
The effect of plasma glucose concentration on the cerebral uptake of [18F]-fluorodeoxy-D-glucose (FDG)
was studied in a broad concentration range in a rabbit brain model using dynamic FDG PET measure-
ments. Hypoglycemic and hyperglycemic conditions were maintained by manipulating plasma glucose
applying i.v. glucose or insulin load. FDG utilization (K) and cerebral glucose metabolic rate (CGMR)
were evaluated in a plasma glucose concentration range between 0.5 mM and 26 mM from the kinetic
constant k1, k2, k3 obtained by the Sokoloff model of FDG accumulation. A decreasing set of standard
FDG uptake values found with increasing blood glucose concentration was explained by competition
between the plasma glucose and the radiopharmacon FDG. A similar trend was observed for the forward
kinetic constants k1, and k3 in the entire concentration range studied. The same decreasing tendency of k2

was of a smaller magnitude and was reverted at the lowest glucose concentrations where a pronounced
decrease of this backward transport rate constant was detected. Our kinetic data indicate a modulation of
the kinetics of carbohydrate metabolism by the blood glucose concentration and report on a special
mechanism compensating for the low glucose supply under conditions of extremely low blood glucose
level.
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INTRODUCTION

Glucose is a major substrate for brain energy metabolism, and a significant fraction
of glucose metabolism is coupled to neuronal activity. It is of critical importance for
normal function and resistance to injury in both the mature and developing brain [1,
21]. The plasma membranes of most mammalian cells contain one or more proteins,
which transport glucose by facilitated diffusion. The principal glucose transporters in
the brain are GLUT1 (present at high concentration at the blood brain barrier and
astrocytes), GLUT3 isoforms expressed in neurones and GLUT5 in microglia [15,
16, 28].
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Although brain glucose metabolism is basically phosphorylation limited [17]
transport processes may become rate limiting under special conditions. Changes in
the expression of GLUT 1 and GLUT 3 have been reported during postnatal devel-
opment [19, 26], following transient focal ischemic injury [25] and under other spe-
cial conditions [4, 15]. Great attention has been given to the changes in the D-glu-
cose transport activity in hyperglycemic or hypoglycemic state [5, 11, 12, 13, 17, 19,
20, 29], but this intensively studied issue still has a number of unsolved questions and
it has resulted in controversial results as well. A substantial part of the related inves-
tigations has been based on detecting changes in protein and/or RNA synthesis or
transporter protein degradation, but research on the putative glucose dependent reg-
ulation of the brain glucose metabolism is required.

PET, using [18F]-2-fluoro-2-deoxy-D-glucose (FDG), enables the in vivo mea-
surement of regional glucose metabolism under physiological and pathological con-
ditions alike. FDG utilisation can be quantitized by using compartmental analysis
[22] allowing the processes comprising the glucose metabolism to be investigated in
detail. In this study, we sum up about the relationship between the kinetic parameters
of FDG accumulation in rabbit brain and the plasma glucose level in a broad con-
centration range using dynamic PET investigations. Data analysis has revealed a spe-
cial regulatory mechanism activated by extremely low blood sugar concentrations.

MATERIALS AND METHODS

Animals

Rabbits of 2.7 ± 0.5 kg (mean ± SD, n = 17) were used throughout the experiments.
The animals were provided ad libitum access to food except for the last five-hour
fasting period prior to the PET investigations. The experimental protocol was
approved by the Laboratory Animal Care and Use Committee of University Medical
School of Debrecen based on the Helsinki declaration. In every experimental group
(control, hyper- and hypoglycemic group) at least 5 animals were used. The rabbits
were anaesthetised with i.p. urethane (0.5 g/kg) and alpha-chloralose (50 mg/kg).
One femoral artery and one femoral vein were cannulated [7]. Glucose loading (40%
glucose) and insulin (Actrapid MC 40 IU/ml, NOVO) was applied i.v. to manipulate
the plasma glucose concentration. Hyperglycemia was achieved applying a glucose
load of 2�3 ml 40% glucose/kg body weight, 120 minutes prior to the FDG PET
study, followed by an another 5 ml dose 90 minutes later. Hypoglycemia was induced
applying 15�20 IU insulin (120 minutes prior to the PET scan) followed by another
insulin administration (10 IU), 30 minutes prior to the FGD injection. Plasma glu-
cose levels were measured before the glucose and insulin treatments and during the
PET scans as indicated in Fig. 1. Two animals were twice subjected to dynamic PET
investigations under different conditions. Rabbit No 1 was manipulated in the first
experiment in a way to have 26 mM, the highest (in the whole set of measurements),
blood glucose concentration and two days later, the same animal was investigated
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under extremely low blood glucose concentration (1.1 mM glucose). Rabbit No 2
was adjusted first to hypoglycemic condition (2 mM blood glucose concentration)
and two days later this animal was used as a control with 7.3 mM blood glucose con-
centration.

Serial arterial blood sampling was performed in all cases to allow the kinetic
analysis of FDG accumulation.

PET scanning

FDG was synthesised according to Hamacher et al. [6]. The radiochemical purity of
18FDG was higher than 97%, and the specific activity was close to 2 Ci/mmol. PET
scans were carried out using a GE 4096 whole body PET camera. The laboratory ani-
mals were intravenously given 2�4 mCi FDG in 2 ml physiologic salt solution as a
20�30 sec bolus. All PET measurements were of dynamic type with the number and
length of the exposures as follows: 12×30 sec, 5×1 min, 5×3 min, and 3×5 min. Data
used for the construction of static images were collected between the 40th and the
60th min. Transmission scans obtained with a Ge68/Ga68 external rotating rod source
have been used to correct for tissue attenuation. 

The regional FDG uptake was expressed as the standardized uptake value (SUV)
and was calculated as the ratio of the decay-corrected tissue concentration (in
mCi/kg) and the injected dose per body weight (in mCi/kg).

Dynamic analysis of brain glucose metabolism was carried out using the three
compartment Sokoloff�s model of glucose accumulation [22] as modified by Phelps
et al. [18] including the dephosphorylation rate constant of FDG. Kinetic rate con-
stants (k1 is the rate constants of the glucose transport from the intravasal compart-
ment to the intracellular compartment, k2 is the rate constant of the reverse transport,
k3 and k4 are the rate constants of the phosphorylation and dephosphorylation reac-
tion, respectively) of the model were evaluated using the matrix representation of the
model [8]. The rate of FDG utilization (K, expressed in 1/min units) and the cerebral
glucose metabolic rate (CGMR expressed in mg/100 g/min) were calculated as:

where Cp denotes plasma glucose concentration (mg/100 g), Lc is the Lumped con-
stant, [22] the numerical value of which was assumed to be 1.
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RESULTS

The plasma glucose concentrations of the untreated animals (without glucose and
insulin load) were in the range of 5�12 mM (7.86 ± 1.5, n = 6). Administration of
glucose brought about an immediate increase in the blood glucose concentration fol-
lowed by a slower decrease. Applying a second glucose load we succeeded to main-
tain a relatively constant hyperglycemic level of glucose during the PET scan (Fig.
1). The manipulated plasma glucose level of this group of animals ranged from 13 to
26 mM (20.7 ± 5.3, n = 6). Our insulin administration protocol resulted in an abrupt
decrease of the plasma glucose concentration prior to the PET scan (Fig. 1B) and was
efficient in maintaining very fairly stable hypoglycemic glucose levels in the range
between 0.5 and 2.6 mM (1.66 ± 0.84, n = 5) during the PET measurements. For a

Fig. 1. A: Characteristic time dependence of plasma glucose concentration in a representative eug-
lycemic (Q), hypoglycemic (×) and hyperglycemic (+) animal. B: Time course of the plasma glucose con-
centration upon insulin treatment in a single experiment. Hypoglycemia was induced by i.v. administra-
tion of 20 IU insulin 120 minutes prior to the FGD injection followed by another 10 IU insulin dose

90 minutes later. Arrows indicate time points of glucose and insulin administration



representative experiment a mean plasma glucose concentration of 2.6 ± 0.15 mM
was obtained from data displayed in Fig. 1B averaged over the time of emission data
collection.

The SUV were determined for the whole brain and plotted against plasma glucose
concentration. The results displayed in Fig. 2 show a pronounced decrease of FDG
accumulation with rising concentration of the glucose in the blood. 

Results of the kinetic analysis are shown in Figs 3�5. Kinetic constant k1 shows a
monotonous decrease with growing blood glucose concentration in the whole range
investigated (Fig. 3). Below 2 mM plasma glucose level, the numerical value of this
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Fig. 2. Effect of plasma glucose concentration on the standard
uptake  value of FDG accumulation in rabbit brain

Fig. 3. Effect of plasma glucose concentration on the k1 kinetic
constant of glucose metabolism in the rabbit brain
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constant increases by a factor of 8. A similar tendency can also be observed in the
change of k3 (Fig. 5). The concentration dependence of these forward parameters is
very similar to each other under euglycemic and hyperglycemic conditions. In con-
trast, although only a slight change was detected in k2, characterizing the inverse
transport of FDG from the intracellular compartment to the intravasal space, in the
hyperglycemic and normoglycemic range, a remarkable decrease in its numerical
value was detected at low plasma glucose levels (Fig. 4). At very low plasma glucose
concentration (0.5�1 mM) parameter k2 approached zero which was accompanied by
a 5�10 times increase in the values of k1 and k3. The kinetic constants of the hexo-
kinase catalysed glucose phosphorylation decreased monotonously with increasing
plasma glucose levels.

Fig. 4. Effect of plasma glucose concentration on the k2 kinetic
constant of glucose metabolism in the rabbit brain

Fig. 5. Effect of plasma glucose concentration on the k3 kinetic
constant of glucose metabolism in the rabbit brain



Known values of k1, k2 and k3 obtained from kinetic model calculations allowed
the evaluation of the rate of FDG utilisation (Fig. 6) and the rate of cerebral glucose
metabolism (Fig. 7). The former parameter showed a steadily decreasing tendency
with the increase of the blood glucose level. Interestingly, the calculated CGMR vs
plasma glucose concentration displayed minimum value in the physiological blood
glucose concentration range and increased in both the hyperglycemic and hypo-
glycemic direction.

Two animals were reused in the experiments under conditions of different plasma
glucose concentrations. With rabbit No. 1 hyperglycemic (extremely high level) con-
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Fig. 6. Effect of plasma glucose concentration of the FDG utilization rate in the rabbit brain
(euglycemic [(!), hypoglycemic (") and hyperglycemic (Q)]

Fig. 7. Effect of plasma glucose concentration on the glucose metabolic rate (CGMR) in the rabbit brain
[euglycemic (!), hypoglycemic (") and hyperglycemic (Q)]
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ditions were maintained first and in the experiment two days later FDG PET scan
was completed on the same animal with hypoglycemic plasma glucose level. Rabbit
No. 2 was subjected to the first measurement under hypoglycemic conditions and
served as a control with physiological blood glucose concentration two days later in
a second experiment. The results of the kinetic analyses of these measurements are
summarised in Table 1. The results obtained with these rabbits fitted in well with the
trend of other measurements in rabbits used in only a single run.

DISCUSSION

Having special intention to carry out dynamic investigations of glucose metabolism
in the widest possible range of glucose concentration, we have chosen a laboratory
animal experimental system. The rabbit brain has been selected as an experimental
system for this purpose as the rabbit model has proved to be suitable for PET inves-
tigations [3, 10]. It has also been suggested that the evaluation of the kinetic con-
stants is superior to the analysis of the FDG utilization rate as the former can reflect
metabolic changes more specifically. The precise calculation of glucose metabolic
rate assumes exact knowledge about the numerical value of the Lumped constant. As
no Lc data are available on rabbit brain we have postulated Lc = 1. We assumed also
that the value of the Lumped constant for rabbit brain does not change with the blood
glucose concentration. This assumption has been made in analogy with the finding
by Suda et al. [23] and Dienel et al. [2] who reported relatively stable Lumped con-
stant for the rat brain in a wide range of plasma glucose concentration. Fairly stable
normoglycemic and hypoglycemic plasma glucose concentrations were maintained
during the time range of the PET measurements with the protocol outlined (Fig. 1).
Manipulation of the blood glucose was carried out during the last 2 hours before the
dynamic PET scans. This time interval proved to be long enough for the regulatory
mechanisms to produce alterations in the kinetic parameters and it could also be com-
pared with the reported ones during which the changes in glucose transporter expres-
sion (or translocation) and glucose transporter mRNA levels develop [29].

Table 1
Kinetic parameters of brain glucose metabolism on the rabbits each used under two different conditions

of plasma glucose concentration

Glucose, K, k1, k2, k3, LGMR,
mM l/min l/min l/min l/min mg/100 g/min

Rabbit 1 26.0 0.00944 0.05944 0.25513 0.04817 10.5

Rabbit 1 1.1 0.31600 0.48809 0.06545 0.12063 14.9

Rabbit 2 2.0 0.07869 0.14270 0.21387 0.26280 6.74

Rabbit 2 7.3 0.00639 0.03650 0.19870 0.04406 2



FDG uptake in rabbit brain tissue was inhibited by increased glucose concentra-
tion in the blood as it was seen from the inverse relationship between SUV values
and plasma glucose level (Fig. 2). This finding was consistent with the competition
between FDG and glucose. The extent of competition and the displacement of FDG
by plasma glucose were determined by the Km values for these substrate molecules
[22]. The relatively low Km values of GLUT1 and GLUT3 transporters resulted in a
decline of the FDG uptake by the brain as the plasma glucose levels rose [17].
Moreover, FDG is a substrate analogue for hexokinase, thus both substrates compete
for the binding/active site of this enzyme as well. Due to the competition of different
level and other factors, the effect of blood glucose concentration on the FDG accu-
mulation may be tissue dependent. Accordingly, the FDG uptake of different tissues
was inhibited to different extent by high plasma glucose levels [9, 14, 24, 27, 28].
Glucose dependent changes in the individual rate constants of the FDG accumulation
were studied in detail. Kinetic constant k1, determining the transport rate from the
intravasal space toward the extracellular and (non-phosphorylated) intracellular
space, decreased monotonously with increasing glucose levels. Change in k1 over the
5�26 mM glucose concentration range was surpassed by that over the 1�5 mM range,
the latter amounting to about an order of magnitude (Fig. 3). Glucose transport
toward the tissues can become rate limiting at very low plasma glucose level and this
may activate defined compensatory regulation mechanisms to increase the rate of this
transport process.

Of interest is the finding that change in the reverse transport rate parallels that of
k1 only above 3 mM glucose concentration but, below this threshold, an abrupt
decrease of k2 takes place. A similar change in the values of k1 and k2 would be con-
sistent with a simple, glucose concentration induced change, also including the pos-
sibility of altered expression of the appropriate glucose transporter molecules or a
translocation of these proteins. The change of opposite sign in these parameters
means that these regulatory processes alone, even if they exist, cannot account for the
detected behaviour of the transport constants. Allowing for a direct competition or an
altered expression or even a translocation process, we still have to assume addition-
al factors exerting different effect on forward and backward transport. One of the
possibilities can be the appearance of a metabolite of a regulatory concentration in
the hypoglycemic tissue environment, binding of which may result in altered trans-
port characteristics of the transporter protein molecules but this assumption requires
further experimentation.

The glucose concentration dependence of the FDG utilization rate is displayed in
Fig. 6 as calculated from the numerical values of k1, k2 and k3. This derived parame-
ter shows the largest dynamic range with varying glucose concentration as it has con-
tribution from all the three individual rate constants. It is interesting to note that the
slight individual increase in the k1, k2 and k3 parameters at the highest glucose levels
results in a pronounced increase of the CGMR in this concentration range (Fig. 7).
The rising trend of CGMR at the lowest blood glucose levels tested reports on an
overcompensation of the loss in CGMR expected at very low blood glucose level by
changing the molecular parameters of the involved elementary processes.
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In conclusion this study demonstrates that FDG uptake decreases in rabbit brain in
animals with elevated blood glucose concentration. The reduced SUV values are in
accord with the diminished numerical values of k1, and k3 in the studied blood glu-
cose concentration range. Kinetic constant k2 changes in a very similar way except in
the lowest, 1 mM�3 mM, concentration range. The observed changes are explained
by a direct competition between FDG and glucose as well as an additional special
compensatory mechanism.
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