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Abstract: Using 2-["*F]fluoro-2-deoxy-D-glucose (FDG) and positron emission tomography (PET), the
kinetic models for FDG metabolism were established in tissue of myocardium, lung, stomach, spleen,
pancreas, marrow, liver and kidneys. All submodels were connected by the circulation system, forming the
whole body model. The model can be visualized on the base of Visible Human Project (VHP), to simulate
the dynamic metabolic process of FDG in human body. The simulated FDG distribution images were in
2D and 3D formats, and presented higher resolution than original PET image. The result of this study can
be used not only for education and related research, but also by PET operators to design their PET

experiment program.

1. INTRODUCTION

The development of Positron Emission Tomography (PET)
makes it possible to detect the metabolic process in human
body. 2-["*F]fluoro-2-deoxy-D-glucose (FDG) is the analog
of glucose, which is widely used in clinical PET experiments
(Gallagher et al., 1977; Kostakoglu et al., 2003). Some FDG
kinetic models for organs were established to understand the
metabolism of glucose and to help better detect disease
(Huang et al., 1980; Bertoldo et al., 1998; Reinhardt et al.,
1999). The kinetic models for gray matter, white matter,
skeletal muscle, and myocardium have been established.
However to understand the whole body metabolism, these
models are far from adequate. Therefore more kinetic models,
such as the models for lung, stomach, spleen, pancreas, and
marrow, have been developed (Cui et al., 2006).

Due to the physiological characteristics of some tissues such
as liver and kidneys, particular models have been developed
for them. The liver has a dual blood supply from the hepatic
artery (HA) and the portal vein (PV). Thus, the dual-input
model was employed for liver (Cui et al., 2007a). It was
experimentally confirmed that the dual-input function may
lead to more accurate parameter estimation. As for kidney,
the high quantity excretion of FDG makes its metabolic
process inconspicuous (Szabo et al., 2006). Classic three-
compartment model can not well explain FDG excretion
from kidney well. Thus, the model for kidneys was
developed.

Hays and Segall (1999) have proposed a whole-body model
which includes brain, myocardium, liver, and lung. In this
model, all individual tissue’s models were connected to each
other through their common compartment --the blood
compartment. However, as mentioned in their study, the
whole-body model included only 24% of FDG metabolism in
human body because many other tissues which were active in
metabolism of FDG were not involved in this model. To
improve such a whole body model, submodels for stomach,
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spleen, pancreas, marrow, liver and kidneys were developed
and connected to each other.

The function information from the whole body model
incorporated with anatomical information can be visualized.
The Visible Human Project (VHP) provides a set of detailed
anatomical information of human body and has been widely
used in the medical imaging segmentation, reconstruction,
and 3D visualization (Hohne et al., 2001; Pommert et al.,
2001; Jastrow et al., 2003). In this study we assigned the
TAC obtained from whole body to the segmented VHP
image frames. Thus a set of dynamic volume data for FDG
distribution was simulated, and the simulated FDG
distribution was visualized by volume rendering method (Cui
etal., 2007b).

In this paper, the development of the model and the
simulation were introduced respectively in following sections.
The whole body model was developed as well as the models
for liver and kidneys were proposed. And the method of
visualization was described in detail.

2. MODEL OF FDG METABOLISM

In order to model the normal metabolic process in human
body, sixteen normal volunteers participated in the study.
They were divided into two groups to take dynamic PET
experiment. For group one (six volunteers), the study was
performed in a single bed position covering from upper heart
to lower liver. For group two (ten volunteers), the study was
performed in a single bed position covering kidney. The data
derived from dynamic FDG-PET experiments were used to
model metabolic process in each tissue.

2.1 Compartment model

Three-compartment model (Fig. 1) has been used to describe
FDG metabolism in many tissues such as gray matter, white
matter, myocardium, and skeletal muscle. This classic model
was also used here to describe the FDG metabolic process in
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the tissues of lung, liver, stomach, spleen, pancreas, and
marrow.

In this model, the left compartment represents vascular space
for FDG, the center compartment represents tissue space for
free FDG and the right compartment represents tissue space
for FDG-6-phosphate (FDG-6-P). The concentrations of
FDG or FDG-6-P in the three compartments are Cg, Cg, and
Cy, respectively. The model parameters ki~k, are the rate
constants of material exchange between compartments. Since
the radioactivity of '*F is easy to detect and convert to FDG
concentration, the time activity curve (TAC) were used to
express FDG concentration function, for example blood time
activity curve (BTAC) is the input of the model as Cg(t). In
this compartment model, C(t), the observed total tissue time
activity curve (TTAC) in PET image can be described as
following equations:

Cr()=Ce()+Cy () +f-Cp(0) ()
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where ® denotes the operation of convolution, f is the
spillover fraction from blood to the tissue and

al=(k2+k3+k4—\/(k2+k3+k4)2—4k2k4)/2 (3)

az=[k2+k3+k4+\/(k2+k3+k4)2—4k2k4J/2 (4)

In general, this compartment model for FDG-PET requires
the measurements of both BTAC and TTAC, which are input
and output functions of the model. The parameters k1~k4,
together with spillover fraction f, are estimated by fitting the
output function of the model.

FDG ki FDG ks FDG-6-P
in blood i, in tissue ks in tissue

(Cs) (Cr) < (Cw)

Fig. 1. The three-compartment model for FDG metabolism

Despite most tissues can be described by this three-
compartment model, the organs such as liver and kidneys
will not be well described by this model.

2.2 Dual-input model for liver

Unlike other tissues, the liver has a dual blood supply from
the hepatic artery and from the portal vein. The single
arterial-input may be not consistent with the actual model
input in the liver model, and the use of arterial-input may
introduce errors in the estimated model parameters (Munk et
al., 2001). Therefore, a dual-input function, which was
generated by calculating weighted sum of both the arterial
and the portal vein input curve, was used in liver model
(Chen and Feng, 2004). The proportion of the two blood
supplies was

Ca(t) = Cu(t) X 20% + C(t) X 80% (5)

where C,(t) was BTAC derived from region of aortas and
C,(t) was BTAC derived from region of portal veins. Though
portal veins are small in size, they are still distinguishable in
early scan, so dual-input liver model is also noninvasive. For
liver model, the kinetic parameters were estimated using
dual-input and arterial-input respectively. In comparison with
the arterial-input function, the dual-input function generates a
better fit for the liver model. Moreover, it is also compatible
with the clinical physiology.

2.3 Piecewise model for kidney

Kidney is a special tissue in the body. Since FDG can not be
reabsorbed at renal tubule, great quantity of FDG flows out
of the body through kidney. The high quantity excretion of
FDG makes its metabolic process inconspicuous, viz. the
processes of phosphorization and dephosphorization are
neglected. A unidirectional compartment was described
piecewise for kidney, illustrated in Fig. 2.

in blood
Ca(t)

A 4

in blood
Ck(t)

FDG K FDG ky FDG

in bladder

Fig. 2. The unidirectional compartment model for kidney

This kidney model was divided into two parts by a new
parameter ty: one part described the accumulation process
before ty, and the other described the excretion process of
FDG in kidney. t,, the timing delay constant, was the time
point when FDG began to excrete from kidney. K; and k,
were the rate constants of FDG between each compartment.
When t<t,, FDG diffused in blood, went into the kidney from
circulation system, and was filtrated to urine and
accumulated in kidney temporarily. When t> t, it began to
excrete FDG with urine out of the kidney.

Ten sets of dynamic clinical data were used to estimate the
parameters K;, k,, f and t;. Results have shown some
differences in each subject. However, the output of the model
fitted with the original curve from clinical data well, and the
excretion of FDG calculated from our model did not differ
significantly from the published results using other methods.

2.4 Whole body model

The circulatory system connected each individual tissue’s
model, and formed a distributed whole-body model (Fig. 3).
In addition to the tissues investigated in this study, the
existent gray matter, white matter and skeletal muscle models
were incorporated into this model. The whole body model
can describe the metabolism character of major tissues.

With the BTAC and TTAC derived from sixteen sets of
dynamic imaging, the model parameters were estimated by
the weighted nonlinear least square (WNLS) method, and list
in Table. 1.
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Table 1. Parameters of the model

Kl K2 K3 K4 f
(ml/min/ml) (min-1) (min-1) (min-1)

Myocardium  0.196£0.115  1.022£0.504 0.149+0.115 0.010£0.011  0.545+0.099
Lung 0.014£0.009 0.291+0.158  0.006+0.006 0.000£0.000  0.151+0.025
Liver’ 1.256£0.160 1.329+0.266 0.002+£0.001  0.002£0.004  0.165+0.066

Stomach 0.614+0.218 1.885+0.538 0.071+0.023  0.031+£0.009  0.063+0.023
Spleen 1.207£0.498  1.909+0.471 0.008+£0.006 0.014+0.011  0.000:£0.000
Pancreas 0.648+0.365 1.640+0.873  0.027+0.024 0.016=0.015 0.107+0.121
Marrow 0.425+0.179  1.055+0.427  0.023+0.006 0.013+0.005 0.040+0.025
Kidney’’ 0.263£0.065  0.299+0.064 0.438+0.156
Gray matter’”  0.102+£0.028  0.130+0.066 0.062+0.019  0.007+0.002
White matter’”  0.054+0.014  0.109£0.044  0.045+0.019  0.006-0.002
rﬁﬁ:&féal 0.047+0.024 0.325+0273  0.084+0.045 0.000£0.000 0.019+0.019

i}

using dual-input model
using new kidney model, t; is 3.63+£0.77 (min)
the parameters of gray matter, white matter and skeletal muscle are referenced from literature
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times were assigned to the corresponding tissues of the
segmented VHP image data, so the volume data arranged in
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Fig.3. Whole body model

3. SIMULATION AND VISUALIZATION

With the whole body model, the distribution of FDG in
human body could be simulated, and the dynamical process
could be visualized with high resolution and high quality on
the base of VHP dataset. With a BTAC from FDG-PET
experiment, the TTACs of each main metabolism tissue were
simulated, which represented the '*F distribution processes.
VHP dataset, which provided anatomical information, was
used for the high resolution 3D visualization of '*F
distribution process in human body (Cui and Bai, 2005). First,
a sequence of activity values of each tissue was obtained by
discrete time sampling of the TTAC acquired by simulation.
Then, these values reflecting tracer concentration at sampling

time sequence was obtained.
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Fig.4. The procedure of visualization. Values sampled from the
TAC s are assigned to the corresponding tissues of the segmented
VHP image data, outputting a number of new image data. “image
m” denotes the outputted image data at the mth sampling time.

This procedure was equivalent to data mapping from a set of
time activity curve (TAC) to the segmented VHP image data,
as illustrated in the Fig. 4. Thus a number of new 3D image
data which includes the information of the '°F concentration
in the tissue was produced at each sampling time. In this
mapping, it was assumed that the FDG concentration in one
individual tissue was homogeneous under rest condition.
Finally, the assigned VHP data were represented in 3D
format using volume rendering method (Robb, 1999;
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Schroeder, 2001), and some interaction functions were
provided in order to observe more conveniently the whole
transformation process of the tracer distribution in human
body.

The visualization can be performed not only in 2-D format,
but also in 3-D format (Fig. 5). The figure shown here used
gray colormap, and other colormap can also be used.
Certainly, this dynamic process can also be visualized by a
sequence of images, or showed as a movie.

6 min 30 min 60 min

Fig. 5. The 3D visualization result of FDG distribution at the
sampling time of 25 s, 6 min, 30min and 60 min, respectively.

3. CONCLUSION

In this study, the FDG distribution kinetics in the tissues of
myocardium, lung, liver, stomach, spleen, pancreas, marrow,
and kidney, were investigated using dynamic FDG-PET, and
the kinetic parameters were estimated. Particular models
were established for liver and kidney. For liver, dual-input
model was adopted, which accorded with the hepatic
physiology and gave a better fitting than the arterial-input
model. For kidney, a piecewise model was established to
describe the distribution process of FDG. Each individual
FDG metabolism model was connected by circulatory system
to form a whole body model, which can be used to simulate
the FDG metabolic process. The method of simulation and
visualization of FDG metabolism based on VHP image
provided complete, accurate and direct information of FDG
metabolism process in human body. This study was
especially for the metabolism of FDG. However, the
modelling and visualization methods were for all tracers. The
results of this study will be a useful tool for education and
research on nuclear imaging. For example, the clinical PET
images can be simulated to investigate PET sampling
protocol. The results of this study may provide a novel
technical platform for the study of pharmacokinetics.
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