
been studied in detail (5.6). 2-( I8F)fluoro-2-deoxy-D-
glucose 12-FDG(F-l8)] has been used successfully to
measure the functional activity of the brain (7), on the
basis of the Sokoloff model development for 2-deoxy

D-['4C1 glucose (8) oron its improved version allowing
for dephosphorylation ofthe trapped 2-FDG-PO4 (F- I8)
(9). 2-FDG(F-l8) has also been found a valuable tracer
for imaging the myocardium and measuring relative
metabolic changes in different circumstances (10). The
synthesis of 2@(l8F)fluoro-2-deoxy-D-mannose [2-FDM
(F-18)1, an epimer of 2-FDG, has also been reported,
and preliminary biodistribution studies in rats have
shown that 2-FDM has biochemical properties similar
to those of 2-FDG (1 1). To date, however, the syntheses
of F- I8 tagged 2-FDG and 2-FDM are possibleonly with
a large cyclotron that has deuteron beam energy >6
MeV. Ofthe remaining fluorinated analogsof glucose,
only the 3-fluoro-3-deoxy-D-glucose(3-FDG) derivative
has been reported to have biochemical properties closely
resembling those of glucose (12). A discussion of the
selection of 3-FDG to measure local glucose metabolism
has been recently published (13). 3-FDG is transported

Transverse-section imaging of the brain and heart,
using glucose analogs bearing positron-emitting ra
dionuclides, has been found very valuable, since quan
titative monitoring ofthe metabolism Ã³ftheradiophar
maceutical may be obtained.

Glucose is the major energy source of the brain and
is an important physiological substrate for the myocar
dium. Attempts have been made to utilize carbon-I 1
glucose (T112 for C-l I = 20 mm) as a radiotracer to
measure the functional activity of the brain by quanti
tating the local cerebral glucose utilization with emission
computed tomography (1,2). However, no attempts
have been made to image the myocardium with C-I I
glucose. Because of the rapid egress of C- I I (primarily

as I 1CO2) from these tissues, no regional measurements

of the brain or images of the heart have been reported.
Recently, ldo et at. have synthesized an F- I8-labeled
analog of glucose (3,4) and its metabolic properties have
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F-18-Labeled 3-Deoxy-3-Fluoro-D-Glucosefor the Studyof Regional

Metabolism in the Brain and Heart

Mark M. Goodman,David R. Elmaleh, Kimberlee J. Kearfott, Robert H. Ackerman, Bernard Hoop, Jr.,
Gordon1. Brownell, NathanielM. Alpert, and H. William Strauss

Massachusetts General Hospital, Boston, Massachusetts

Glucose is the major physiological substrate of the brain and an important physi
ological substrate for the myocardium. I1FJfluoro-3-deoxy-@lucose 13-FDG(F-18)1
wasstudiedto determinewhetherit Isa suitabletracer forevaluatingthe metabol
Ic function of the brain and myocardium. 3-FDG(F-18) was rapidly accumulated
in the mousemyocardium(10-12% injecteddose/g) andremainedconstantup
to 120 mm.Blood,liver,andlungactivitiesexhibiteda rapidaccumulationof activ
ity (4% inJected dose/g) at I mm, followed by elimination of activity up to 30 mm
(2% inJected dose/g), and then remaining unchanged for a period of 120 mm. The
arterial blood curve in the dog was fit best by three exponential components (T112
= 0.52mm,2.75mm,and142.8mm).Transverse-sectionimageswereobtained
of the dog's brain and myocardium. From sequential two-dimensional Images, a
clearance half-timeof 26.88 mm was determinedfor the canine brain. Radiation
doses for man were calculated from tissue dIstribution data for mice.

J NucIMed 22:138â€”144,1981
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of the canine chest and head; and (e) the dosimetry of
3-FDG.

MATERIALS AND METHODS

The production ofcesium radiofluoride (CsISF), al
most carrier-free, has recently been reported (13). It was
produced by the 20Ne(d,a)18F reaction. Neon was
bombarded with a 6.5-MeV deuteron beam directed onto
a nickel-plated target box that is fitted with a self-con
tamed Havar foil window: During bombardment the
neon was circulated through a series of two silver@wool*
plugs coated with cesium hydroxide. In a typical prep
aration, a 100-mg silver-wool plug was immersed in an
aqueous cesium hydroxide solution (200 mg/ml) and
dried at I50Â°C.Irradiation of the neon for 60 mm at 40
jzA beam current produces 60-65 mCi absorbed on the
silver wool. Greater than 90% of the collected activity
was trapped by the first silver plug. The reaction of a
silver-wool plug containing Cs'8F with 1,2:5,6 di-O
isopropylidene-O-trifluoromethane sulfonyl-D-cellofu
ranose gave 1,2:5,6 di-O-isopropylidene-3-deoxy-3-
(1 8F)fluoro-D-gluco-furanose, which was hydrolyzed to

3-FDG(F-18) as previously reported (13). In a typical
experiment, a nitrogen-purged 0.5-mI solution of hexa
methyl phosphoric triamide (HMPA) containing the
silver-wool plug, and 25 mg of I, was heated in a sealed
reaction vial at I40Â°Cfor 60 mm. Less than 15% of the
activity remained in the vial and on the silver. The iso
propylidene groups of I ,2:5,6 di-O-isopropylidene-3-

I8 F)fluoro-2- D-gluco-furanose were removed

by boron trichloride and water. The aqueous solution
containing3-FDG(@F) waspurifiedbypassingtheso
lution through a column consisting of alumina sand
wiched between AGSOX8 ion-exchange resin. The ra
diochemical purity was greater than 98% as determined
by HPLC using the following conditions: Lichrosorb
NH2 column, 30 cm long by 0.4 cm i.d., phosphate
buffer, pH 3.5, at 750 psi. The radiochromatogram is
shown in Fig. 1.

ANIMAl. EXPERIMENTS

Mice. An aqueous solution of 3-FDG(F-l8) was ti
trated with normal NaOH to pH 7.5 and sterilized by
Millipore filtration (0.22 zm). The resulting solution was
injected into CD-i Fisher mice (Charles River strain)
through a tail vein. At the desired time interval after
injection, the mice were killed by cervical fracture. The
organs and tissue samples were excised, rinsed, and
blotted to remove adhering blood. The weighed organs
were then counted in a well scintillation counter and the
activity corrected for decay.

Dogs. Four mongrel dogs were anesthetized with so
dium pentobarbital (Diabutol, 0.55 cc/kg) and the 3-
FDG(F-18) (3-4 mCi) was injected through a femoral

>

0
a
4

0

FIG 1. Hi@-pressureliquidctwomatogramof 3-FD@F-18),showing
radioactivityprofile. Columnconditions:Lictwosorb-NH2column30
cm by0.4 cm, phosphatebuffer,pH 3.5, at 750 psi.

across mammalian membranes by the controlled pro
cesses of facilitated diffusion and active transport. In

both processes the carbohydrate has been postulated to
combine with a protein carrier to form a complex that
carries the carbohydrate across the membrane (14). For
the active transport model in the hamster intestine (12),
3-FDG was found to bind to the carrier just as effectively
as D-glucose. For the facilitated diffusion model in the
human erythrocyte (15,16) 3-FDG was again found to
bind just as strongly to the carrier as D-glucose. Like
glucose and 2-FIX), 3-FIX) is a substrate for the enzyme
hexokinase. It is not a very good one, however, for its
Michaelis-Menten constant (1(m) 70 Â±30 mM and
its relative maximum velocity 0.10, compared with

those of D-glucose (K@1= 0.17 mM and relative maxi
mum velocity = 1.00) and 2-FDG (Km 0.19 Â±0.03
mM and relative maximum velocity = 0.50) (17). The
low affinity of 3-FDG for hexokinase may significantly
affect the utilization of 3-FDG as a tracer for glucose
metabolism in instances of high blood sugar, since
3-FDG would then compete with endogenous glucose for
the substrate'sactive site.

Recently, a synthesis of 3-08F)fluoro-3-deoxy-D-
glucose has been developed by Tewson and Welch (18),
utilizing F-l 8 in a form that can be produced in a small

medical cyclotron. A preliminary rectilinear scan of a
rhesus monkey was reported (13), but with no animal
biodistributions. We report our results with this glucose
analogasa radiotracerforbrainand heartstudies.We
investigated: (a) the biodistribution of3-FDG in normal
mice; (b) the time course of the distribution of 3-FDG
in the brain, heart, and liver in normal mongrel dogs; (c)
the arterial blood clearance; (d) the 2-D and 3-D images

2 3 4 S 6 7 S 9 10 11 12
CM
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% Injected
I mm 5 mmdose/gram

tissue (N 5â€”6)
30 mm 60 mm 120 mm

(O@@)DMAN. I@l.MAl.IlI. KI@ARlOTT. ACKI'RMAN. 11001'. BR()WNIt I . Al PERT. i@Nl) STRAUSS

Blood6.43 Â±0.805.70 Â±0.603.52 Â±0.482.14 Â±0.761.75 Â±0.44Brain4.00
Â±0.463.54 Â±0.712.14 Â±0.521.64 Â±0.272.03 Â±0.56Liver6.45
Â±0.955.83 Â±0.823.52 Â±0.342.26 Â±0.482.36 Â±0.62Spleen2.49
Â±0.442.45 Â±0.403.00 Â±0.382.08 Â±0.392.48 Â±0.73Lung4.69
Â±0.384.38 Â±0.663.78 Â±0.272.78 Â±0.543.12 Â±0.81Heart8.36
Â±1.527.32 Â±0.7712.4 Â±2.1310.1 Â±1.7010.9 Â±2.06Kidney7.26
Â±1.185.43 Â±0.553.57 Â±0.382.18 Â±0.322.19 Â±0.58Bone2.45
Â±0.692.36 Â±0.402.69 Â±0.293.41 Â±0.503.50 Â±0.76Muscle2.32
Â±0.172.30 Â±0.682.90 Â±1.042.11 Â±0.182.30 Â±0.44Bladder1.23
Â±0.1915.4 Â±19.44.73 Â±5.3150.2 Â±31.9

vein. After a 10-sec injection of 3-FDG(F-18), serial
blood samples were taken from a femoral arterial cath
eter to determine the blood clearance rate. A 3-cc aliquot
wastakeneveryI5secforImm, every30secforthenext
4 mm, everyminuteforthenext10mm, every15mm for
the next 45 mm, and every 30 mm for the next 2 hr. The
blood samples were weighed, counted in a well scintil
lation counter, and the activity corrected for decay.

2-D images. In order to determine the time course of
the distribution of 3-FDG in the brain, heart, and liver,
2-D images ofthe dogs were made with the MGH posi
tron camera PC-Il. Before imaging, the dogs were placed
between the camera heads, a phantom filled with an
aqueous solution of F- I 8 /2 = 110 mm) was placed
beneath the dog, and a transmission image was taken.
Four mCi of3-FDG(F-l8) were then administered i.v.
into the normal dogs (weight â€˜-..-15 kg) and 2-D lateral
scans were made. After collection, the data were cor
rected for decay and photon attenuation.

3-D images. A set of positron emission images were
collected at 30 equally spaced angles in a I 80Â°sweep
about the animal. A total of I80 two-dimensional images
were collected in I8 mm. From these data, 23

transverse-section images (corrected for random coin
cidences, photon absorption, and radioactive decay) were
reconstructed at a resolution of I .4 cm FWH M.

RESULTS

Distribution in mice. Table I shows the tissue distri
bution in mice at 1, 5, 30, 60, and 120 mm for 3-('8F)-
fluoro-3-deoxy-D-glucose after i.v. injection. The accu
mulation of 3-FDG(F-18) is largest in the heart. The
myocardial uptake reaches a maximum within 30 mm
and remains constant to I 20 mm. Lung and liver ac
tivities exhibited an elimination of 37 and 66%, respec

lively, at I 20 mm (Fig. 2), compared with their activities
at I mm. After 120 mm, the heart-to-liver ratio was 4.4
and the heart-to-lung 3.5. The uptake in skeletal muscle
differed dramatically from that in heart muscle (Fig. 3).
Whereas the activity in the heart increased from 8.4 to
I0.9%, the activity in the skeletal muscle remained es
sentially unchanged at 2.3%. The heart-to-blood ratio
reached a maximum of 6.4 at 120 mm. The accumula
tion ofactivity in bone showed a slow increase from 2.5%
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FIG. 2. Timecourseof radioactivityin lungsandliverof micefol
lowing iv. injection of 3-FDG(F-18).

FIG. 3. Time course of radioactivityin heart muscle, skeletal
muscle,andbloodof miceafter l.v. injectionof 3-FDG(F-18).
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at 1 mm to 3.5% at 120 mm. Thus, 3-('8F)fluoro-3-
deoxy-D-glucose does not appear to undergo defluo
rination easily. The brain exhibited a 49% elimination
of activity from I to 30 mm, and remained unchanged
at 120 mm.

Arterial blood clearance in dogs. Figure @tshows the
arterial blood curve for fluorine-i 8 following an i.v. in
jection of 3-4 mCi of 3-FDG in four dogs. This curve has
been normalized to the largest available data point (0.25
mm). Three exponentialsfit the curvebest;a major
component with T112= 0.52 mm, a slower one with 2.75
mm,anda thirdwith 142.8mm.

Tomographic studies. The tomographic images of a
normal 15-kg dog, taken in PC-Il, are shown in Figs. 5
and 6. The images of the head, Fig. 5, were taken after
i.v. injection of 4.0 mCi of 3-FDG(F-18); there was a

5-mm wait for blood clearance, then I 8 mm of data
collection. Six consecutive cross-sectional slices of the
head are illustrated. Each slice is I .4 cm thick and cor
responds to the numbered position shown in the 2-D
image of the head. The dog's brain appears in slices 7,
7.5,8,and 8.5,which,respectively,contain106X 0.17,
0.40, 0.24, and 0.48 counts. The images of the chest, Fig.
6, were taken after an i.v. injection of 4.0 mCi of 3-
FDG(F-i8) followed by 60 mm for blood clearance and
I 8 mm for data collection. Figure 6 shows the 3-

100
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FIG.4. ArterIalbloodcurve Indogafter l.v. injectionof 3-FDG(F-18).
Curveisaverageof fourexperiments.

â€¢: @â€˜@

FIG.5. Tomo@aphlcImagesof dog'shead5 mmafter i.v. injection
of 3-FD@F-18). Each 1.4-cm tomographicslice correspondsto
position shown In 2-0 lateral Image(top).

FIG. 6. TomographlcImagesof dog'schest60 mmafter l.v. In
jection of 3-FDG(F-18).Each 1.4-cmtomo@aphicslice corresponds
to positionshownIn 2-0 lateralImage(top).
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FIG. 9. Clearance of total radioactivity from dog's liver following
injection of 3-FDG(F-18).

Time-activity studies. An important characteristic of
a radiopharmaceutical is its selective accumulation and
stability in the targeted tissue, and the rapid clearance
from tissues that might mask the image. In the case of
a metabolic trapping agent, such as 3-FDG, organ sta
bility is very important, since the rapid egress of activity
from the organ may hinder the quantification of the re
gional metabolism of the radiopharmaceutical. In order
to determine the stability of 3-FDG in the brain and
heart, several normal dogs were imaged repeatedly in a
lateral position. Each time, the counts were totalled in
the brain and heart and corrected for decay and atten
uation. The data were then normalized and plotted as a
function oftime. Figure 7 shows thirteen brain-activity
data points from 2 to 180 mm. A single exponential
component fitted the curve best. The component had a
half-time of 26.88 mm and fitted the data to within 4.4%
for times greater than 2 mm. These results indicate a
rapid uptake with a subsequent slow net leakage to a
constant value.

The F- I8 distribution in the myocardium is shown in
Fig. 8, with cardiac data points taken from 2 to 90 mm.
The data indicate a slow uptake with a 5. 1-hour half
time. Heart-to-liver ratio increased from 0.97 at 3 mm
to I .60 at 90 mm (Fig. 9).

Dosimetry. The radiation dose for 3-FDG(F- 18) in
man was estimated using tissue distribution data from
mice. Since the time course of organ distribution has

I I I@ I@ I I I I I I

_@0â€”io_20 30 40 30 60 70 $0 90 100110120
TIME AFTER INJECTION (MIN)

FIG. 7. Clearanceof totalradioactivityfromdog'sbrainfollowing
injection of 3-FDG(F-18).

FDG(F-18) images ofthe myocardium in six consecutive
cross sections. Each slice is I .4 cm thick and corresponds
to the position shown in the 2-D image of the chest. The
left ventricle is clearly defined in slices 5, 5.6. and 6.5;
they contain l0@X 0.2, 0.41, 0.19, and 0.29 counts.
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FiG. 8. Uptakeof total radioactivityIndog'sheartfollowinginjection
of 3-FDG(F-18).
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% Injecteddose/organ (N5-6)I
mm 5 mm 30 mm 60 mm 120 mm

TotaldoseDoses
for

5 mCiinjectionOrgan
(mrad/mCl)(mrad)

AEfft112Organ
(MCi-hr)(mm)
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TABLE2. DISTRIBUTIONOF FLUORINE-18RADIOACTIVITYIN MOUSETISSUESFOLLOWINGl.V.
INJECTION OF 3-FDG(F-18)

BlOOd
Brain

Liver
Spleen
Lung
Heart
Kidney
Bone

Muscle
Bladder

15.847Â±1.929
1.508 Â±0.149
10.609Â±1.333
0.259Â±0.045
0.768 Â±0.062
0.789:E0.088
3.177Â±0.327
7.482:k 1.955
32.229:E2.802
0.081Â±0.013

15.744Â±1.250

1.548Â±0.433
10.922:1:2.746
0.277:4:0.085
0.828Â±0.071
1.004Â±0.082
3.186Â±0.323
8.666Â±1.275
36.925Â±11.755

9.668:1:1.278

1.027 Â±0.286
7.118 :1:0.726
0.345Â±0.075
0.684Â±0.049
1.552Â±0.132
1.944 Â±0.159
9.320:1:1.296

44.748 Â±15.782
0.486 :1:0.467

5.131Â±1.815

0.703 :1:0.171
4.405:E0.523
0.220Â±0.040
0.585 Â±0.084
1.704Â±0.281
1.285Â±0.160

10.108 Â±2.477
28.505Â±2.403
0.166Â±0.113

4.198Â±1.049

0.823 :1:0.208
3.834:1:0.939
0.316 d: 0.037
0.674 Â±0.119
1.203Â±0.221
1.146Â±0.286
10.504Â±2.273
39.010 Â±5.942
7.182Â±5.852

been determined, the cumulative dose for each organ
could be calculated.

The organ distribution of 3-FDG(F- I8) in mice at I,
5, 30, 60, and I 20 mm is shown in Table 2. Least-square
exponential fits were done to estimate the biological
half-time.

Using these data a cumulative activity (@zCi-hr) for
each organ was obtained. The radiation dosimetry was
then obtained by using the dose calculational scheme of
MIRD Pamphlet No. I I ( I975). The effective half-times
and accumulated activities for the radiopharmaceutical
in the source organs are included in Table 3. These
numbers include the 110-minute physical half-life for
F-I 8. Table 4 shows the best estimate ofdose to humans
per 1 mCi of 3-FDG(F-18) injected. Doses for a typical
5-mCi injection are also included.

DISCUSSION

The time-activity studies have shown that 3-

FDG(F-18) enters the dog's brain and heart rapidly; this
is followed by a gradual increase /2 = 306 mm) in the

heart and a slow release (TIp 26.88 mm) from the
brain. Following an i.v. injection, the concentration of
3-FDG(F-18) in the brain, heart, liver, lungs, and blood
of dogs was initially high. However, the activity in the
blood, liver, and lungs showed a rapid clearance in both
dogs and mice. The canine arterial blood clearance of
3-FDG(F-18) was rapid, with t112 = 0.52 mm and
2.75 mm for the fast components. This compares fa
vorably with t112 0.54 mm and 5.92 mm for the fast
components of 2-FDG(F-18) (2). The slowest compo
nent, however, is slower in 3-FDG(F-18) than in 2-
FDG(F-18): t1,2 = 142.8 compared with 80.4 mm. One
possible explanation for this difference may lie in the
relative affinities of 3-FDG (Km 70 Â±30 mM, Vmax
= 0.10)and2-FDG(Km 0.19Â±0.03mM,Vmax

TABLE4. HUMANDOSEPER mCi
ADMINISTERED 3-FDG(F-18), EXTRAPOLATED

FROMBIODISTRIBUTIONIN NORMALMICETABLE3. ACCUMULATEDACTIVITIESAND
EFFECTIVE HALF-TIMES FOR VARIOUS

ORGANS COMPUTED BY MIRD #11 FOR MGH
3-FDG BIODISTRIBUTION IN NORMAL MICE

Brain
Thyroid
Heart
Lungs
LIver
Pancreas
Spleen
Kidneys
Ovaries
Uterus
Blood
Skin
Stomach

Skeleton
Whole body

16
182
63
94

135

99
73

168
52
52
51

37
92
53
71

80
910

315

470
675
495

365
840
260
260
255
185
460
265
355

Brain
Thyroid
Heart
Lungs
Liver

Pancreas
Spleen
Kidneys
Bladder
Blood
Stomach
Skeleton

41.1
2.32

63.7
70.8
176.0
7.04
5.4
52.4
37.0

197.0
28.7
50.5

60.8
54.6
57.0
85.4

44.5
48.2
32.5
46.0

103.0
37.1
54.1
103.0
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0.50) for the enzyme hexokinase. Since 3-FDG and
2-FDG have similar affinities for the carrier that
transports these substrates across tissue membranes (7),
the differences in blood clearance may depend on the
relative rates of the reaction with hexokinase. 2-FDG has
been shown to be a good substrate for this enzyme,
whereas 3-FDG is a poor one (/7). An alternative cx
planation for the slow blood clearance of 3-FDG is the
reabsorption of 3-FDG from the glomerular filtrate in
the kidneys back into the blood. Glucose is returned to
the blood mainly by way of an active transport mecha
nism in the renal tubules. For the active transport model

in the hamster intestine (12), 3-FDG (K = 2.5 mM) was
found to bind to the protein carrier just as effectively as
D-glucose (K 2.3 mM), whereas 2-FDG did not un
dergo active transport (12). Therefore, reabsorption in
the kidneys can occur with 3-FDG but should not occur
with 2-FDG.

The myocardial and cerebral tomograms obtained
with 3-FDG(F-l8) showed high accumulation of the
tracer in these tissues. The left ventricle of the dog's
myocardium was clearly visualized following a 4-mCi
injection. Meanwhile, the activity in the liver and
lungsâ€”organs that might interfere with myocardial
imagingâ€”underwent substantial clearance and were not
visible 90 mm after injection. The brain was clearly
visualized without interference from surrounding tissues,
such as the skull. However, due to the small size of the
dog's brain, tomograms showing fine structures were not
obtained.

The rapid accumulation and slow release of 3-
FDG(F-l8) in the brain and myocardium, combined
with the rapid clearance from the blood, demonstrate
that 3-FDG(F-l 8) possessespropertiessimilartothose
of 2-FDG, and might be a suitable tracer for imaging
and measuring the local glucose metabolism in the brain
and heart.
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