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We have developed a method for the noninvasive estimation
of regional tissue glucose utilization in humans that employs
positron emission tomography (PET) and 2-('®F)fiuoro-2-
deoxy-d-glucose (FDG). Unlike other methods, the input func-
tion used in this method is obtained from the corrected time-
activity curve of the descending aorta, not the left ventricle,
because the descending aorta is relatively free of spillover
from other organs and extends from the upper thorax to the
lower abdomen. With this method the time-activity curve of
the descending aorta must be corrected for the partial volume
effect and the difference in counts between plasma and whole
blood. Using the noninvasively obtained input function, re-
gional tissue glucose utilization was calculated by Patlak
graphic analysis. k1k3/(k2 + k3) was in good agreement with
k1k3/(k2 + k3) calculated from the plasma input function by
arterial sampling (r = 0.9995). These results suggest that the
input function and regional tissue glucose utilization (not only
of myocardium but also of other thoracic and abdominal
organs) can be determined noninvasively.
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2-("*F)fluoro-2-deoxy-D-glucose (FDG) was first used in
positron emission tomography (PET) imaging of the myo-
cardium by Phelps et al. (/). Many early myocardial PET
studies were based on the qualitative evaluation of regional
FDG uptake and its relation to flow (2-5). However,
quantification of regional glucose utilization in the myo-
cardium seemed to hold the potential for providing more
reliable information about myocardial viability and car-
diomyopathy.

A three-compartment FDG kinetic model for cerebral
tissues was introduced by Sokoloff et al. (6). This model
was used with PET to estimate local cerebral glucose
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metabolic rates in humans. Patlak graphic analysis (7-8)
and standard nonlinear regression (curve fitting) methods
were used to quantify cerebral glucose metabolic rates (9).
The latter two methods could be applied to heart, lung,
kidney, and other thoracic and abdominal organs.

Sokoloff’s autoradiographic method, however required
static PET data and arterial blood sampling and the latter
two methods required dynamic PET data and arterial
blood sampling. Frequent arterial blood sampling is trou-
blesome for both patients and investigators. A method
using arterialized venous blood was developed by Huang
et al. (/0), but frequent sampling was again a problem for
the investigators.

The purpose of our study is to present a noninvasive
method for quantifying local glucose metabolic rates in
thoracic and abdominal organs. A simple noninvasive
method has already been developed by Gambhir et al
(UCLA group), in which a time-activity curve of left
ventricle blood pool is used as the input function (/7).
Gambhir’s method, however, could only be applied to the
heart, correction for spillover from myocardium to LV
blood pool was difficult, and the correction for the differ-
ence between plasma and whole blood was, in our opinion,
inadequate. Thus, we made an attempt to improve these
points by using the corrected time-activity curve of the
descending aorta as the input function.

MATERIALS AND METHODS

Preparation of FDG
FDG was synthesized by the method described previously by
Ehrenkaufer et al. (/2). The radiochemical purity was over 95%.

Human Subjects and Blood Sampling

Four patients with dilated cardiomyopathy (DCM), four with
ischemic heart disease (IHD), one with hypertensive diffuse hy-
pertrophy with IHD and one with mitral stenosis (46-76 yr of
age) were studied. Each patient was informed as to the investi-
gative nature of the study and its potential risks and benefits
before informed consent was obtained. The study protocol had
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been approved by the University of Tokyo’s Human Subject
Protection Committee.

Each patient had a carbohydrate meal 4-5 hr before the study.
FDG (2-8 mCi) was then injected intravenously over a 30-60-
sec period. Arterial samples (3 ml) from an arterial line and blood
samples from a venous line were withdrawn at specific intervals.
To define the time course of equilibration of '*F 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 be-
ginning, middle and end of the study using standard enzymatic
techniques.

Image Acquisition

The patients were studied using a Headtome IV PET scanner
(Shimadzu Corp., Kyoto, Japan) with seven imaging planes, in
which in-plane resolution was 4.5 mm at FWHM, axial resolution
was 9.5 mm at FWHM and sensitivity was 14 and 24 kcps (uCi/
ml), respectively, for direct and cross planes (/3). 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
using the following protocol: five 15-sec, three 30-sec, four 120-
sec, four 300-sec and three 600-sec scans (Fig. 1).

Calibration and Image Processing

To obtain a calibration factor relating tomographic measure-
ment of myocardial activity to blood sample activity obtained
from the well counter, a cylindrical phantom (20 cm diameter)
containing “*Ga was scanned within a few days of the study. A

FIGURE 1. FDG radioactivity images obtained from a dynamic
study of a patient with hypertensive diffuse hypertrophy. Frame
4: 0-15 sec; 11: 15-30 sec; 18: 30-45 sec; 25: 45-60 sec; 32:
1 min-1 min 15 sec; 39: 1 min 15 sec-1 min 45 sec; 46: 1 min 45
sec-2 min 15 sec; 53: 2 min 15 sec-2 min 45 sec; 60: 2 min 45
sec-4 min 45 sec; 74: 4 min 45 sec-6 min 45 sec; 88: 8 min 45
sec-10 min 45 sec; 102: 10 min 45 sec-15 min 45 sec; 109: 20
min 45 sec-25 min 45 sec; 116: 30 min 45 sec-40 min 45 sec;
123: 40 min 45 sec-50 min 45 sec; 130: 50 min 45 sec-60 min
45 sec. The activity is first primarily that of right heart, it then
shifts to the left ventricle and descending aorta. As blood-pool
activity decreases, that of myocardium increases. The time-
activity curves for the descending aorta and myocardium were
obtained from these images.
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known volume of activity from the cylinder was also counted in
the well counter. This provided the calibration between cts/min/
pixel obtained from the PET images and cts/min/ml obtained
from the well counter. All values obtained from PET were con-
verted to cts/min/ml.

Cross-sectional images were reconstructed and corrected for
the physical decay of '*F to the FDG injection time. Myocardial
tissue time-activity curves were obtained as follows. Five rectan-
gular ROIs 6 mm? were defined on myocardium of the middle
plane, as shown in Figure 2. Regions of interest (ROIs) were set
on the final image of the dynamic scan and then applied to all
previous images.

To calculate input function noninvasively, a rectangular ROI
6 mm? was set in the descending aorta on the fourth or fifth
image of the dynamic scan on all seven planes to obtain aortic
time-activity curves, each of which had nineteen point values
(Fig. 3). All seven curves were smoothed after peaking by three-
point smoothing to eliminate statistical noise.

As shown in Figure 3, the later phase of the left ventricular
time-activity curve is shifted upward by spillover from the myo-
cardium, whereas the aortic curves are almost entirely free of this
effect. When the aortic diameter was not large enough, the count
of these aortic curves was decreased by the partial volume effect.
In addition, the curves do not represent plasma count but whole
blood count. Thus, the aortic curves have to be corrected for
both partial volume effect and the difference between whole blood
and plasma counts.

We defined six sets of constants to correct venous whole blood
count-to-arterial count (Mij, Table 1 in Appendix A). The defi-
nition of Mijj is shown in the following equation:

Mij = Ai/Vi, Eq. 1
where Ai is arterial whole blood count at time i, Vi is venous
whole blood count at time i, and Mij is the ratio between arterial
and venous whole blood counts at time i in j set.

We defined the ratio of arterial whole blood count to the

FIGURE 2. Left: Rectangular ROIs set on myocardium from
septum, anterior wall to lateral wall. The patient is the same as
in Figure 1. Right: Myocardial time-activity curves obtained from
these ROIs (four lines and one bar graph). The early peak is the
result of spillover of radioactivity from the left ventricular blood
pool-to-myocardium.
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FIGURE 3. Left: Rectangular ROIs set on descending aorta
and left ventricular blood pool of the same patient as in Figure 1.
Left ventricular cavity is narrowed because of myocardial hyper-
trophy. Right: FDG time-activity curves obtained from these ROls.
At the later phase, the curve of the left ventricular blood pool is
obviously elevated by spillover from myocardium. In this patient,
the aortic cavity is large enough and the partial volume effect on
the aortic curve is negligible.

descending aortic count as Rhij in Equation 2. Corrected venous
count was substituted for arterial count by using Equation 1.

Rhij = Ai/Dhi = Mij#*Vi/Dhi, Eq. 2

where Dhi is the count of the smoothed descending aortic curve
at time i on slice h (h is from 1 to 7). Rhij, which results from
the partial volume effect, has to be constant during the seven
time points from time 1 (13 min 15 sec) to time 7 (55 min 45
sec). When an inappropriate Mij is used, MijsVi does not equal
Ai and Rhij does not become constant. However, when j is
suitable, Rhij becomes constant from time | to 7 and Mij=Vi is
almost equal to Ai.

TABLE 1
Sets of Constants To Correct Venous Count-to-Arterial
Count

Set M1j M2j M3 M4j M5 M6 M7
1 1 1 1 1 1 1 1
2 104 103 1025 1.02 1.015 1.01 1.005
3 1.08 1.06 1.05 1.04 1.03 1.02 1.01
4 112 109 1075 106 1.045 1.03 1.015
5 116 112 1.1 1.08 1.06 1.04 1.02
6 12 115 1125 141 1.075 1.05 1.025

Mij = Ai/Vi at time = i in j set; Ai = arterial whole blood count at
time i; Vi = venous whole blood count at time i. Time 1: 13 min
15 sec; time 2: 18 min 15 sec; time 3: 23 min 15 sec; time 4: 28 min
15 sec; time 5: 35 min 45 sec; time 6: 45 min 45 sec; and time 7 =
55 min 45 sec.

Mij: Ai/Vi decreases from time 1 to time 7 but differs among
patients. We made six sets of constants from Mi1 to Mi6 by analogy
with the actual Ai/Vi of the patients.

To find a suitable j, we calculated aRij, aRj, and Sj using
Equations 3-5.

7
aRij= ¥ Rhij/7

Eq.3
h =1
7
aRj = ¥ aRij/7 Eq.4
=1
7
Sj= 2: (aRij — aRj)*/7 Eq.§

When Sx was the smallest among S1-S6, i.e., aRix was the
most constant from time 1 to time 7, Mix turned out to be the
most suitable set among Mil-Mi6, and MixsVi was almost equal
to Ai. Thus, we could substitute Vi for Ai by determining a
suitable Mij without arterial sampling.

To correct for the partial volume effect, Ph was calculated
using Equation 6.

7 7
Ph= ¥ Rhix/7 = ¥ Mix+Vi/(Dhis7) Eq. 6
-1 =1
The smoothed time-activity curve of the descending aorta on
slice h was multiplied by Ph. The seven curves from seven slices
corrected for partial volume effect were averaged to one curve
[Iw(v)].

To correct the whole-blood value to the plasma value, Rb and

Ra(t) were calculated by Equations 7 and 8.

,
Rb Ei/7TAi= ¥ Fi/7Vi Eq.7
1 i=1

™M <

‘

where Ei is arterial plasma count at time i and Fi is venous
plasma count at time i. Fortunately, Ei/Ai and Fi/Vi were almost
the same and were constant from time 1 to time 7 (Table 2).

Ra(t) = 1: from t = 0 to the peak time
= 1.02 = 1.13 : from the peak time to 180 sec Eq. 8
after the peak time (time B) (Table 2)
= 1: later than time B

Ra(t) was defined to correct for the ratio between plasma and
whole blood counts around the peak.
Input function [Ip(t)] was calculated by using Equation 9.

Ip(t) = Ra(t) +Rb +Iw(t) Eq.9

TABLE 2
Ratio Between Plasma and Whole Blood Counts (P/W ratio)

Average P/W ratio from 13 to Venous blood  Arterial blood

55 min (B ratio) (n = 10) 1.086 + 0.031 1.090 + 0.016
P/W ratio around the peak (A ratio)
—the ratio of A ratio to B ratio (n = 10)
at peak time 1.037 + 0.045
15 sec after the peak 1.126 + 0.103
30 sec after the peak 1.071 + 0.065
45 sec after the peak 1.061 + 0.042
60 sec after the peak 1.042 + 0.026
90 sec after the peak 1.040 + 0.016
120 sec after the peak 1.027 + 0.010
180 sec after the peak 1.015 £ 0.014
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Corrections

All data were corrected for the effects of the scanner’s deadtime
so as to reduce the error to less than 1%. In order to correct for
the partial volume effect associated with object size, recovery
coefficients (RC) obtained experimentally from phantom studies
were used. RC was 0.8 in a 9-mm myocardial wall. RC was not
used in the case of hypertensive diffuse hypertrophy, because the
myocardial wall was thick enough.

Calculation of Regional Tissue Glucose Utilization

The three-compartment FDG tracer-kinetic model was used
in the present study. The regional tissue glucose utilization rate
(rTGU) can be calculated as rTGU = (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 phos-
phorylation of FDG and glucose (6, 9). In this study, LC was
assumed to be a constant equal to 0.67 in myocardium (/4). To
estimate rTGU, Patlak graphic analysis was employed (7-8).

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) versus f Cp(s)ds/Cp(t) should

give a linear relationship at late times with a slope equal to k1k3/
(k2 + k3), and a y-intercept equal to W. Thus, this graphic
approach enabled rTGU to be calculated by providing a direct
estimate of k1k3/(k2 + k3) from the slope of the linear relation-
ship 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 (Fig. 4). To compare estimates of the slope based on the
arterial plasma input function to those based on the corrected
aortic input function, Patlak analysis was repeated using the
corrected aortic time-activity curve as the input function.

RESULTS

Ratio of the Plasma Count-to-the Whole-Blood Count

The ratios of the plasma count-to-the whole blood count
(P/W ratio) from 13 min 15 sec to 55 min 45 sec were
almost constant in both arterial blood and venous blood.
The average P/W ratio of these seven time points was
almost the same in venous and arterial blood (Table 2).
The P/W ratio within 3 min after peak time (A ratio) was
larger than the average P/W ratio from the 13 min to 55
min period (B ratio) (Table 2). From 4 min after the peak,
the P/W ratio was almost the same as the B ratio. Figure
5 shows the plasma and whole blood curves of a patient
as determined by arterial sampling.

Ratio Between Arterial and Venous Whole Blood
Counts

The average ratio between arterial and venous whole
blood counts (A/V ratio) is shown in Table 3. As men-
tioned previously, we defined six sets of constants from 1
to 6 (Table 1). The A/V ratio obtained from the seven
aortic time-activity curves and venous whole blood counts
are shown in Table 4. This A/V ratio was not so different
from the one obtained by measurement.
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SLoOPD
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FIGURE 4.
patient as in Figure 1 using the input function obtained from the
corrected descending aortic curve. Slope represents k1k3/(k2 +
k3). (B) Patlak analysis of myocardium for the same ROI as in
Figure 4A using the plasma input function obtained from arterial
sampling. The value of k1k3/(k2 + k3) is aimost the same as that
in Figure 4A.

Comparison Between Plasma and Aortic Time-Activity
Curves

The constants (Ph) used to correct partial volume effect
increased as the slices became lower, which is in keeping
with the tendency for the descending aortic diameter to
decrease as the slices become lower. The difference in
counts between the calculated and measured plasma
curves (Table 5) was about 10% around the peak but less
than 3% beyond 18 min. The raw time-activity curve of
the descending aorta, the curve corrected for partial vol-
ume effect, and the P/W ratio compared with the plasma
and whole blood counts obtained by arterial sampling
from one patient are shown in Figure 5.

Comparison of Patlak Analysis Using Two Different
Input Functions

The k1k3/(k2 + k3) values obtained by Patlak analysis
using the plasma input function and the input function
from the corrected aortic curve were in excellent agree-
ment (y = —0.00041 + 1.019x, r = 0.9995, n = 50) (Fig.
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FIGURE 5. (A) A raw time-activity curve of descending aorta (-<-), curve corrected for partial volume effect and averaged among

seven curves (-O-), and curve of whole blood count of sampled arterial blood (--). The raw curve is affected by noise and
decreased by the partial volume effect. The curve averaged and corrected for the partial volume effect is almost the same as that
for the whole blood count, especially in later phase, although they are slightly different around the peak. (B) The peak region of
Figure 5A is expanded in this graph. The mark (-O-) is changed to the mark (-#-) and the mark (-0-) is changed to the mark (-A-)
in this graph. (C) A plasma time-activity curve for sampled arterial blood (- X -), curve for the whole blood count of sampled arterial
blood (-O-) and the corrected curve for the descending aorta (—0~). The whole blood count is lower than the plasma count
throughout. The corrected curve is aimost the same as the plasma curve. (D) The peak region of Fig. 5C is expanded in this graph.

6). The average difference between the two values was
2.32% + 1.76%, and the difference for 48 of 50 values was
less than 5%.

DISCUSSION

The purpose of this study was to demonstrate a nonin-
vasive method for the quantification of rTGU by obtaining
the input function without arterial sampling. Gambhir et
al. used the left ventricular time-activity curve from dy-
namic PET data as the input function for that purpose
(11). There were, however, several drawbacks to their
method.

The first was spillover from other organs. In a Patlak
analysis of an FDG study, it is of vital importance to
obtain the correct input function in the later phase from
15 min to 60 min. Spillover from myocardium to left
ventricle ascending aorta or atrium may cause an increase
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in the count at that phase of the time-activity curve (Fig.
3). With our method, spillover from other organs to the
descending aorta was negligible.

A second drawback to the Gambhir’s method is the
difference between the plasma and whole blood counts.

TABLE 3
Ratio Between Arterial and Venous Whole Blood Counts
Time after Mean + s.d.
injection (n=10)
13 min 15 sec 1.089 + 0.060
18 min 15 sec 1.064 + 0.042
23 min 15 sec 1.054 + 0.043
28 min 15 sec 1.047 + 0.022
35 min 45 sec 1.041 £ 0.041
45 min 45 sec 1.018 £ 0.011
55 min 45 sec 1.006 + 0.006
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TABLE 4
Measured Ratio Set versus Calculated Ratio Set Between
Arterial and Venous Whole Blood Counts

Measured 1 2 3 4 5 6
Calculated

1 3 0 0 0 0 0

0 0 1 1 0 0

3 0 0 1 1 0 0

4 0 0 0 1 1 0

5 0 0 0 0 0 0

6 0 0 0 0 1 0

Ratio sets from Mi1 to Mi6 are shown in Table 1. The calculated
ratio set between arterial and venous whole blood counts was not
much different from the measured ratio set.

Gambhir et al. reported that the whole blood count quickly
became equal to the plasma count (/7), a finding not
confirmed by our results. In all ten patients whole blood
count remained lower than plasma count throughout the
study period. However, we were able to correct the curve
to the plasma value.

The third point relates to partial volume effect. The
partial volume effect does not cause much trouble in the
left ventricle, ascending aorta and atrium, because their
diameter is sufficient. However, in the descending aorta,
the decrease in count caused by the partial volume effect
cannot be ignored.

We calculated the partial volume effect by comparing
the time-activity curve with venous sampling data ob-
tained from 13 min to 55 min. Although arterial and
venous blood counts sometimes differed, the difference
could be estimated by our method.

Another problem is statistical error. Our three-point
smoothing of each time-activity curve and averaging of

TABLE 5
Difference Between the Plasma Input Function Obtained by
Arterial Sampling and That Calculated from the Aortic Time-
Activity Curve

Time after injection Difference
at peak time 9.29% + 5.73%
2 min 30 sec 6.02% + 3.29%
3 min 45 sec 5.57% + 2.75%
5 min 45 sec 3.75% + 2.65%
7 min 45 sec 5.29% + 2.76%
9 min 45 sec 5.64% + 4.13%
13 min 15 sec 4.72% + 2.94%
18 min 15 sec 2.86% + 2.49%
23 min 15 sec 2.57% + 1.96%
28 min 15 sec 1.95% + 1.82%
35 min 45 sec 2.19% + 1.43%
45 min 45 sec 1.78% + 1.72%
55 min 45 sec 2.87% + 2.07%

Difference: mean + s.d. of absolute difference if the difference for
patient A is 9% and that for patient B is —10%, the mean will be
9.5%, not —0.5%.
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k1k3/(k2+k3)
Aorta Y=1.019X-4.147E-4 r=0.9995
.08
.07
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.02
01
0
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k1k3/(k2+k3) Plasma

FIGURE 6. Plot of k1k3/(k2 + k3) obtained by Patlak analysis
using the input function obtained from the corrected aortic curve
[k1k3/(k2 + k3) Aorta)] and the plasma input function determined
from arterial sampling [k1k3/(k2 + k3) Plasma]. There is good
agreement (r = 0.9995) between estimates made by the two
techniques. y = —0.00041 + 1.019x. n = 50 (five ROIs of ten
patients).

seven time-activity curves obtained from the seven PET
slices provided a solution. In ascending aorta and atrium,
where the numbers of corresponding slices are very limited,
the averaging is not effective.

We would emphasize that our method can be applied
not only to myocardium but also to other thoracic and
abdominal organs, because the descending aorta is present
in the planes of these organs.

Furthermore, in the presence of valvular regurgitation
or shunting, time-activity curves such as those of the left
ventricle and atrium deviate from the arterial FDG con-
centration, a problem not encountered with our method.

There are some problems in Patlak analysis and in
calculating rMGU as Gambhir et al. described (11), such
as the correction for a positive k4. Although we did not
estimate the error in rMGU caused by a positive k4, we
believe it to be in line with Gambhir et al.’s report (/7).
Secondly, the partial-volume effect in the target tissue
could be improved by using recovery coefficients based on
regional assessments of myocardial wall thickness, which
can be measured with echocardiography as Gambhir et al.
described (11). Cardiac movement caused by beating and
respiratory motion may influence the count of the target
tissue, an effect that may be very difficult to correct.
However, spillover from the cardiac chambers to the tissue
is not a problem with Patlak analysis, since it affects only
the y intercept and not the slope and thus does not
influence estimates of rMGU.

Patient movement is a practical problem for all meth-
ods. To quantify glucose utilization accurately, a patient
must remain motionless for the 1.50 hr needed for trans-
mission and emission scanning. Patients often complain
of hip, back, shoulder, or arm pain. We allowed patients
to place sponges under hip, back, shoulder and arm.
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Data processing time is another problem. It takes 10 to
15 min to acquire seven time-activity curves for the de-
scending aorta. We used a personal computer (NEC
PC9801) to correct these time-activity curves and obtain
the input function, a process which took about 10 min.
Patlak analysis of 6 or 7 ROIs of myocardium requires
about 15 min.

In conclusion, this study demonstrated that the input
function could be calculated noninvasively and accurately
by time-activity curves of the descending aorta derived
from dynamic PET data and venous sampling. Then, by
using this input function, k1k3/(k2 + k3) and regional
glucose utilization could be estimated by the Patlak
method. This method can be applied not only to heart but
also to other thoracic and abdominal organs.
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