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Simple method to quantify myocardial glucose metabolism
from MB ratio in myocardial FDG PET
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To provide a simple means of quantifying myocardial glucose metabolism, we tried to estimate the
K complex (KC) from the myocardium to background ratio (MB ratio), which was obtained with
a single static FDG scan and single venous sampling.

In 48 fasting subjects and 74 subjects under oral glucose loading or insulin clamp, the reference
KC was obtained from Patlak analysis by using an input function. We compared the reference KC
with the MB ratio at 35 min 45 sec, 45 min 45 sec, and 55 min 45 sec, and with the FDG uptake index
(FUI) reported by Tamaki. The correlation between KC and each index was very close during
fasting (r =0.97, 0.98, 0.98 and 0.97, respectively n = 48), and clinically acceptable during oral
glucose loading and insulin clamp (r = 0.92, 0.91, 0.90 and 0.93, respectively n = 74). The average
differences between the reference KC and KC estimated from the simple method were 13%, 10%,
8%, and 13%, respectively, during fasting, and 15%, 14%, 14%, and 16%, respectively, during oral
glucose loading and insulin clamp.

Both the MB ratio and FDG uptake index can be used for the simple estimation of myocardial
glucose metabolism not only during fasting but also during oral glucose loading and insulin clamp,
although the MB ratios at 45 min and at 55 min were slightly better than MB that at 35 min and the
FDG uptake index during fasting.
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INTRODUCTION

2-("*F)fluoro-2-deoxy-D-glucose (FDG) was first used in
positron emission tomography (PET) imaging of the
myocardium by Phelps et al.! Many early myocardial PET
studies were based on the qualitative evaluation of re-
gional FDG uptake and its relation to flow,>* but quanti-
fication of regional glucose utilization in the myocardium
seemed to hold the potential for providing more reliable
information about myocardial viability and cardiomyop-
athy.

A three-compartment FDG kinetic model for cerebral
tissues was introduced by Sokoloff et al.® This model was
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used with PET to estimate local cerebral glucose meta-
bolic rates in humans. Patlak graphic analysis”® and
standard nonlinear regression (curve fitting) methods
were used to quantify cerebral glucose metabolic rates.’
The latter two methods could be applied to the heart, but
these methods require dynamic PET data and arterial
blood sampling.

A simple noninvasive method has already been devel-
oped by Gambhir et al. (UCLA group), in which a time
activity curve of the left ventricle blood pool is used as the
input function.!” We developed another simple noninvasive
method, in which a corrected time activity curve of the
descending aorta is used,'" but these two methods require
dynamic PET scaning and computer processing. Tamaki
et al. developed a simpler method in which FDG uptake is
estimated from % injected dose.'? This method requires
only a single static scan, but can be validated only during
fasting, not during glucose loading or insulin clamp. We
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report a very simple, acceptably accurate method that can
be used under any conditions and requires only a single
static scan and single venous sampling.

MATERIALS AND METHODS

Preparation of FDG

FDG was synthesized by the method described previously
by Ehrenkaufer et al."® The radiochemical purity was
greater than 95%.

Human subjects and blood sampling
Forty-four subjects (mean age * s.d., 44.6 + 17.3) who
had less than a 1% likelihood of ischemic heart disease
(IHD) based on clinical and laboratory studies (non-
IHD)'* and 78 subjects (61.9 £ 6.3) with IHD were exam-
ined. Eighty-two subjects had borderline or abnormal
glucose tolerance or hyperinsulinemia (25 non-IHD sub-
jects and 57 THD subjects). Each patient was informed as
to the investigative nature of the study and its potential
risks and benefits before informed consent was obtained.
The study protocol had been approved by the University
of Tokyo’s Human Subject Protection Committee.
Forty-eight subjects (9 non-IHD subjects and 39 [HD
subjects) had a carbohydrate meal 4-7 hr before the study
during the fasting state (FS). Fifty subjects (20 non-IHD
subjects and 30 IHD subjects) had a half carbohydrate
lunch 2—4 hr before the study and a bottle of 75 g glucose
1 hr before FDG injection during oral glucose loading
(OG). Twenty-four subjects (15 non-IHD subjects and 9
IHD subjects) were studied during insulin clamp, in
which plasma glucose was equilibrated between 80 and
120 mg/d! by the constant infusion of insulin (more than
1 mU/min/kg) and glucose (more than 6 mg/min/kg)."
Then 185-370 MBq (5-10 mCi) of FDG was injected
intravenously over a 30—60 sec period. Venous blood was
sampled seven times, from 13 min to 56 min. To define the
time course of equilibration of F-18 activity between red
blood cells and plasma, all blood samples were divided
into two aliquots. Fluorine-18 activity in whole blood and
in plasma was measured in a well counter and corrected
for radioactive decay. Plasma glucose concentrations
were measured at the beginning, middle and end of the
study by using standard enzymatic techniques.

Image acquisition

Subjects were studied with a HEADTOME IV PET scan-
ner (Shimadzu Corp. Kyoto, Japan) with seven imaging
planes. In-plane resolution was 4.5 mm at full width at
half maximum (FWHM), axial resolution was 9.5 mm at
FWHM and sensitivity was 14 and 24 kcps/(uCi/ml),
respectively, for direct and cross planes.'® In all studies,
transmission images were acquired in order to correct
photon attenuation prior to obtaining the PET emission
images. Nineteen dynamic scans were obtained during a
60 min 45 sec period by using the following protocol: five
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15 sec, three 30 sec, four 120 sec, four 300 sec and three
600 sec scans.

Calibration and image processing

To obtain a calibration factor relating tomographic mea-
surement of myocardial activity to blood sample activity
obtained from the well counter, a cylindrical phantom (20
cm diameter) containing Ga-68 was scanned within a few
days of the study.'" A known volume of activity from the
cylinder was also counted in the well counter. All values
obtained from PET were converted to cts/min/m/.

Cross-sectional images were reconstructed and cor-
rected for the physical decay of F-18 to the FDG injection
time.

The input function was obtained by correcting the time
activity curves of the descending aorta for the partial
volume effect and the difference between plasma and
whole blood counts with the plasma and whole blood
counts of a vein sampled seven times."'

Corrections
All data were corrected for the effects of the scanner’s
dead time so as to reduce the error to less than 1%.

Calculation of regional K complex

The three-compartment FDG tracer-kinetic model was
used in the present study. The regional myocardial glu-
cose utilization rate (rMGU) can be calculated as rMGU
= (Cp/LC)k1k3/(k2 + k3). Cp is the plasma concentration
of glucose; LC is the lumped constant that accounts for
differences in the transport and phosphorylation of FDG
and glucose.®® 0.67 was used for LC.!” To estimate rMGU,
Patlak graphic analysis was employed.”®

The dephosphorylation rate constant (k4) of FDG has
been assumed to be zero. Am(t) is tissue activity at time
t, Cp(t) is plasma activity at time t, and W is a function of
the steady-state volume of the reversible compartments
and effective plasma volume. A plot of Am(t)/Cp(t) vs.
I Cp(s)ds/Cp(t) should give a linear relationship at late
times with a slope equal to k1k3/(k2 + k3) and a y inter-
cept equal to W. Thus this graphic approach enabled
rMGU to be calculated by providing a direct estimate of
k1k3/(k2 + k3) from the slope of the linear relationship on
the spot.

Tissue activities at seven separate time points (from 13
min 15 sec to 55 min 45 sec) were used to estimate the
slope in Patlak analysis in all pixels of seven image planes.
We obtained functional transaxial images of the K com-
plex (KC), and calculated the maximal myocardial KC
value in each subject.

To estimate KC more simply, we compared it with the
ratio of myocardium to background (MB ratio), which
was obtained by dividing the maximal myocardial FDG
count by the venous plasma FDG count at the same time
(MB35 at 35 min 45 sec, MB45 at 45 min 45 sec and
MBS55 at 55 min 45 sec). This was the simple method used
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Fig.1 Relation between K complex (y) and MB55 (x), MB45(x), MB35(x), fFU55 (x) and FUI55 (x)
during insulin clamp, oral glucose loading and fasting (n = 122).
The relation between K complex (KC) and fFUSS is very close because the input function is used in
fFUSS. fFUSS is not really a simple method because arterial blood sampling or dynamic PET scan is

needed.
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KC = -2.999E-3 + 9.044E-3 * MB55; RA2 = .96
KC = -4.488E-3 +.011 * MB45; RA2 = .956
KC = -5.483E-3 +.014 * MB35; RA2 = .937
KC = -6.153E-3 +.063 * fFUSS5; RA2 = .971

KC = -6.27E-3 +.02 * FUIS5; RA2 = .942

Fig. 2 Relation between K complex (y) and MB55 (x) , MB45 (x), MB35 (x), fFU55 (x), and FUISS

(x) during fasting (n = 48).

The correlation between KC and MB55 was as close as that between KC and fFU55. The correlation
between KC and FUISS was close but slightly less than that between KC and MBS5.

for quantification.

To compare our method with the simple method re-
ported by Tamaki, we calculated the FDG uptake index
(% dose/100 m! of 60 kg of BW) (FUI) and fractional FDG
uptake (fFU).'? Neither method requires dynamic scan-
ning, just a single static scan. Our method uses single
venous blood sampling, FUI requires the count of the
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injected dose, and fFU requires input function. FUI55
(%) = C55 * 100 (ml) * BW * 100/dose of FDG (mCi) *
CF1 * 60, where C55 is the maximal myocardial FDG
count measured at 55 min 45 sec, BW is the patient’s body
weight and CF1 is the calibration factor between mCi on
the Curie meter and cpm/m! on the PET images."?
fFU55(%) = C55/ | Cp(t)dt, where | Cpdt is the inte-
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KC=.013 + 3.971E-3 * MB55; RA2 = .808
KC =.013 + 4.961E-3 * MB45; RA2 = .829
KC =.012 + 6.592E-3 * MB35; RA2 = .84
KC =-1.848E-3 +.057 * fFUS5; RA2 = .96
KC = -8.381E-3 +.026 * FUIS5; RA2 = .864

Fig.3 Relation between K complex (y) and MBS55 (x), MB45 (x), MB35 (x), fFUS55 (x) and FUIS5

(x) during fasting (n = 74).

The correlation between KC and MBS55, and KC and FUIS5 were close but slightly worse than that for
fFUSS because plasma FDG clearance varied in subjects.

Table 1 Comparison of correlation coefficients between K
complex and simple methods

total 122 cases

MB35 MB45 MBS5 FUISS fFUSS
Pearson  0.926  0.921 0914 0928 0.985
Spearman  0.955 0958 0959 0930 0.987
Kendall  0.829  0.835 0.840 0778 0918
fasting 48 cases
MB35 MB45 MBS5 FUISS (FUSS
Pearson  0.968 0978 0980 0971 0.986
Spearman 0950 0964 0979 0956 0.981
Kendall  0.838  0.865  0.905 0.835  0.903
oral glucose loading or insulin clamp 74 cases
MB35 MB45 MBS55 FUISS fFUSS
Pearson 0918 0912 0901 0930  0.980
Spearman  0.908 0.912 0911 0.894 0974
Kendall  0.763 0766 0764  0.734  0.887

MB35: myocardium to background ratio (MB ratio) at 35 min
45 sec

MB45: MB ratio at 45 min 45 sec

MB55: MB ratio at 55 min 45 sec

FUIS5S: FDG uptake index at 55 min 45 sec

fFUSS: fractional FDG uptake at 55 min 45 sec

gral of the FDG plasma values from the time of injection
to the mid-scan time (55 min 45 sec).'?

We compared FUISS and fFUSS with KC.

We calculated the correlation coefficient by means of
Pearson, Spearman and Kendall analyses for MB35, MB45,
MBS55, FUISS and fFUSS.
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We estimated KC from the line obtained by simple
linear regression and the MB35, MB45, MB55, fFUSS5
and FUISS5 values in each subject, and calculated the
difference value (%): 100 * | obtained KC — true KC |/
true KC.

RESULTS

The correlations between KC and MB35, MB45, MBS5S,
FUI5S and fFUS5 were good (Table 1, Figs.1-3). The
correlation between KC and fFUS5 was especially good
because the input function was used in fFUSS. In all
subjects during FS, OG and IC, the correlation coefficient
(r) was between 0.91 and 0.93 in MB35, MB45, MB55
and FUISS according to Pearson’s analysis. While this
was relatively good, it was not as good as that for fFUSS.
With Spearman and Kendall analyses, the correlation
coefficients (r) for MB35, MB45 and MBS55 were better
than those for FUIS55 but worse than those for fFUSS. In
subjects during OG or IC, the trend was almost the same.
In subjects during FS the correlation coefficient for MB55
was almost the same as that for fFUSS5 in all analyses and
better than those for MB35, MB45 and FUISS in
Spearman’s analysis and Kendall’s analysis. MB45 was
better than MB35 or FUISS in Spearman and Kendall
analyses.

The difference value is shown in Table 2. It was about
15% during OG or IC in MB35, MB45, MB55 and FUISS,
and it was about 7% in fFUS5. The value was about 10%
during FS in MB35, MB45, MB55, FUISS and fFUSS. It
was smaller in MBS55 than in MB35 (p < 0.005) and
FUIS5 (p < 0.02).
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Table 2 Difference between estimated K complex and actual
K complex

oral glucose loading or

fasting C .
insulin clamp
MB35 125+ 12.5% 15.2+14.6%
p <0.025
MB45 9.8+11.4% 1401+ 11.0%
NS
MB55 841 85% 143+ 13.4%
p <0.025
FUIS5 12.7+£9.7% 159+12.1%
p <0.001
fFUSS 79+7.0% 6.5+72%
fFUSS5 vs. MB35 p < 0.01 fFU 55vs. MB35, MB45,
MBS55 vs. MB35 p < 0.005 MBSS, FUISS
others NS p <0.001
paired t-test others NS

paired t-test

MB35: myocardium to background ratio (MB ratio) at 35
min 45 sec

MB45: MB ratio at 45 min 45 sec

MBS55: MB ratio at 55 min 45 sec

FUI55: FDG uptake index at 55 min 45 sec

fFUSS: fractional FDG uptake at 55 min 45 sec

DISCUSSION

The data indicate that the MB ratio can be used as an
indicator of FDG uptake and KC in Patlak analysis of
myocardium. With this simple index, only a single static
scan and single venous blood sampling are necessary.
Compared with conventional quantification methods
that require frequent arterial or arterialized venous blood
sampling and dynamic PET data, this method makes
quantification extremely easy for patients and physicians.

Comparison with other simple methods

In the simple methods reported by Gambhir'® and our-
selves,' which require dynamic PET data, subjects need
to remain motionless for more than one and a half hours,
and some have complained about this. And if an FDG
study is performed after an NH; study, subjects have to
remain on the bed at least 30 minutes before N-13 decay.
Further, to obtain the input function from dynamic data,
more than 30 minutes of data processing is needed. This
may be a burden if more than three FDG studies are
performed in a day.

Compared with these methods, the new method allows
subjects to relax on the bed between the FDG injection
and the beginning of the static scan. FDG can be injected
soon after the NH; study because N-13 may decay before
the beginning of the FDG static scan. In addition, there is
no need for data processing.

In terms of the accuracy of estimating KC, this method
may be inferior to those mentioned above, especially
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during oral glucose loading or insulin clamp. The average
error in estimating KC by our MB ratio method was
about 15% during OG or IC and about 10% during FS. We
consider this rough estimation of KC adequate for clinical
use.

Comparison with fFU

With the fFU method, KC could be accurately estimated
during FS, OG and IC, but this method requires an input
function, which is obtained by frequent arterial blood
sampling, frequent arterialized venous blood sampling or
dynamic PET scan (noninvasive calculation of input
function from dynamic data). The fFU method involves
the same problem.

Comparison with Tamaki’s FUI method

The FUI method is as easy as our MB ratio method. Both
need only a single static scan and counting of injected
dose, or single venous blood sampling.

Which is better? We think our MB ratio method is
slightly better because the error in estimating KC was
slightly smaller with our MB ratio method than with the
FUI method (p < 0.02 during FS, NS during OG or IC)
and the r values in Spearman and Kendall analyses were
better. In the FUI method, the integral of plasma FDG
counts is estimated from the injected dose corrected by
body weight, but rapid clearance of blood FDG may result
in overestimation of the integral of plasma FDG counts
especially in OG or IC. Another consideration is that the
clearance of blood FDG may change according to the
difference in plasma-glucose and serum insulin levels
during OG or IC. Thus during OG and IC, estimates of the
integral of plasma counts derived from the injected dose
varies. The variation in the middle value was especially
large (Figs. 1, 3). Our MB ratio method is also influenced
by plasma FDG clearance. During OG or IC the MB ratio
value tended to be large because the plasma FDG value
decreased. But the variation in the middle value was
slightly less than with FUI method. Thus the error in
estimating KC decreases slightly with the MB ratio method.
Tamaki’s method also may be useful during OG or IC if
the linear regression line is calculated during OG or IC,
although the error may be slightly larger.

And unlike the FUI method, the MB ratio method can
be utilized in any facility in the same way.

If the plasma FDG value is estimated from the static
image by using the left ventricle blood pool or another
method, KC may be estimated for all FDG data without
venous sampling by the MB ratio method.

Comparison of MB35, MB45 and MB55

During OG or IC, MB35 and MB45 were almost the same
as MB55 in terms of r or the estimate of KC. But during
ES, MB55 was slightly better than MB45 (not significant)
and MB55 and MB45 was significantly better than MB35,
probably because plasma FDG clearance was slow during
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fasting. Static data should be collected at least 40 min after
FDG injection, especially during fasting. MB45 and MBS55
may be the same.

Several problems involved in calculating the true KC in
this study were discussed in the previous report.!! As the
partial volume effect in myocardium was not corrected in
calculating KC, KC was underestimated. The purpose of
this study, however, was to evaluate our simple method
(MB ratio) by comparing it with the fractional FDG
uptake.

Recently, Nakagawa et al. reported a simple quantita-
tive method for myocardial glucose utilization.'* A simple
and accurate quantitative method is mandatory when
using cardiac PET for routine clinical study.

In conclusion, this study demonstrated that the MB
ratio can be used to roughly estimate KC and rMGU both
during FS and during OG or IC. We consider these rough
estimates adequate for clinical use. This method may help
to diagnose ischemic viable myocardium or diffuse myo-
cardial disease, and this may contribute to clinical PET.
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