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The fluorodeoxyglucose (FDG) method for estimating regional
cerebral glucose metabolic rate (LCMRglc) requires that a
fixed relationship (the “lumped constant”) exists between net
FDG and glucose (GLC) extraction throughout the brain. In
addition to the relative rate of metabolism between FDG and
GLC, this assumed constant is affected by the relative rate
of blood-to-brain FDG transport compared to that of glucose.
However, little data is available regarding the regional stability
of the FDG versus GLC transport-rate relationship. We there-
fore used high resolution, quantitative dual-tracer digital au-
toradiography to directly compare the blood-to-brain transport
rate constants (K1) of radiolabeled GLC and FDG in normal
and pharmacologically-stimulated rats. The rats were given
45 sec terminal intravenous infusions of a mixture of 'F-FDG
and "C-GLC. Autoradiograms of the brain representing the
FDG and GLC tracer concentrations were produced, digitized,
and converted into digital images of K1. We found that the
global K1 values of FDG and GLC were not significantly
different from each other. However, detailed analysis revealed
that some structures in the normal animals, such as the
hippocampus and cerebellum, had different quantitative pat-
terns of FDG transport compared to GLC transport. Thus,
our results indicate that the relationship between GLC and
FDG transport is not uniform throughout the brain as has
previously been assumed. This observation suggests that
regional variations in the type and distribution of glucose
transporters may exist and that the fluorodeoxyglucose
“lumped constant” may vary somewhat among different brain
regions.
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Deoxyglucose (DG) and fluorodeoxyglucose (FDG)
have been shown to generally behave as glucose analogs
with respect to their transport from the blood into the
brain and to their subsequent phosphorylation. This phe-
nomenon is the basis for the widely used Sokoloff method
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(1) of quantification of local cerebral glucose metabolic
rate (LCMRglc), in which a globally-applied “lumped con-
stant” is used to convert the regional rates of DG- or FDG-
derived radiolabel accumulation into values of LCMRgic.
The DG and FDG methods thus assume that some fixed
relationship between the net fluxes of DG or FDG and
glucose exists throughout the brain. Because these net
fluxes depend upon transport as well as metabolism, the
relative rate of DG or FDG transport compared to that of
glucose (GLC) and of DG or FDG phosphorylation com-
pared to that of glucose must not vary regionally if a single
“lumped constant” is to apply to the entire brain.

In fact, double tracer, FDG-GLC, studies have shown
that in most normal animal structures, the cerebral accu-
mulation rate of radiolabel derived from FDG in 30-45
min experiments is qualitatively similar to, and quantita-
tively related to, the distribution pattern of radiolabel
derived from GLC in six to ten min experiments (2).
However, in some regions such as the hippocampus, thal-
amus and cerebellum, the distribution patterns of FDG-
and GLC-derived radiolabel differ (2,3). Also, activation
causes other significant differences in patterns to occur, as
the FDG-derived radiolabel accumulation can greatly ex-
ceed that of GLC in the activated regions (4).

These differences have been shown at least in part to be
related to loss of GLC-derived radiolabel through produc-
tion of radiolabeled CO, and lactate and the efflux of these
compounds from the brain (4,5). However, the question
arises as to whether these differences, in addition to the
differences in metabolic trapping, might also be caused in
part by differences in transport kinetics between GLC and
FDG. We therefore used double-label quantitative auto-
radiography to compare transport kinetics of FDG and
GLC in normal rats and in rats experiencing kainic acid-
induced seizures.

METHODS

Six normal rats and four rats that had been given intraperito-
neal injections of 10 mg/kg of kainic acid were anesthetized
lightly with halothane and femoral arterial and venous catheters
were placed. The rats were restrained by taping them to a brick
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and allowed to recover for 2 hr. Two milliliters of saline contain-
ing a mixture of 20 uCi of '“C-6-GLC (American Radiolabeled
Chemical, specific activity of 55 mCi/mmol) and 16 mCi of '*F-
FDG (carrier free, specific activity greater than 100 Ci/mmol)
were then administered in a 45 sec intravenous infusion to each
rat. Arterial blood samples were obtained every three sec during
the tracer infusions, and plasma was rapidly separated from the
whole blood. The rats were killed by decapitation at the end of
the infusions, and the brains were rapidly removed and cut into
halves along the interhemispheric fissure.

Two additional rats were prepared as the normal rats above,
but then given 20 uCi of '“C-FDG instead of '“C-GLC in the
infusions (along with the '|F-FDG). These rats were used as
controls to evaluate the types and magnitudes of errors associated
with the dual tracer quantitative autoradiography.

From one half of each brain, small tissue samples weighing S
to 20 mg were dissected from the mid-frontal cortex and central
hippocampus. The samples were weighed, dissolved, and mixed
with liquid scintillation fluid. The '|F concentration of each
sample was determined using a gamma counter. One week later,
after the '*F had decayed to negligible levels, the '*C concentration
of each sample was determined using a liquid scintillation coun-
ter.

The other half of each brain was frozen in powdered dry ice
and then cut into 20 micron-thick sections using a cryomicro-
tome. The sections were collected on cover slips, dried on a 60°
hot plate, and opposed to Kodak NMC film for 4 hr. This
procedure produced exposures mostly resulting from the '|F. One
week later, after the '®F had decayed to negligible levels, the
sections and calibrated '“C standards were opposed to another
sheet of film for 10-20 days, producing '“C exposures. The films
were developed using a standard x-ray film processor, generating
the autoradiograms.

Using a computer-controlled, solid-state scanner (6), the au-
toradiograms were digitized into matrices of 1024 X 1024 pixels
having 256 shades of gray. The digitized images were compressed
into 512 X 512 matrices to reduce noise and to facilitate subse-
quent processing. The corresponding images from each pair of 4-
hr and 10-20-day exposures were aligned to within 1 pixel of one
another using a combination of manual rotation and computer
translation. Using a calibration curve derived from the '*C stand-
ards, the digitized transmission-unit images were then converted
on a pixel-by-pixel basis into digital images reflecting effective
!4C concentration. In other words, digital images were produced
in which the level of gray of each pixel quantitatively reflected
exposure from radionuclide decay as opposed to its original
optical transmission value. This process resulted in pairs of
corresponding digital images, each member of which reflected
predominately '8F or '*C exposure, but each having units of
effective '“C tissue concentration (7,8).

The effective '“C concentration-unit images were corrected for
exposure cross-contamination caused by the presence of the slight
amount of '“C exposure in the 4-hr images (7) and for the
presence of a small amount of residual tracer within the vascu-
lature as opposed to tissue (9,/0). The units of the '®F-based
images were then converted from effective '“C concentration into
'8F concentration using an exposure efficiency factor (7). In this
manner, images accurately reflecting the regional tissue concen-
trations of '*F-FDG- and '“C-GLC-derived radiolabel concentra-
tions were produced.

For the small dissected-tissue samples and for the pixels within
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autoradiograph-based tracer concentration images, we generated
corresponding K1 values. The method used to estimate these
blood-to-brain transport rate constants (K1) was derived from
the widely used two-compartment kinetic model for glucose
analogs (1,11,12) (Fig 1).

dCb/dt = K1 X Cp — k2 x Cb, Eq. 1

where K1 = blood-to-brain transport rate constant of FDG or
GLC, k2 = brain-to-blood transport rate constant of FDG or
GLC, Cp = plasma concentration of FDG or GLC and Cb =
brain concentration of FDG or GLC. In order to compute K1
from a single experimental duration, we assumed that:

k2 = 1.5 x K1, Eq.2
so that Equation 1 could be rewritten as:
dCb/dt = K1 x (Cp — 1.5 x Cb). Eq.3

For the small dissected-tissue samples, the tracer concentration
values were converted into K1 values by numerically integrating
Equation 3 using the measured Cp values. The transport rate
constant values (units of min~' ml/g) were then compared be-
tween the GLC and FDG.

Similarly, for the autoradiograms, the tracer concentration
images were converted into K1 images on a pixel-by-pixel basis
by applying Equation 3 and the Cp measurements. FDG values
were then compared to GLC values using region of interest (ROI)
analysis, pixel-by-pixel subtraction and all-pixel-plotting.

In addition, the effects that the observed variations in Kl
(FDG)/K1 (GLC) would have on FDG-based metabolic rates
were evaluated. Computer simulations were used to generate two
sets of LCMRglc images, one in which a fixed K1 (FDG)/K1
(GLC) ratio was used for all brain regions and the other in which
the actual ratios measured in our studies were used. Images
representing the pixel-by-pixel percent differences between the
fixed-ratio-based and variable-ratio-based LCMRglc values were
compared for the normal, kainic acid-treated and control rats.

RESULTS

Table 1 presents mean values of K1 and plasma glucose
concentrations for the frontal cortex and hippocampus

FDG plasma GLC
K1* 1 k2* K1 | 1k2
A v
FDG brain GLC

FIGURE 1. Commonly used two compartment, plasma-brain,
model for glucose-analog tracer kinetics that was employed in
this study. The GLC and FDG cross from the plasma to the brain
via facilitated transport with rate constants of K1 and K1* re-
spectively. They cross from the brain to the plasma with rate
constants of k2 and k2" respectively. While the standard method
of determining glucose metabolism using FDG assumes that the
values of K1 versus K1* and of k2 versus k2" differ from each
other, it requires that a fixed ratio of FDG constants divided by
GLC constants applies globally. Note: metabolic rate constants
are not shown because negligible metabolism occurs in the brief
experiments.
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TABLE 1
Mean Values of K1 and Plasma Glucose Concentrations for
Frontal Cortex and Hippocampus in Dissected Tissue

Samples
FDG GLC

Normal (9.1)

Cortex 0.32 £ 0.05 0.31 £0.07

Hippocampus 0.24 £ 0.04 0.27 + 0.06
Kainic acid-treated (17.5)

Cortex 0.23 £ 0.04 0.25 +£ 0.05

Hippocampus 0.20 + 0.03 0.23 + 0.03

Units: K1 = min™" mi/g + s.d. The mean value of plasma glucose
concentration (mmol/liter) measured just prior to the beginning of the
infusions is in parentheses. FDG values were not shown to be
significantly different from corresponding GLC values in the normal
or kainic acid-treated rats (p > 0.1).

derived from the dissected tissue samples. In the normal
animals, both cortical and hippocampal FDG-based values
were not significantly different from the corresponding
GLC-based values (p > 0.1). Kainic acid-treatment caused
both the FDG and GLC rate constants to drop significantly
(p < 0.05) from baseline values, presumably a result of the
large increase in plasma glucose concentration (9.1 mmol/
liter control versus 17.5 stimulated). However, as in the
normal animals, no large-region differences between FDG
and GLC transport rate constants were demonstrated for
either the hippocampus or cortex.

Data from the autoradiograms were more complex.
Overall, the K1 images from FDG were similar to those
from the GLC in the normal animals (Fig. 2) and kainic
acid-treated animals (Fig. 3), not unexpected given the
results from the tissue samples.

However, detailed examination of the quantitative im-
ages revealed different K1 patterns for FDG versus GLC
in some structures, particularly the hippocampus. For
example, in all six of the normal rats, ROI analysis showed
that the stratum moleculare to stratum pyramidale ratio
for the FDG was greater than that for the GLC, averaging
1.2 versus 1.0. The kainic acid-treatment caused these

ratios to be reversed with respect to rank-order in all four
rats, averaging 0.9 and 1.2 respectively, values significantly
different from each other (p < 0.02) and from those of the
normal rats (p < 0.02).

Such pattern differences were not observed in the con-
trol “C-FDG-'*F-FDG rats (Fig. 4), and therefore did not
result from errors in the autoradiographic processing. In
other words, real differences were found in some structures
between K1 values for FDG and GLC, both in the normal
and kainic-acid treated rats.

These differences in K1 patterns between FDG and
GLC also were reflected in the data from the all-pixel-plots
(Fig. 5). Data from the FDG-GLC comparisons showed
more spread from the lines-of-identity than did the control
(“C-FDG-'®F-FDG) data, again illustrating that FDG
transport was not directly correlated to GLC transport for
all structures.

The simulation studies showed that these previously
unappreciated regional variations in the ratio of Kl
(FDG)/K1 (GLC) could cause regional variations in the
“lumped constant”. These variations in the “lumped con-
stant” in turn would cause related errors in LCMRglc
measurements in experiments for which a fixed “lumped
constant” was assumed to apply to the entire brain (Figs.
2-4). However, the magnitude of the errors in LCMRglc
was only about half that of the variations in the K1 ratio.
In other words, errors in LCMRglc measurements would
not be as great as the uncorrected variations in the K1
ratios that caused the errors.

DISCUSSION

Before discussing the results of our studies, it is impor-
tant to consider the model and methods that were used.
We used the standard two-compartment, plasma-brain
model for tracer distribution (Fig. 1), and assumed for
simplicity that the rate constant for brain-to-blood trans-
port, k2, was equal to 1.5 times the rate constant for blood-
to-brain transport, K1. This assumption was based on
well-established differences between the size of the glucose
distribution space for the plasma and brain. While this is

Cc D

FIGURE 2. Quantitative digital images representing the transport rate constants of GLC and FDG in a normal rat. A and B are K1
images (min~' mi/g) of GLC and FDG respectively. Overall, the quantitative images of K1 for FDG are similar to those for GLC.
However, in some structures such as the hippocampus, the relationships between FDG and GLC transport rate constants differ from
the global value. This phenomenon was observed in all of the rats in the study. C and D are simulation-based images that depict the
effects that unaccounted for variations in transport would have on LCMRglc measurements. Both overestimates (C) and underesti-

mates (D) of LCMRglc values can occur.
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FIGURE 3. Quantitative digital images representing the transport rate constants of GLC and FDG in a kainic acid-treated rat. A
and B are K1 images (min~' mi/g) of GLC and FDG respectively. As in the normal animals, the quantitative images of K1 for FDG are
similar to those for GLC. However, in some structures such as the hippocampus, the relationships between FDG and GLC transport
rate constants differ from the global value. For exampie the stratum moleculare (black arrows) has relatively greater GLC transport
than FDG transport, while the cell-body layer (white arrows) has relatively greater FDG transport than GLC transport. C and D are
simulation-based images that depict the effects that unaccounted for variations in transport would have on LCMRgic measurements.
Both overestimates (C) and underestimates (D) of LCMRglc values can occur.

FIGURE 4. Quantitative digital images representing the transport rate constants of '“C-FDG (A) and '®F-FDG in a normal rat. Other
than slight attenuation artifacts, the images are identical. C and D are simulation-based images corresponding to those of Figures 2
and 3. Only slight random noise is present caused by the attenuation effects and imperfect registration between the K1 images.

only an approximation, by using short experiments we
reduced the effects that any errors in this assumption
would have on determination of K1. At 45 sec, the dura-
tion used in these studies, the terminal ratio of the concen-
tration of plasma tracer (FDG or GLC) to that of brain
tracer was always greater than five to one. Therefore, the
second term in Equation 1 (k2 X Cb) is small compared
to the first term (K1 X Cp). In other words, calculated
blood-to-brain rate constants are not greatly influenced by

changes in assumptions regarding k2. For example, even
if k2 were assumed to be zero, the calculated K1 would
decrease only by about 10%.

Similarly, the brevity of the experiments eliminated the
need to consider metabolism kinetics in the model. Rate
constants for glucose and deoxyglucose metabolism (k3)
are only about half those for transport, so that in such
brief experiments, the effects of tracer metabolism on
uptake patterns are insignificant (less than 5%).

A 8.3 B 8.5 C 8.5
FDG FDG it
.//'.’
S 0.0 e.aa . -
0.8 GLC 8.8 i GLC i &l

FIGURE 5. All-pixel-plots of K1 for FDG versus GLC from a normal (A) and kainic acid-treated (B) rat. Each plot represents over
1 million points obtained from four to five representative sections from each rat. A plot from a control *F-FDG-'“C-FDG rat (C) defines
the errors associated with the dual tracer technique. If the technique were perfect, then all data would be on the line of identity.
Some spread occurs, but it is less than that observed in the FDG versus GLC plots, indicating the existence of real differences
between FDG and GLC.
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The results of our studies can be considered on two
levels of analysis: low resolution comparisons of GLC
versus FDG transport based on the tissue sample data and
high resolution comparisons based on the autoradi-
ographic data. While the tissue samples were themselves
small, averaging approximately 10 mg in weight, they had
to be dissected from visually identifiable brain regions.
This limited localization to structures on the order of
several millimeters in diameter. On the other hand, the
resolution of the dual tracer autoradiography is much
greater, approximately 100 X 100 X 20 microns (6,7);
moreover it offers the additional advantage of visually
portraying the regional patterns of transport.

We therefore limited our use of the tissue sample data
to the comparison of transport rate constant values of
FDG versus GLC for only two easily identifiable regions—
the frontal cortex and hippocampus. We found no signif-
icant differences for cortical values of K1 between FDG
and GLC (p > 0.1) as well as no differences in overall
hippocampal K1 values between FDG and GLC (p > 0.1).
These results differ from those of some previous studies in
which significantly greater transport rates for FDG have
been reported (1/3-15). For example, data based on brain
uptake index studies (/4,15) suggest that the FDG trans-
port rate constant is approximately 125% that of GLC at
a plasma glucose concentration of 10 mmol/liter. How-
ever, the rate of uptake of FDG by the heart was found to
be 94% that of GLC in a condition in which transport was
limiting (16). The causes of the discrepancies are uncer-
tain. A possible explanation is that our double label tech-
nique, by eliminating interanimal variability from the
comparisons, yielded more valid results but it is also
possible that some unappreciated error occurred in our
studies. Finally, it may be there are unappreciated infu-
sion-duration effects resulting from the serial transport of
tracers from the blood to the extracellular space and then
from the extracellular space to the intracellular space. If
this is so, our 45 sec-based values may not be directly
comparable to the 5 sec-based values (/4,15) or to the
multi-minute-based values (/6). Further experiments may
be needed to resolve these issues.

We found that the K1 values for both FDG and GLC
decreased by an average of 22% between the normal and
stimulated conditions in response to a rise in the mean
plasma glucose concentration from a value of 9.1 mmol
per liter to a value of 17.5 mmol per liter. This observed
change agrees well with values from studies measuring
tracer competition, in which 20% decreases in both GLC
and FDG transport rate constants were reported as the
glucose concentration in the infusions was increased from
10 to 20 mmol per liter (14,15).

Irrespective of the findings regarding the absolute values
of K1 for GLC and FDG, it is important to note that the
tissue sample data did not show any regional variations in
the ratio of K1(FDG) to K1(GLC). In other words, the
tissue sample results are entirely consistent with the stand-
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ard two-compartment transport model. They therefore
also support the use of a single lumped constant-value
between different regions.

However, the higher resolution autoradiographic data
point to a different conclusion regarding the limits of the
standard transport model: that while the model applies to
most brain regions, it is inaccurate in certain structures. It
has been generally assumed that, although FDG and GLC
have different overall kinetics, the relationships between
their rates of transport and their rates of metabolism are
fixed throughout the brain. However, we found that while
this assumption is valid for most parts of the brain, some
structures such as the hippocampus have different patterns
of FDG transport compared to GLC transport. Kainic acid
treatment changes the overall values of transport rate
constants in these regions, but differences between FDG
and GLC rate constant patterns persist. These differences
are unlikely to result from some error in the autoradiog-
raphy or image analysis since they were not observed in
the control FDG-FDG studies.

The observed differences between the behavior of FDG
and GLC cannot be accounted for using the standard two-
compartment, plasma-brain model for FDG transport;
some other mechanism must apply at least in the regions
that have discordant K1 patterns of FDG versus GLC.
One possibility is that another significant compartment
exists with respect to determining net FDG versus GLC
blood-to-brain transport (Fig. 6). Regional variations in
the size of this hypothetical compartment could account
for our observations. Another possibility is that particular
brain regions may contain different populations of trans-
porters with different affinities for FDG and GLC (Fig. 7).
Depending upon the regional mixtures of the transporters,
the relative rates of FDG versus GLC transport could vary.

How do these observations impact upon the use of FDG
to quantify LCMRglc? Regional variations in the ratio of
FDG versus GLC transport rate constants, unless exactly
balanced by regional variations in the metabolic rate con-
stants, will cause regional variations in size of the relative

FDG plasma GLC

fk2* K1|1k2

| P

extracellular

K1*

FDG GLC
k3* f ka* k3 | ?M

_ v

FDG intracellular GLC

FIGURE 6. The observed differences in apparent K1/K1* ra-
tios for certain structures could refiect the presence of more than
one significant brain compartment, e.g., extracellular and intra-
cellular compartments, with respect to substrate transport. Our
findings could be explained by regional variations in the relative
sizes of the two compartments.
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FDG GLC

Kia* 1k2a* K1b*
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FDG
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brain

FIGURE 7. The observed differences in apparent K1/K1* ra-
tios for certain structures could reflect the presence of different
populations of transporters with different relative affinities for
glucose and deoxyglucose. Our findings could be explained by
regional variations in the relative densities of the different trans-

porters.

distribution spaces of FDG and GLC. These regional
variations of distribution space-size in turn will cause
regional variations in the FDG “lumped constant”. There-
fore, if a single “lumped constant” is used for the entire
brain, errors in LCMRglc determination will occur in
those structures whose FDG versus GLC K1 ratios differ
from mean values. However, the magnitude of these errors
will be only about half as great as the unaccounted for
variations in the transport rate constants in most condi-
tions since metabolic rate constants more influence the
lumped constant than do transport rate constants.

While our results do point to a limitation of the fixed
lumped constant-FDG model, they are not actually incon-
sistent with other studies that have indicated regional
stability of the “lumped constant”. Such studies have been
performed with single tracer techniques, or dual-tracer
tissue-sampling techniques, and lacked the spatial resolu-
tion of the present study. Thus, we do not suggest that our
data pose a significant problem to the practical use of the
FDG method in situations with limited resolution, such
as PET scanning or even most animal tissue-sampling or
autoradiographic studies. Rather, we feel that the results
of this study indicate a pathway for further exploration of
the complicated issue of regional differences in cerebral
substrate transport and metabolism.
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