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INTRODUCTION

TOMOGRAPHIC MEASUREMENT of local cerebral glucose me-
tabolism (CMRglc) by positron emission tomography1

has been used for more than 20 years in patients with
dementia,2,3 cerebrovascular disease,4 brain tumor,5,6

epilepsy7 and so on. To estimate CMRglc by the three-
compartment tracer model originally developed by
Sokoloff et al.,8 however, it is necessary to measure the
arterial fluorine-18 fluorodeoxyglucose (18F-FDG) time-
concentration curve during the entire period of radioiso-
tope uptake into the brain as an input function. To avoid

the invasiveness of the arterial puncture and the time and
manpower required to collect and process the samples,9  a
hand vein was warmed, and ‘arterialized’ venous blood
was taken as an alternative to arterial blood.1,10 This
method has been validated in four human subjects1 as a
substitute for the arterial curve. It makes the procedure
less invasive but still needs complex procedures associ-
ated with the collection and processing of numerous
blood samples. Recently, a method has been developed to
estimate the input function by calibrating a population-
based arterial blood curve with one or two-point sam-
pling.11,12 This method requires arterial cannulation and
the measurement of actual input function to obtain the
standard arterial blood curve in advance.

To avoid the invasiveness associated with cannulation
of the artery, we obtained the standard input function from
the heated vein. We also avoided the discomfort of
puncturing the small heated hand vein, by sampling one
specimen from the non-heated cubital vein.
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MATERIALS AND METHODS

This study was conducted on 17 subjects (9 men and 8
women, mean age: 61 years ± 9, range: 46–79 years).
They consisted of 11 patients with cerebral infarction, 2
with Alzheimer’s disease, 1 with Parkinson’s disease, 1
with spinocerebellar degeneration, 1 with corticobasal
degeneration, and 1 with epilepsy. Written informed
consent was obtained from each subject. CMRglc was
measured in all of the subjects by using a positron emis-
sion tomograph (ECAT EXACT 47/921, Siemens/CTI).
A right cubital vein was cannulated to inject the radioiso-
tope and to sample blood. The left hand was heated by
wrapping it in an electrical warmer with the thermostat set
at 44°C, and the left hand vein was cannulated for sam-
pling heated venous blood. After heating the left hand for
at least 5 minutes, 259 MBq of 18F-FDG in 2.5 ml of saline
followed by 5 ml of saline was injected into the right
cubital vein by an autoinjector. Twenty-four 1-ml blood
samples were obtained from the heated left vein, immedi-
ately before the injection, and 15, 30, 45 seconds, 1, 1.25,
1.5, 1.75, 2, 2.5, 3, 3.5, 4, 5, 7.5, 10, 13, 16, 20, 25, 30, 35,
40, and 62 minutes after the injection, respectively. The
times of the beginning and the end of each sampling were
recorded, and the midtime of the beginning and the end of
sampling was thought to be the sampling time. Two
successive blood samples were also obtained from the
right cubital vein 40 minutes after the injection, the first
for the serum glucose concentration and the second for
radioactivity to compare the heated and non-heated venous
blood. To avoid contaminaion of the blood sample col-
lected from the right side by highly active 18F-FDG, the
catheter was flushed with 5 ml of saline 10 minutes after
injection and also immediately before each sampling at 40
minutes. Blood samples were centrifuged, and radioactiv-
ity was measured in 200 µl of plasma with a well counter.
PET scanning was performed for 15 minutes between 45
and 60 minutes after the injection. Transmission scans
were not performed in this study. Attenuation correction
and reconstruction was achieved by using a contour-
fitting algorithm.13 Image processing and region of in-
terest (ROI) analysis were performed by the operating
software on ECAT 47 workstation, and all of the statis-
tical analyses were done by STATVIEW on a personal
computer (Power Macintosh 8100/80AV).

Population-Based Heated Venous Curve
We normalized the decay-corrected heated venous curve
from the first seven subjects (subject no. 1 to 7) so that the
time integrals of the seven activity curves (area under the
curve; AUC) would be the same. We then calculated the
population-based heated venous curve by averaging the
activity and also the sampling time in every time point of
7 curves. The obtained population-based heated venous
curve is shown in Figure 1.

Calculation of the Estimated Input Function
The estimated input functions were calculated from the
next 10 subjects (no. 8 to 17) by scaling the population-
based curve with the ratio of actual radioactivity taken at
time i from the j-th subject to the standard radioactivity of
the population-based curve at time i, by the following
equation:

        Cij(t) = Cp(t) × Aij / Cp(i)

where i = time at which the blood samples for scaling are
drawn, Cij(t) = estimated input function of the j-th subject
calibrated by the activity at time i, Cp(t) = population-
based heated venous blood curve, and Aij = FDG activity
in the heated venous sample drawn at time i from the j-th
subject, and Cp(i) = Cp(t) at time i. Fourteen estimated
input functions were calculated in every subject (no. 8 to
17) by different calibrating factors obtained from 1.02 to
61.5 minutes. We then calculated AUCs from the actual
heated venous curve and the estimated input functions.

Sample Best Predicting Actual Input Function
We identified the sample that best predicted the AUC
from the heated vein in 10 subjects (no. 8 to 17) by
calculating the correlation coefficients between AUC and
radioactivity in heated venous samples collected at vari-
ous times. In order to evaluate the accuracy of the predic-
tions, the difference between the AUC in the actual heated
vein and the AUC in the estimated input function cali-
brated by activity at the various sampling times was then
calculated thus:

Fig. 1   Population-based heated venous curves. The population-
based heated venous curve was obtained by averaging seven
normalized heated venous curves from subject no. 1 to 7. This
curve, expressed as mean ± S.D., is decay-corrected for sam-
pling time. The same curve except with the horizontal scale in
logarithm is shown to clarify the initial part of the curve.
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difference =
1 |AUCj actual − AUCj estimated(i)|

(1)
10 AUCj actual

where AUCj actual = AUC in the actual heated vein of the
j-th subjects and ACUj estimated(i) = AUC in the esti-
mated input function of the j-th subject calibrated by the
activity at time i.

Difference in Activity between Heated and Non-Heated
Venous Blood
In attempting to develop the non-heated venous sampling
method, however, several factors in addition to accuracy
had to be taken into consideration. For example, the
subjects must be kept as steady as possible during the
uptake period. Also, it is more convenient to collect blood
samples when the subject is lying in bed in the PET room
just before the PET scan, than when sitting in the chair in
the waiting room. Taking these factors into account, we
took the samples from the non-heated vein at 40 minutes.
The difference in activity between samples collected 40
minutes after injection from the heated and non-heated
vein was compared in the 17 subjects.

CMRglc Values
In each of 10 subjects (subject no. 8–17) not used to
estimate the population-based standard venous curve, two
estimated input functions were calculated using the 40-
min samples from the heated vein and non-heated vein,
respectively. CMRglc values were calculated with the
autoradiographic method.1,8 Three sets of CMRglc
images, each consisting of 47 slices, were calculated in
these 10 subjects, one using the actual input function
(CMRglc(A)), one using the estimated input function
calibrated by the 40-min sample from the heated vein
(CMRglc(H)), and one using the estimated input func-
tion calibrated by the non-heated 40-min sample
(CMRglc(NH)). CMRglc values were obtained for 23
ROIs from three sets of CMRglc images in every subject.
Every ROI was placed in the same position of the same
slice through all three sets of CMRglc images in a given
individual. Mean CMRglc values from the 23 ROIs were
compared between the three sets of CMRglc images.

RESULTS

Determination of the Sample Best Predicting the AUC of
the Blood Curve
The correlation coefficients between the AUC and the
radioactivity in the actual heated-venous samples taken
between 1.02 and 61.5 minutes after the injection are
shown in the middle column of Table 1. The samples
collected between 16 and 40 minutes had high correlation
coefficients ≥ 0.973 with the AUCs. The highest coeffi-
cient was between the 35-min sample and the AUC (r =
0.983), followed by the 40-min sample (r = 0.979). Table
1 also shows the mean of the absolute value of difference

between the AUCs of the actual heated venous curve and
those of the estimated input function calibrated by the
activity at the various sampling times between 1.02 and
61.5 minutes, as defined by the equation.1 Although there
is some fluctuation of difference with sampling times, the
samples taken between 7.5 and 20 minutes and at 35 and
40 minutes were good predictors of the AUC of the blood
curve, with differences between 2.9% and 4.5%.

Difference in Activity between Heated and Non-Heated
Venous Blood
Figure 2 shows the ratio of radioactivity on the non-heated
side to the heated side at 40 min. Activity is 1.7% higher
on the non-heated side than on the heated side, with a
standard deviation of 2.9%. This also indicates that flush-
ing the catheter twice (once after injection and once
immediately before sampling) is sufficient to avoid con-
tamination.

Table 1   Correlation coefficients between heated venous
activity and AUC, and difference between AUCs of the actual
heated venous curve and of estimated input function

sampling time (min) correlation coefficient difference

1.02 0.607 0.448 ± 0.309
2.97 0.961 0.050 ± 0.041
4.00 0.944 0.044 ± 0.043
5.02 0.951 0.055 ± 0.046
7.57 0.960 0.045 ± 0.028
10.3 0.958 0.029 ± 0.033
13.0 0.950 0.044 ± 0.035
16.1 0.973 0.040 ± 0.024
20.0 0.974 0.039 ± 0.025
25.0 0.974 0.053 ± 0.027
30.0 0.977 0.046 ± 0.033
35.0 0.983 0.033 ± 0.027
40.1 0.979 0.041 ± 0.034
61.5 0.915 0.060 ± 0.054

Fig. 2   Ratio of radioactivity on the non-heated side to the heated
side at 40 minutes.

Σ
10

j = 1



Annals of Nuclear Medicine300 Shigeharu Takagi, Wakoh Takahashi, Yukito Shinohara, et al

CMRglc Values
Figure 3 shows the relationship between the mean
CMRglc(A) values and CMRglc(H) values (left) or
CMRglc(NH) values (right). The correlation coefficients
are 0.951 and 0.950, respectively. Figure 4 shows the
ratio of CMRglc(H) (left) or CMRglc(NH) (right) to
CMRglc(A). The CMRglc(H) value was 2.5% lower than
the CMRglc(A) value, with a standard deviation of 5.7%
(left). When we used the non-heated venous sample to
calibrate the input function, the CMRglc(NH) value was
1.3% lower than the CMRglc(A) value, with a standard
deviation of 5.4% (right).

DISCUSSION

Our data showed that it is possible to estimate the input
function with errors of less than 4.5% of AUC by using

heated venous samples collected between 7.5 and 20
minutes and at 35 and 40 minutes. The 40-min sample
yielded the second best correlation coefficient with AUC.
Wakita et al.12 found the best sample with the most
accurate estimation of the input function at 12 minutes
after injection. The difference in the result might be due to
a difference in the shape of the arterial curve and arterial-
ized venous curve.12 Wakita et al.12 used 120 patients to
obtain the mean blood curve while we used 7 patients.
They showed a very high correlation coefficient of 0.9982
between the arterial activity at 12 minutes and AUC. Our
data show a smaller but still high correlation coefficient
(0.979) between estimated input function and AUC. Our
data, we think, are still applicable to the routine clinical
use of the PET scan.

Our data also indicate that 40 minutes after the injection
of 18F-FDG, heated and non-heated venous blood contain
almost the same radioactivity, with a standard deviation
of 2.9%. Phelps et al.1 reported that since a steady state is
reached after injection of FDG, the arterial and non-
heated venous concentrations parallel each other. Ac-
cording to figure 9 in their paper, non-heated venous
activity are almost the same as the arterial values from
40 minutes after injection onward. This equality does
not hold, however, in the situation of increased glucose
uptake such as during euglycemic-hyperinsulinemic
clamp.14

Although it is reported that the arterial integrated value
is well estimated by the one point venous sampling with
the percentage error of 3.64% by Wakita et al.12 the
percentage error of CMRglc by the one point venous
sampling has not been reported. Our data showed that
CMRglc values obtained by non-heated venous sampling
were 1.3% lower than the actual values, with a standard
deviation of 5.4%. Takikawa et al.11 reported that the two-

Fig. 3   Relationship between mean CMRglc values from the actual venous curve and from the estimated
input function. Relationship between mean CMRglc values using the actual heated venous curve
(CMRglc(A)) and CMRglc values using the estimated input function using heated venous samples
(CMRglc(H), left) and using non-heated venous samples (CMRglc(NH), right) are shown. Solid lines
indicate regression line, and curved lines indicate 95% confidence interval. Regression equations are,
CMRglc(H) = 0.993 × CMRglc(A) − 0.146, and CMRglc(NH) = 0.951 × CMRglc(A) + 0.293,
respectively.

Fig. 4   Ratio of mean CMRglc values from estimated input
function to values from the actual venous curve. Ratio of mean
CMRglc values using estimated input function from heated
venous samples (CMRglc(H), left) and non-heated venous
samples (CMRglc(NH), right) to mean CMRglc using the actual
heated venous curve are shown.
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point sampling from the heated vein yields a difference in
CMRglc of 0.9 ± 2.5%, which is smaller than our results.
The larger difference and standard deviation in our study
may be because we calibrated input function by only one
sample instead of two.

The test-retest variability of parameters measured by
PET is reported to be between 4 to 14%.4,15–17 Reported
coefficients of variation of repeated measurements of
CMRglc on the same day are 5.5% to 8.7% for gray matter
structures and 9.7% to 14.0% for white matter structures
15 over the 2 hour period, or 8 % to 9 % over the half day.16

The differences in cerebral blood flow and cerebral meta-
bolic rate of oxygen within 1 hour are 4 to 10%,4 and the
standard deviation of uptake constant for 18F-fluorodopa17

is 8.7%. The mean ± standard deviation of −1.3 ± 5.4% in
our estimates using the non-heated 40-minutes sample is
within the range of test-retest variability, and the one-
point calibration method does not seem to affect signifi-
cantly the accuracy of PET quantitation.

It is known that there is a difference between arterial-
ized venous time activity curve and arterial curve. It is
theoretically better to use an arterial curve as the standard.
We used, however, a population-based heated venous
curve as the standard in our study in order to avoid
invasiveness. This is based upon the fact that the heated
venous curve has been validated in four human subjects1

as a substitute for the arterial curve.
We calculated the CMRglc value by the autoradio-

graphic strategy. The one-point calibration method with
population-based curve is applicable only to the autora-
diographic method, and not to the kinetic approach. Our
estimation may be erroneous if the shape of the input
function is different from the population-derived curve.
Such situation may occur in case of disturbances of
cardiovascular function, such as heart failure, or diabetes
mellitus with a gentler slope due to insufficient insulin
action or a steeper slope because of glucosuria. On the
other hand, this method has good indications in subjects
without such disorders. This method is already applied to
the subjects who have undergone the “brain check-up”
program in our institute for detection of asymptomatic
brain diseases. Follow-up studies on the same subjects
may also be a good indication.

Our one-point calibration method using non-heated
venous samples makes the 18F-FDG PET procedure less
invasive. The advantages of this method are as follows.
First, it does not require cannulation of a small hand vein,
so that this method can be used in subjects who are
uncooperative with hand heating or cannulation of the
small hand veins. Second, the subject is not necessarily
kept at the heating devices during the uptake period,
which in turn makes the activation study under various
conditions, or even during exercise possible. Third, this
method can decrease the manpower required for the PET
study without increasing equipment, so that it is possible
to perform CMRglc studies on many subjects on the same

day. Fourth, another study such as whole-body scan for
cancer screening can be done during the uptake period
without increasing the radiation doses.

Recently the number of PET examinations undertaken
to evaluate patients with dementia, cerebrovascular dis-
ease, brain tumor, epilepsy and various pathological states
has been increasing. In our institute, whole-body PET is
already used to screen for occult cancer and decreased
cerebral metabolism at the same time.18,19 The one-point
calibration method for CMRglc using a non-heated vein
may promote routine clinical applications.

CONCLUSION

To measure CMRglc values by PET using the autoradio-
graphic method, the one-point sampling from the non-
heated vein and the population-based heated venous curve
might be sufficient. This simple and less invasive proce-
dure is applicable to clinical situations such as follow-up
study, activation study, studies on uncooperative or de-
mented subjects, studies on several subjects on the same
day, or study with whole-body scan during the uptake
period. Application to subjects with a possibly different
shape of input function still needs further study.

REFERENCES

1. Phelps ME, Huang SC, Hoffman EJ, Selin C, Sokoloff L,
Kuhl DE. Tomographic measurement of local cerebral
glucose metabolic rate in humans with (F-18)2-fluoro-2-
deoxy-D-glucose: validation of method. Ann Neurol 1979;
6: 371–388.

2. Benson DF, Kuhl DE, Hawkins RA, Phelps ME, Cummings
JL, Tsai SY. The fluorodeoxyglucose 18F scan in Alzheimer’s
disease and multi-infarct dementia. Arch Neurol 1983; 40:
711–714.

3. Henkel K, Zerr I, Hertel A, Gratz KF, Schröter A, Tschampa
HJ, et al. Positron emission tomography with [18F]FDG in
the diagnosis of Creutzfeldt-Jakob disease (CJD). J Neurol
2002; 249: 699–705.

4. Lenzi GL, Frackowiak RSJ, Jones T, Heather JD,
Lammertsma AA, Rhodes CG, et al. CMRO2 and CBF by
the oxygen-15 inhalation technique. Results in normal
volunteers and cerebrovascular patients. Eur Neurol 1981;
20: 285–290.

5. Patronas NJ, DiChiro G, Smith BH, De La Paz R, Brooks
RA, Milam HL, et al. Depressed cerebellar glucose metabo-
lism in supratentorial tumors. Brain Res 1984;  291: 93–
101.

6. Ohtani T, Kurihara H, Ishiuchi S, Saito N, Oriuchi N, Inoue
T, et al. Brain tumour imaging with carbon-11 choline:
comparison with FDG PET and gadolinium-enhanced MR
imaging. Eur J Nucl Med 2001; 28: 1664–1670.

7. Kuhl D, Engel J, Phelps M, Selin C. Patterns of local
cerebral metabolism and perfusion in partial epilepsy by
emission computed tomography of 18F-fluorodeoxyglucose
and 13N-ammonia. Acta Neurol Scand 1979; 60 (Suppl 72):
538–539.



Annals of Nuclear Medicine302 Shigeharu Takagi, Wakoh Takahashi, Yukito Shinohara, et al

8. Sokoloff L, Reivich M, Kennedy C, Des Rosiers MH,
Patlak CS, Pettigrew KD, et al. The [14C]deoxyglucose
method for the measurement of local cerebral glucose
utilization: theory, procedure, and normal values in the
conscious and anesthetized albino rat. J Neurochem 1977;
28: 897–916.

9. Correia J. A bloody future for clinical PET? (editorial). J
Nucl Med 1992; 32: 620–622.

10. Huang SC, Phelps ME, Hoffman EJ, Sideris K, Selin CJ,
Kuhl DE. Noninvasive determination of local cerebral
metabolic rate of glucose in man. Am J Physiol 1980; 238:
E69–E82.

11. Takikawa S, Dhawan V, Spetsieris P, Robeson W, Chaly T,
Dahl R, et al. Noninvasive quantitative fluorodeoxyglucose
PET studies with an estimated input function derived from
a population-based arterial blood curve. Radiology 1993;
188: 131–136.

12. Wakita K, Imahori Y, Ido T, Fujii R, Horii H, Shimizu M,
et al. Simplification for measuring input function of FDG
PET: Investigation of 1-point blood sampling method. J
Nucl Med 2000; 41: 1484–1490.

13. Bergström M, Litton J, Eriksson L, Bohm C, Blomqvist G.
Determination of object contour from projections for at-
tenuation correction in cranial positron emission tomogra-
phy. J Comput Assist Tomogr 1982; 6: 365–372.

14. Van der Weerdt AP, Klein LJ, Visser CA, Visser FC,
Lammertsma AA. Use of arterialized venous instead of
arterial blood for measurement of myocardial glucose me-
tabolism during euglycaemic-hyperinsulinaemic clamping.
Eur J Nucl Med 2002; 29: 663–669.

15. Reivich M, Alavi A, Wolf A, Greenberg JH, Fowler J,
Christman D, et al. Use of 2-deoxy-D[1-11C]glucose for the
determination of local cerebral glucose metabolism in
humans: variation within and between subjects. J Cereb
Blood Flow Met 1982; 2: 307–319.

16. Bartlett EJ, Brodie JD, Wolf AP, Christman DR, Laska E,
Meissner M. Reproducibility of cerebral glucose metabolic
measurements in resting human subjects. J Cereb Blood
Flow Met 1991; 8: 502–512.

17. Vingerhoets FJG, Snow BJ, Schulzer M, Morrison S, Ruth
TJ, Holden JE, et al. Reproducibility of fluorine-18-6-
fluorodopa positron emission tomography in normal human
subjects. J Nucl Med 1994; 35: 18–24.

18. Shinohara Y, Ohnuki Y, Yoshii F, Takahashi W, Onoe K,
Takagi S. Detection of primary tumor in paraneoplastic
cerebellar degeneration by FDG-PET. Ann Neurol 1998;
43: 684.

19. Ide M, Suzuki Y. Medical health club with clinical PET. Eur
J Nucl Med 1996; 23: 1677–1679.


