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Double-injection FDG method to measure cerebral glucose
metabolism twice in a single procedure
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['8F]fluorodeoxyglucose (FDG) and positron emission tomography (PET) may be used to examine
changes in cerebral glucose metabolism in two physiological conditions. We proposed and
evaluated a double injection-single session FDG method with biological constraints for this
purpose. Methods: Simulated brain time-radioactivity curves (TACs) generated by using a plasma
TAC from an actual study and physiological combinations of input values in a kinetic model were
analyzed to evaluate the accuracy of the proposed method. The reproducibility of the estimated
values obtained by this method was tested in five normal volunteers who were studied with a
dynamic PET scan and two injections of FDG in a single session while fasting. Results: The
simulation study showed that the estimated values obtained by the proposed method agreed well
with the input values. In the human study, plasma glucose levels were 5.3+ 0.2 and 5.0+ 0.2 mM
in the first and second measurements, respectively. The difference between the plasma glucose
measurements was small but statistically significant (p < 0.05). Although no systematic deviations
were noted in K*| or tCMRglc, there were small deviations in K* (less than 10%) and LC (less than
5%) with a statistical significance (p < 0.01). Conclusion: The deviation between the measurements
in K* and LC seemed to relate to the difference in the plasma glucose level. The double-injection
FDG method with biological constraints can be used to estimate rCMRglc and LC sequentially in
a single PET scanning session.
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INTRODUCTION

['8F]FLuoropEOXYGLUCOSE (FDG) and positron emission
tomography (PET) may be used to examine changes in the
regional cerebral glucose consumption rate (rCMRglc) in
either two physiological or two cognitive conditions. The
double injection-single session procedure is expected to
yield more accurate estimates of changes than the single
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injection-two session procedure by reducing intrasubject
errors between the measurements done on separate
days.!-3 Nevertheless, the double-injection procedure
may suffer uncertainties due to the increased number of
parameters to estimate in order to cope with the radioac-
tivity in the brain remaining from the first injection. The
constrained FDG method requires one less parameter to
estimate and shorter scan duration.* It is hoped that the
constrained method will help overcome the potential
uncertainties, and this method can yield an independent
estimate of the lumped constant (LC) which may change
in diseased conditions>S and in relation to the plasma
glucose level.”®

We devised a kinetic model of the double-injection
FDG method in which the constrained method was used
to estimate the remaining radioactivity in the brain from
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the first injection. The accuracy and reproducibility of the
proposed method were evaluated by analyzing simulated
noisy brain data and actual PET data in normal subjects
who received two injections of FDG while fasting.

MATERIALS AND METHODS

Theory

According to a three-compartment model for the kinetics
of FDG, the total radioactivity in the brain (M1(t)) after
the first injection of FDG (t = 0) is given by the following
equation*:

Mi(T) =K*[A, IOTCa(u) edu+ A, ,[)TCa(u) edu]
+ VOCa(T) [ 1]

where Ca(t) is the radioactivity of FDG in plasma at time
t, K*1 is the rate constant for unidirectional plasma clear-
ance of FDG, Vy is the correction term for the intravascu-
lar radioactivity, and

bra=(k*;+ k*3+ k¥ 2 ((k*; + k¥ + k*,)2 —4k*, k*,)(12)/2

(2]
A= (bz—k*z)/(bz—bl), and A2=(bl _k*z)/(bl —by) [3]

where k*; is the rate constant for fractional brain-blood
clearance of FDG, k*3 is the phosphorylation coefficient
of FDG, and k*; is the dephosphorylation coefficient of
FDG.

After the second injection at t2, the total radioactivity in
the brain is given as the sum of the radioactivity from the
second injection (X(t)) and the radioactivity remaining
from the first injection (Y(t)) as follows:

X(T) =K*[A, |, Ca(u) edu + A, J, Ca(u) e>du]

+ VyCa(T) (4]
Y(T) =M.(t) [A; €' T+ A, e*2T)

+ Ma(ty) [B) e'T + B, e ] (5]
M(T) = X(T) + Y(T) (6]

where Me(t2) and Mp(t2) are the concentrations of FDG
and FDG-6-phosphate. in the brain at the time of the
second injection, respectively, and

Bi= A, (k*; + k*3 — by)/k*;,
and B;= Az (k*z + k*3 - bz)/k*3 [7]

In the constrained method,* the transport and phospho-
rylation ratios (7 and ¢, respectively) of FDG to glucose
are assumed to be real constants (we chose 7=1.1 and ¢
= 0.3 in this study). The half-saturation constant for
glucose transport across the blood-brain barrier (K¢) and
brain water volume (V) are also constant and were set at
4.8 mM and 0.78 m//g, respectively. The LC, k*; and k*;
were then replaced in terms of the net clearance rate, K*,
and K*, as follows:

LC = ¢+ (T— ¢) K¥/K*,, (8]
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k*; = (K*| + uK*)/Vy, 9]
k*; = K*k*y/(K*, — K*) [10]

where p is given by TCp/(LC Ky) and Cj is the plasma
glucose concentration.

Simulation study

Simulated time-radioactivity curves (TACs) of the brain
for 120 minutes were generated by means of equations [1]
through [10]. The time of the second injection (t2) was set
at 70 minutes. K* ranged between 0.01 and 0.05 m//g/min
and K*; ranged between 0.03 and 0.16 m//g/min, whereas
k*4 was fixed to 0.0068/min and Vg to 0.036 ml//g.
Gaussian noise (mean = SD: 0 £ 2% and 0 + 4%) was
added to a total of 100 noiseless TACs to generate noisy
data sets. We used the actual TAC of plasma (Ca(t))
obtained from a subject who received two injections of
FDG at 0 and 70 minutes. The feasibility of the proposed
method was evaluated by comparing the estimated values
for K*, K*, LC and rCMRglc with the input values, and
the effects of scan duration on the estimated values were
also examined. We fixed Vg of the second measurement to
the estimated Vg value of the first measurement, and k4*
was also fixed to 0.0068/min both for the first and second
measurements. Errors in K*, K*|, LC and rCMRglc
caused by the errors in fixed Vo and k4* were also evalu-
ated.

Human study

Five normal subjects (20-29 year-old males) underwent
a dynamic PET scan for 120 minutes with two injections
of FDG at 0 and 70 minutes while fasting (Fig. 1). The
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Fig.1 Typical time-radioactivity curves (decay corrected) from
brain and plasma are shown with a simplified schema of the
procedure. A dynamic scan for 120 minutes was performed with
two injections of FDG at 0 and 70 minutes. A transmission scan
for attenuation correction was obtained just before the dynamic
scan. Frequent arterial blood sampling was performed during
the scan. Plasma glucose concentration was measured three
times for each measurement. TS: transmission scan. BS: meas-
urement of plasma glucose concentration. ABS: arterial blood
sampling.
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Table 1 The results of the simulation study (reliability of the method)

Noise g‘"alyled data K* K*, LC {CMRglc
uration (min)
first measurement
2% 0-30 0.1£3.6 0.1+1.8 00x1.8 0.1+£22
0-40 0.1+19 01+18 0013 01x1.2
0-50 00x1.5 0.0x1.7 00+1.2 00x1.0
4% 0-30 -04+52 0.0x£33 -04+30 -0.1%+3.0
040 0.0+£3.38 -0.2%35 0.0x2.7 0.0+23
0-50 0.3+27 -0.1x34 02122 0.1£2.0
second measurement
2% 65-100 -03+6.7 -2216.6 0.8+3.1 -1.0£6.0
65-110 -0.2+4.2 -1.9+6.7 0.7+£2.7 -09+438
65-120 0.1£3.8 -19+6.7 09125 -0.8+4.8
60-110 0.2+39 -08%55 04125 -0.2+£39
70-110 0.1 £6.8 -27%x11.6 12136 -13+88
4% 65-100 09+123 -1.1x£11.2 05+58 05+11.2
65-110 —0.9%83 -14t114 -0.1+46 -1.0+£88
65-120 -0.7%5.5 -1.2%11.0 —-0.1£42 -08+73
60-110 -0.5+6.0 -02+£78 -0.214.1 -03%55
70-110 -1.0£124 -21+21.8 03x7.1 -1.4£16.5

Values are expressed as the mean * SD of % differences between the estimated and input values.

% differences = 100 x (estimated — input)/input.
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Fig. 2 Percentage errors in estimated K*, K*), LC and rCMRglc of the second measurement caused
by the errors in Vo (a) and k*4 (b) were shown. All parameters were insensitive to errors in Vo and k*3.

subject’s head was lightly immobilized in a head holder
with belts and sponges for fixation. A total of 260 MBq of
FDG was divided into two doses and subjects received
about 150 MBq for the first scan and about 110 MBgq for
the second scan. The dynamic PET scan was performed
on an Advance scanner (GE Medical Systems, Milwau-
kee, WI) in a high sensitivity 2D mode and included six
30-sec, seven 1-min, five 2-min, ten 5-min, six 30-sec,
seven 1-min, five 2-min and six 5-min scans. Images were
reconstructed by a filtered back-projection method with a
Hanning filter having a cutoff value of 0.5 cycles/pixel,
resulting in reconstructed resolution of 6.0 mm full width
at half maximum. Before the dynamic scan, a transmis-
sion scan was performed for 10 minutes with two standard
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rod sources of %Ge/%®Ga for attenuation correction. Fifty-
two arterial blood samples were drawn through a small
catheter inserted into the brachial artery every 10 seconds
for the first 3 minutes after each injection, then at gradu-
ally increased intervals (20 seconds to 10 minutes) during
the scan. Plasma glucose levels were measured just before
and at 20 and 40 minutes after each injection. We checked
the head position before and after the dynamic scan by
means of fixed laser beams and confirmed that the move-
ment of each subject was as small as about 3 mm.
Three pairs of regions of interest (ROIs), about 5 cm?
each in size, were drawn manually on the bilateral frontal
cortices in three slices of summed PET images and ap-
plied to dynamic PET images to obtain regional brain
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Table 2 The results of the human study (bias and errors between
the measurements)

Analyzed data .

duration (min) K K*i LC  rCMRglc
first/second

0-30/65-100 11.2+96 -021+86 57+4.1 03%52

0-30/65-110 89+94 —0.6+87 47138 -1.0x52
0-30/65-120 73+£92 -1.0+89 41+36 -20x53
0-40/65-110 10.1+93 -1.6+89 57+38 -09+£5.2
0-40/65-120 85190 -20%+9.1 51%3.7 -19+£53

Values are expressed as the mean and SD of % differences
between the first and second measurements.
% differences = 2 x 100 x (2nd — 1st)/(2nd + 1st).

Table 3 The results of the human study (estimated values)

first second
(0-30 min) (65-110 min)

BS (mM) 53102 50£02 p<0.05
K* (m//g/min) 0.041 £0.004 0.044+0.003 p<0.01
K* (m//g/min) 0.117£0.011 0.116 £0.009 ns
LC 0.58 £0.02 0.61 £0.03 p<0.01
rCMRglc

(umol/100 g/min)  37.1 £2.8 36719 ns

K*, K*|, LC and rCMRglc are average values from frontal cortices
of 5 subjects.
BS: plasma glucose level, ns: not significant

TAC:s. The reproducibility of two measurements of cere-
bral glucose metabolism by this method was evaluated by
the mean (bias) and SD (error) of percentage differences
between estimated values of the first and second measure-
ments.

The study was performed according to the guidelines of
the ethical committee of Kyoto University Hospital for
human studies, and all subjects gave written informed
consent.

RESULTS

The results of the simulation study are summarized in
Table 1. Errors in the estimates became larger when
analyzing data for shorter scan duration and/or data with
a higher noise level, but hardly any systematic bias was
noted in any of the estimates both in the first and second
measurements for any analyzed data duration or noise
level. All estimates in the second measurement were
insensitive to errors in Vo and k*4 (Figs. 2a and 2b).
The results of the human study are summarized in
Tables 2 and 3. Plasma glucose levels were 5.3 £0.2 and
5.0 £ 0.2 mM in the first and second measurements,
respectively. The difference between the plasma glucose
measurements was small but statistically significant (p <
0.05). No bias was noted in K*; and rCMRglc between the
first and second measurements, whereas a small bias was
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observed in K* (less than 10%) and LC (less than 5%).
The differences in K and LC between the serial meas-
urements were statistically significant (p < 0.01).

DISCUSSION

The simulation study showed that the proposed FDG
method yielded accurate estimates of kinetic parameters
for cerebral glucose metabolism from data with realistic
noise levels and circulation times of 30 and 45 minutes for
the first and second measurements, respectively. This
means that two serial but independent measurements of
cerebral glucose metabolism can be done in 90 to 120
minutes, including more than 15 minutes in which a
steady state for the second condition is established. The
validity of the method was also demonstrated in the actual
PET studies, showing the error in repeated measurements
of rCMRglc to be as small as 5%, as expressed by the SD
of percentage differences between the first and second
measurements.

The reproducibility of rCMRglc in a resting condition
measured by [!'Cldeoxyglucose and PET twice in two
hours was reported to be 5.5% to 8.7% as expressed by the
coefficient of variation of repeated measurements,' but
intrasubject variation is greater for measurements per-
formed on separate days (—25%).% Cerebral glucose me-
tabolism may fluctuate to some extent even in a resting
condition but seems to be rather stable within a few hours.
Measurecments should therefore be repeated within a few
hours to relate a finite change in cerebral glucose con-
sumption to any physiological and/or pharmacological
effects. To perform two FDG studies in a few hours, a
kinetic modeling is necessary to deal with radioactivity
remaining in the brain from the first injection, although
this may be another source of error.

Chang et al. reported a double-injection FDG protocol
to measure rCMRglc in two behavioral states. They
performed two static PET scans each after an injection of
FDG with arterialized venous blood sampling, and re-
ported the SD of percentage differences between same
behavioral states in rCMRglc to be about 5%, which was
comparable to our results. In their kinetic model, how-
ever, they assumed an instantaneous change in the physi-
ological state from the first to the second condition. In
some circumstances, the change may be gradual and it
takes time to establish a new steady state for the second
condition. This may cause errors. On the other hand, our
kinetic model utilizing the constrained method enabled
independent estimation of kinetic parameters for the
second condition. Moreover, in addition to measuring
rCMRglc, it can measure other parameters describing
cerebral glucose metabolism, K*, K*; and LC, which may
have important implications for the understanding of the
physiological and pharmacological effects on cerebral
glucose metabolism.

The proposed method with biological constraints based
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on Michaelis-Menten kinetics reduced the number of
parameters to be estimated. This enabled independent
assessment of model parameters for the second condition
by incorporating Me(tz) and Mpn(t2) in the model to be
estimated. The biological constraints employed between
FDG and native glucose, the transport ratio (7) across
blood-brain barrier and ratio of phosphorylation (¢) by
hexokinase, are likely to remain constant over a wide
range of physiological conditions with little regional or
intersubject variation.’ By applying biological constraints,
the L.C can also be calculated individually and indepen-
dently from K*, K*, 7, and ¢ (equation [8]) for two meas-
urements, which is another advantage of this method.
Because the LC is known to change in diseased conditions
and in relation to the plasma glucose level,>® the pro-
posed method seems to yield more accurate estimates of
model parameters.

In the study of normal subjects who received two
injections of FDG in a single dynamic PET scanning
session, there was no significant difference between the
first and second measurements in K*; and rCMRglc.
Nevertheless, slight but significant differences were ob-
served in both K* and LC. K* and LC are known to change
in relation to the plasma glucose level,”® whereas tCMRglc
remains relatively stable.'? Therefore, these small differ-
ences in K* and LC may be caused by the small change in
the plasma glucose level because all the subjects, even
after an overnight fast, had a slight but consistent decrease
in the plasma glucose level during the scan. Physiological
and mental stresses may cause a slight increase in the
plasma glucose level at the beginning of the scan, fol-
lowed by a gradual decrease to the baseline level. Kinetic
parameters may be sensitive to changes in the plasma
glucose level and our method may be useful for detecting
such a small effect.

CONCLUSION

Kinetic parameters, including the LC, of cerebral glucose
metabolism in two different conditions can be reliably and
sequentially estimated by using the double-injection FDG
method in a single PET scanning session. This method
enables a better understanding of the changes in cerebral
glucose metabolism caused by various physiological and
pharmacological effects.
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