% of the
18Fâ€”broke the alumina column. Note that this
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FIG.1. Uptakeoftotalradioactivityinmousecardiacmuscle,
sâ€”I andmouseskeletalmuscle,Aâ€”Afollowinginjectionof
â€˜@FDGas indicated. Each point represents the mean Â± 5DM of
four to eight mice.
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% Injecteddose/Gramtissue'1

mm 15 mm 30 mm 60 mm 120 mm

Heart 39.76 Â± 3.36 27.5 Â± 6.4 323 Â± 8.6 31.66 Â± 2.66

30 60 90 120
MINUTES

GALLAGHER, ANSARI, ATKINS, ET AL.

the injection of 18FDG. The glucose levels ranged
from 80â€”107mg %.

Imaging experiment. Five mCi of 18FDG were in
jected intravenously into one dog (anesthesized as
described above), and imaging was begun 5 mm
later. A series of 6-mm scans were taken with the
PETT III ( 12 ) instrument, with total coincidence
counts ranging from 1.2â€”1.9 X i(Y@for each of four
levels investigated. The different slices were approxi
mately 1.5 cm apart and extended from the base to
the apex of the heart. Transmission scans at the van
ous levels were made before emission tomography.
A repeat scan at the level above the apex, taken at
90 mm after injection, showed virtually no change
from that obtained at 28 mm after injection.

RESULTS

Mice. Tissue distributions of [18F] 2-fluoro-2-
deoxy-D-glucose in mice at 1, 15, 30, 60, and 120
mm after injection were studied; the data are shown
in Figs. 1 and 2 and Table 1. The uptake by the
heart is rapid (3â€”4% per organ) (Fig. 2) and re
mains essentially unchanged up to 2 hr after injection
The rather large biologic variability in the heart up
take in mice at early times (Fig. 1) contributes to
large standard deviations and therefore, from this
data, it is unclear as to whether there is any signifi
cant heart clearance. The uptake by cardiac muscle
was not typical of muscle tissue in general, since
accumulation of â€˜8FDGin skeletal muscle was sig
nificantly less than that of the heart (Fig. 1). The
lungs and liverâ€”both organs which might interfere
with myocardial imagingâ€”rapidly cleared of radio
activity (Fig. 2), and at 120 mm post injection the
heart-to-lung ratio was 12 and the heart-to-liver ra
tio was 32. Several other tissues, particularly the

w
Cl)
Cl)
I.

Ui
Cl)
0
a

at

FIG.2. Clearanceoftotalradioactivityfrommouselungsand
liver following injection of â€˜8FDG.Each point representsthe mean
Â±SDMof four to eight mice.

method does not distinguish between radiofluoride
and other metabolites of 18FDG that might also be
retained by alumina; it served only to show that the
major part of urinary activity was not â€˜8F. Precipi
tation of the activity in the urine as Pb18F2 confirmed
that<0.8% of the total activity was present as 18F
or some labeled metabolite behaving like fluoride.
In several dogs, serum glucose measurements were
made in triplicate by the S.V.R. method*, on blood
drawn from a peripheral leg vein immediately before

TABLE 1. DISTRIBUTION OF RADIOACTIVITY IN MOUSE TISSUESFOLLOWING THE INTRAVENOUS
INJECTION OF 18@G

32.33 Â±2.7
2.39 Â±0.13
4.97 Â±0.78
0.89 Â±0.10
0.40Â±0.11

2.79 Â±072
3.42 Â±0.28
0.52Â±0.05
1.93 Â±0.19
1.39 Â±0.20

Lungs 5.38Â±0.41 2.71Â±0.03
3.81Â±033
1.64Â±0.21
1.54Â±0.18

3.45 Â±0.47
6.07 Â±0.94
2.47 Â± 0.14

2.02 Â± 0.14
2.59Â±0.21

2.45 Â±0.03
3.21 Â±0.43
1.10Â±0.07
0.89Â±0.11
1.85 Â±0.38
2.22 Â± 0.64

5.31 Â±0.94
2.09Â±0.54
1.94 Â±0.18
2.01 Â±0.41
2.36 Â± 0.22

2.53 Â±0.23
4.01 Â±0.54
0.82 Â±0.08
035 Â±0.10
2.75 Â± 0.58
2.62 Â± 0.56
4.57Â±0.75
1.14 Â±0.11
1.88 Â±0.34
133 Â±0.22
2.45 Â± 0.25

Muscle
Liver
Blood
Femur
Skull
Brain
Kidneys
Spleen
Sm. intestine
Pancreas

2.59 Â±0.11
9.60Â±0.38
7.07 Â±0.69
1.19 Â± 0.19
2.39 Â±0.38
4.33 Â±0.46

13.27 Â±1.42
2.07 Â±0.38
5.39 Â±0.26
237Â±0.39

S Mean Â± 5DM for 4â€”8 animals per point.
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blood, kidneys, and small intestine, showed a similar
rapid clearance of â€˜8@D@J(Table 1). The brain ac
tivity remained relatively constant through the time
course of the study. There was no significant increase
with time in the 18F activity in the skull or femur
indicating minimal, if any, in vivo defluorination.
This latter result was also indicated by the finding
that the activityin the urine, whichwas 16% of the
injected 18FDG dose after 60 mlii, never showed
>0.8% of thetotal activityasfluorideor somemeta
bolite similar to fluoride. Of the organs studied, the
spleen and pancreas showed the lowest accumulation
of radioactivity.

Dogs. The clearance of radioactivity from dog
blood was best described by fitting the data to 3
components (Fig. 3). The initial component was quite
rapid, with a half-life of 0.54 mm, the second com
ponent had a half-life of 5.92 mm, and the slow
component had a half-life of 80.4 mm.

With dogs, at 60 mm post injection, the organs
having the highest F-i 8 activity were the heart, brain,
liver, and lungs. Although by 2.25 hr the lungs and
liver had lost significant activity, the heart retained
considerable activity (Tables 2, 3). Dog urine con
tamed about 14â€”19% of the injected activity by
1 hr and 42â€”57% by 2.25 hr as determined from
the activity per gram of urine and assuming a rate
of urine formation of @44mi/kg-day (13) . As in
the mouse, negligible amounts of the F-i 8 activity
in the urine appeared as 18F (0.9% ). The bone
activityin dogswas also very low (Table 2).

The activity in the heart was regionally localized
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FIG. 3. Clearanceof totalradioactivityfrombloodin thedog
following injection of 18FDG.Resultsare the average values from
three separate experiments.

rather than uniformly distributed (Table 3). The
lowest activities at 60 and 135 mm were found in
the left atrium, right atrium, and right ventricle; the

TABLE2. DISTRIBUTIONOF RADIOACTIVITYIN DOG TISSUESFOLLOWINGINJECTIONOF 18@G*

Lungs 0.0103 0.0112 336 1.250.01030.0101 1.191.44Heart
t t 2.82 4.10tt 2.402.45Brain
$ * 2.14 â€”tj: 3.542.10Ovaries

0.0091 0.0105 0.01 0.010.01 150.0338 0.0010.017Spleen
0.0076 0.0094 0.51 1.79â€”0.0064 â€”0.90Liver
0.0107 0.0093 3.67 2.800.00620.0069 1.822.54Pancreas
0.0075 0.0064 0.23 0.170.01250.0074 0.370.30Kidneys

0.0139 0.0118 0.97 0.620.00970.0076 0.500.50Bone
0.0040 0.0026 â€” â€”0.00080.0016 â€”â€”Blood
0.0055 0.0077 â€” â€”0.00350.0040 â€”â€”Urine5
0.2980 0.2900 13.9 12.70.41700.5800 42.157.1Muscle
0.0033 0.0057 â€” â€”0.00290.0027 â€”â€”.

Data is presented for 2 dogs at each time. Duplicate tissue samplesfrom each organ wereused to determine theradioactivityin
each organ and the average of the two samples is shown for eachdetermination. In allcases, the values for the two sam

pies differed by lessthan5%.t
SeeTable3.4:
SeeTable4.

ST. in urinecalculatedby multiplyingthe% injecteddosepergramtimestherateof urineformationin dogs(-..â€˜44ml/kg/day)
over the 60 mm and 135 mm period.
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TABLE3. DISTRIBUTIONOF RADIOACTIVITYIN DOG HEARTFOLLOWINGINJECTIONOF 18FDG*

60 mm (%/gram) 135 mm (%/gram)

Right auricle
Right ventricle
Left auricle
Left ventricle
IVS

0.0124 (0.0115â€”0.0133)
0.0126 (0.0123â€”0.0129)
0.0090(0.0086-0.0094)
0.0271 (0.0257â€”0.0285)
0.0300 (0.0290-0.0310)

0.0244(0.0228â€”0.0260)
0.0178 (0.0174â€”0.0182)
0.0155 (0.0@47â€”0.0163)
0.0401 (0.0390-0.0412)
0.0441(0.0426â€”0.0456)

0.0098 (0.0096-0.0100)
0.01 28 (0.0120â€”0.0136)
0.0088(0.0087â€”0.0089)
0.0270 (0.0266-0.0274)
0.0332 (0.0317â€”0.0347)

0.0130 (0.0122â€”0.0138)
0.0093 (0.0092â€”0.0094)
0.0092(0.0089â€”0.0095)
0.0172 (0.0167â€”0.0177)
0.0195(0.0188â€”0.0202)

.Dataisshownfortwodogsateachtime;valuesrepresentthemeanandinparentheses,therange,oftriplicatedetermina
tions from each region.

highest activity was found in the left ventricle and
interventricular septum (IVS).

Tomographic images of the myocardium of a nor
mal dog were obtained after administration of 5
mCi of 18FDG (Fig. 4) . Computer reconstruction
of a series of 1 cm cross-sectional images taken
beginning 5 mm after injection clearly showed the
left ventricle and interventricular septum.

As in the heart, the brain activity was not uni
formly distributed (Table 4). The cerebral cortex
showed the highest % dose/g followed by the cere
bellum and medulla. In the cerebral cortex, the gray
matter had approximately two to three times the ac
tivity per gram than was found in the white matter.

DISCUSSION

As shown by the blood clearances in both mice
and dogs, the distribution of i.v. 18FDG to various
organs was quite rapid. The kidneys, liver, lungs, and
small intestine all showed high initial levels of ac
tivity, followed by very rapid clearance. The heart
and the brain showed a rapid accumulation of activ
ity and this remained relatively constant during the
time course of the study period. The uptake of radio
activity in human brain after injection of 18FDG has
recently been shown to be sufficient for tomographic
studies for the determination of local cerebral glu
cose metabolism (4) . These studies have demon
strated the selective distribution of 18FDG in dif
ferent regions of the human brain corresponding
with the differential rates of glucose metabolism. The
present studies on the distribution of 18FDG in dog
brain as determined by excision and counting (Ta
ble 4) agree quite well with tomographic data (4).
The ratio of the average gray-matter metabolic rate
for glucose to that of the white matter was 2.7 for
humans. The similar tissue ratio for radioactivity
in the dog brain ranged from @.â€˜2to 3 : 1.

Although identification of the chemical form of
radioactivity in the various organs was not under
taken in the present studies, the results for 18FDG
distribution in the heart strongly suggest that this

radiopharmaceutical is rapidly extracted from the
coronary circulation and is metabolically trapped in
tracellularly by phosphorylation through hexokinase.
In the dog the lungs and liver, both organs which
might potentially serve as interfering background for
imaging, undergo a rapid clearance of F-i 8 activity

FIG. 4. Transmissionandcorrectedemissionfrombasetoapex
of heart (top to bottom of figure) in ca 1.5 cm stepsafter i.v. injec
tion of 5 mCi of â€œFDG.Orientation is given in top panel of cor
rected emission image using letters A, P, L, and R to indicate an
tenor, posterior, left and right, respectively; left ventricular wall
and interventricular septum are visualized.
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ences glucose metabolism. The determination of the
metabolic fate of 18FDG after injection, and the
physiologic factors influencing uptake, are necessary

of course, for the interpretation of the present results

and their extension to the clinical diagnostic situa
tion. Following the intravenous administration of
18FDG, however, we have consistently observed the
rapid accumulation of a small fraction of the total
injected radioactivity, which persists in the myo
cardium with a much longer half-life than in any
other organ. The apparently metabolic myocardial
trapping displayed by 18JTJ(J is a unique feature

absent with [11C] glucose, and may provide the basis
for the development of a technique to measure re
gional myocardial glucose metabolism. The potential
importance of such a technique in the diagnosis and
care of patients with cardiac disease is of consid
erable interest.
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