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EQuivalent Circuit Model of Glucose Kinetics
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= Abstract=

The objective of the present study was to develop, an equivalent circuit model of

glucose kinetics including the hepatic glucose balance functions which were neglected in

the previous compartmental models. Using this circuit model, the insulin resistivity

parameter and hepatic glucose sensitivity parameter were estimated in optimal fitting

of the model based data of glucose and insulin concentration to the reported clinical intr-

avenous glucose tolerance test(IVGTT) data in normal and diabetic subjects. The addition

of the hepatic function in the model has improved the overall performance of the simu-

lation. Also, the computed tissue insulin resistivity and the hepatic glucose sensitivity
are shown to be significant in distinguishing four clinical groups of normal and diabe-

tic groups.

1. Introduction

The blood glucose level in man is regulated
by complex interactions between glucose and
insulin. The objective of the present study
was to develop an equivalent circuit model of
glucose kinetics including the hepatic glucose
balance functions which were neglected in the
previous compartmental model studies.

In one of the most thorough theoretical
study, Cunningham and Heath developed a
four compartments model” and compared the
computed data with Fujita et al.’s clinical
results of the intravenous glucose tolerance
test(IVGTT) in four clinical groups of normal
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and diabetic subjects®. The glucose quantity
in four compartments(arterial, capillary and
extravascular volume, venous, and slow glucose
pool)was used as state variables of the model,
and the venous glucose concentration was com-
puted for various values of capillary-extravas-
cular volume and insulin sensitivity parameter
(Ki.)to find a good fit to the IVGTT data,
where Ky« parameter is an index of the me-
an sensitivity of insulin-dependent tissues to
insulin action.

It was shown in the above study that the
most important parameter accounting for the
differences among four clinical groups is the
K., parameter, as K;,, acts as a proportional
constant in calculating the insulin-dependent
glucose utilization rate by the product of the
glucose and insulin concentrations. Furtherm-
ore, these investigators have pointed out that
the neglect of hepatic uptake in the model
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leads to over-estimation of the Ki.s parameter.
They also showed that K., was computed
differently depending upon whether there were
inhibition or maintenance of hepatic output in
diabetics after glucose injection.

In the present theoretical study, we have
developed an equivalent circuit model of the
glucose kinetics including the hepatic regula-
tory functions, where hepatic functions were
simulated using the clinical results by Bergman
et al.® Using this circuit model, the insulin
resistivity parameter and the hepatic glucose
sensitivity parameter can be estimated in opti-
mal fitting of the model based data of glucose
and insulin concentrations to Fujita et al.’s
clinical IVGTT data in normal and diabetic
subjects.

2. Computer Simulation

(1) Equivalent Circuit Model

Fig. 1 shows the equivalent circuit model
developed for simulation of the changes of
glucose concentration during IVGTT. In the
model, the compartmental volumes are repre-
sented by electrical capacitances(C;), the glu-
cose quantities in the compartments represented
by the charges in the capacitors, and the rate
constants represented by electrical resistances
(R;). Then, the glucose volume flow rates
between compartments and the concentrations
in the compartments are analogous to the
electrical currents and voltages of the equiv-
alent circuit, respectively. The concentrations
(represented by electrical voltages) are used as
state variables in the circuit model instead of
the quantities in the compartmental analysis.

Using the above analogous parameters, the
<ircuit model elements of Fig. 1 represent the

following physiological functions of glucose

Fig. 1. Equivalent Circuit Model

kinetics as reported by various investigat
ors*~12,
a. Glucose Pools
Three glucose pools of arterial blood volume,
capillary-venous-extravascular volume, and
slow pool volume® are represented by three
capacitors, C,, C,, and C,;, respectively.
b. Glucose uptake at the tissue sites
Glucose uptake rate at tissues was known
to be proportional to both the glucose concen-
tration and the insulin concentration at the
cell surface. Also, it was known that this
insulin concentration is the level in the slow
insulin pool.»%! The effect of insulin on
glucose utilization rate is different depending
upon the insulin resistivity at tissues in normal
and diabetics”® In the model, the glucose
uptake rate is represented by the currents
flowing in the time-varying resistance, R,,

where R, is related as follows;

R,,(t)z-z%)— )

Where K, is the insulin resistivity parame-
ter modulating the glucose utilization rate
at tissues and I,(¢f) is the instantaneous
insulin concentration in the slow pool of a
insulin kinetic model,

From the above analysis, the glucose uptake
rate in R, can be varied by the three factors;
the voltage(glucose concentration) across R,,
insulin resistivity parameter, and insulin con-
centration in the slow insulin pool.
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¢. Glucose uptake at the brain
As glucose uptake at the brain was known
to be relatively constant and independent of
glucose and insulin concentrations®!'®, it is
represented by a current sink, B, separately
from the glucose uptake at tissues.
d. Hepatic balance
The hepatic glucose balance(uptake or out-
put) is represented by a voltage-controlled
current source, H, in eq. (2), where this equ-
ation is based upon Bergman et al.’s experi-
mental result®.
H=H,+H,(V,—V,,) (2)
Where
H, is the net hepatic glucose output at
basal level, H, is the
relating the net hepatic glucose balance to

hepatic sensitivity

the changes of the glucose concentration, V',

is the glucose concentration in capillary-

venous space(voltage across capacitor C;) in

the model, and V,, is V, at basal level.

e. Renal excretion

The renal glucose excretion rate(l,) occuring
at a high glucose concentration is represented
by a diode(D), a resistance(R;),
tant voltage source(V,), and computed as fol-

and a cons-

lows, using McPhaul et al.’s clinical data'V;
Ir=9 when V,<V,
Ir=(V,-V)/R; whenV,>V, (3)
where V,=220(mg/dl), R;=0.79(1/dl)
f. Rate constants
The resistance R, representing a rate cons-
tant of glucose flow between arterial and ven-
ous blood pocl is computed as follows, using
McQuire et al.’s data;
Ri=(A-V)s/H. 1)
Where (A—V); is the difference of glu-
cose concentrations between arterial and
venous biccd at basal level, and was reported
to be 3.1-:0.6(mg/dl) by McQuire et al.'®.

The resistance R, value of 0.24(1/dl) was
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used for computation, based upon Long et al.
's results®, where it shows the rate constant
between the venous space and the slow pool.

(2) State Equations

The voltages across the capacitors represe-
nting the glucose concentrations in the three
compartments are used as the state variables
in the following equations (5) and (6). Either
equation is used depending upon the magnitude
of the computed hepatic glucose balance fun-
ction, H. When the liver uptakes glucose with
negative values of H, it uptakes from the
venous space(C,), while the liver produces
glucose into the arterial space C, with positive
values of H. Thus, the circuit branch location
of the hepatic balance function is changed
from a-a’ to b-b’ in Fig. 1, as H becomes nega-
tive during IVGTT. Equation(5) represents
the hepatic output state when H is positive,
and the hepatic uptake state is represented by
equation(6) with negative values of H.

a. In the hepatic ontput condition(H>0);
id?" R’Lc +(H1 R, :’ Ic/f +
(G=1+Hy=H,Va) -

av, VvV, /’ 1 K‘L
dt T RC, \R, TR, TR, )
V, B
<RV
dav, V., —
dt = RO, T RCV ()
b. In the hepatic uptake condition(H}O)‘
av, _ V,_ Vz
dt
dv, 7V/1> S 11 1
“dt TR, +\H1“ R, "R, R, ,.)
v, v,
o ZCW(B H,+HV,,)
1
C,
dv, V, V,
@ = RC, TRC ®)
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where

V;; the glucose concentration(mg/dl) in the
i-th compartment(voltage across capac-
itor)

C;; the i-th compartment volume(mi) (Cap-
acitance)

R;; the inverse of the product of the rate
constant and the compartment volume
(1/dl) (resistances)

H,; the basal hepatic output rate(mg/min)

H,; the hepatic sensitivity to glucose level
(dl/min)

1,; the rate of the renal glucose loss(mg/
min)

G; the glucose infusion rate(mg/min)

B; the brain uptake rate(mg/min)

Vi; the basal glucose concentration across
C:(mg/dl)

(8) Simulation Methods

Fujita et al. ’s clinical data in IVGTT were
used as reference to test the present network
model. Also, the insulin concentration in the
slow insulin pool was estimated from the repor-
ted plasma insulin concentration of IVGTT
using the models of Insel et al.® and Frost et
al.’® These estimated insulin concentrations
were used in the computation of equation(5)
and(6).

The following reported constants were used
for the simulation;

Total blood volume per body weight; 75.6

ml/kg

Slow pool volume as given by Long et al.®;
100 ml/kg

Glucose uptake at the brain; 1.06 mg/min/
kg

Net hepatic glucose output at basal level 2
mg/min/kg
Glucose infusion rate; 250 mg/min/kg in 2

min. IVGTT, 100 mg/min/kg in 5min.

IVGTT

Also, we assume initially that the arterial
volume(C,) is approximately one third of the
total blood volume and finally set at the
value of 25(ml/kg) during iterative computa-
tion.

In calculating glucose space and glycouria,
the glucose space of blood was taken as 0. 86
1/11 of blood and mean body weight of 60kg
was assumed.

Three parameters (C,, K., and H,) were
varied iteratively to provide the condition of
the minimum squared error difference between
the computed and the meastured venous gluc-
ose concentrations of Fujita et al.. The accu-
racy of fitting was compared by the following
residual mean squares;

E*=>" W, D#/DF
=1

where

E? is the residual mean square

D, is the difference between the computed

and the measured data at the i-th sam-
ple point

W, is the weighting factor for the i-th

sample, as calculated by the inverse of
the square of the standard deviation of
the measured data at the i-th sample

# is the number of data points

DF is the degree of freedom, i.e., n.

All computations and simulations were car-
ried out using a Digital Equipment Corporation
MINC-11 computer and a Hewlett Packard
HP 9872 A Plotter

3. Results

Evaluations of the present equivalent circuit
model were performed using Fujita et al.’s
IVGTT results of four clinical groups(nono-

bese normal, nonobese mild diabetics, obese
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mild diabetics, and nonobese moderate diabe-
tics).

In Fig. 2,3 it is shown that changes of
glucose concentration after intravenous injec-
tion are closely simulated by the model for
normal subjects and nonobese moderate diab-
etics in two minute infusion period. These
best fitted graphs are obtained when the resi-
dual mean square of the glucose concentrations
(E?) has the minimum value. Only the three
parameters of K, H,, and C, are used as
variables, since the variation of the other
parameters does not contribute any significant
changes in E? within the physiological ranges.
This result is comparable to Cunningham’s
model study where only two parameters,
capillary-extravascular volume and Ki.. were
Since the
present model does not include the delay

shown as significant variables.

effects of the glucose distribution from an
injection site to a measuring site, we do not
include the first one minute of data for
analysis.

We have studied the differences of the above
three parameters among four clinical groups
for the data of both two minute and five
minute glucose infusion. In the computations,
we used two insulin models(Insel et al.’s and
Frost et al.’s) in converting the reported pla-
sma insulin level to the slow pool insulin
level used in the computation of the model
study.

Table 1 summarizes the best fitted data of
K,, H, and C, for normal subjects. The esti-
mated values of K, and H, are different dep-
ending upon which insulin models were used,
since the slow pool insulin is different for
the same plasma insulin level in the two
insulin models. However, there is no signific-
ant changes in K, and H, values as the infusion

period varies from 2 to 5 minutes.
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Fig.. 2. Comparison of clinical data (*) and simula-
tion (—) in nonobese normal subjects
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Fig. 8. Comparison of clinical data(*) and simula-
tion (—) in nonobese moderate diabetics

Table 2 summarizes the K, C,, and H,
values for three diabetic groups, as estimated
for the data of 2 min. IVGTT wusing the
Frost et al.’s insulin kinetics model. In the
obese mild diabetic subjects, K, has the highest
values, showing that this group has the maxi-
mum insulin resistance at tissue sites. Also,
this group has zero H, value showing that
there is no hepatic glucose inhibition during
IVGTT test. In the nonobese group, K, value
is higher in the moderate diabetics group than
in the mild diabetics group and in the normal
group. On the other hand, H, is lower in the
moderate group. As compared with these vari-
ations of K, and H;, C, is relatively constant
for all three groups except the obese mild
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Table 1. Estimated values of K. (min. pU/dl), H,(dl/min.), and C,(dl/kg) in the normal subjects.

Infusion period Insulin model K: H, C, E?
2 Frost 17.5 -1.50 183.3 0.08
Insel 12.8 —1.90 180.0 0.05
5 Frost 17.0 —1.60 193.3 0.54
Insel 11.3 —1.95 195.8 0.35

Table 2. Estimated values of K, (min.pU/dl), H,(dl/min.}, and C,(dl/kg) in the diabetic groups.

Group K. H, C, E?
nonobese mild diabetics 26.0 —0.95 183.3 0.90
nonobese moderate diabetics 29.4 —0.90 192.7 0.41
obese mild diabetics 39.5 0 166.7 0.23
-diabetics group which has a smaller value of C,, model.

Fig. 4 shows the changes of the total hep-
atic glucose output after glucose infusion in
four groups. As the degree of diabetics becomes
more severe, the responses of hepatic glucose
balance is shown to become smaller up to zero
response in the obese mild diabetics group.

4. Discussion

In simulating interactions between glucose
and insulin during intravenous glucose infusion
test, the present study has the following two
difference as compared with the other previous
investigations. One difference is the usage of
the equivalent electrical circuit analysis instead
of the compartmental model analysis. The
other difference is the addition of the hepatic
glucose balance functions in the model.

Once a circuit model is developed for sim-
ulation, many well-developed techniques of
analysis, synthesis, and optimization of elec-
trical science can be utilized. As an example,
the development and the optimal operation of
a closed-loop artificial pancreas will be greatly
assisted by the use of the equivalent circuit

Addition of the hepatic balance function in
the model has caused a difference in the com-
puted values of the insulin resistivity param-
eter, K,, and the hepatic sensitivity parameter,
H,, in the four clinical groups.

Fig. 4 shows that the responses of the hepa-
tic output are different among the four clinical
groups. This theoretical estimation agrees with
other clinical reports'® in which the changes
of hepatic output were shown to be smaller
in the more severe diabetic patients. This
difference in the responses affects the comp-
utation of glucose kinetics in all the elements
of the model. Among the three significant
parameters, only the hepatic sensitivity para-
meter, H,, was not considered in Cunning-
ham’s model while the effects of K, and C,
are included in their model. Thus, the impr-
oved overall fitting of the model in the present
study could be caused by the inclusion of the
effects of the hepatic balance function. By
evaluating the insulin sensitivity, K., as an
inverse of the resistivity, K,, we may validate
Cunningham’s suggestion that the neglect of
the effects of the hepatic balance function
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Hepatic g’ucose balance

(mg/min. )

Fepatic zl.cose balance

Hepatic glucogse balance
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Yepatic glucose balance
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(a) Nonobese normal group

60
(min.)

(b) Nonobese mild diabetics
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{z) Nonobese moderate diatetics

[
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(d) Obese mild diabetics

Fig. 4. Hepatic glucose balance during IVGTT in four clinical groups. (positive values for glucose output

and negative for glucose uptake)

may cause overestimations in K, values. As
an example, in the nonobese normal, K, is
shown to become greater when we recompute
K., under the assumption of zero hepatic out-
put after glucose infusion.

In conclusion, the addition of the hepatic
function in the model has improved the overall
performance of the simulation. Also, the com-

puted tissue insulin resistivity and the hepatic
glucose sensitivity are shown to be significant
in distinguishing four clinical groups of normal
and diabetic subjects.
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