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INTRODUCTION

Various types of the insulin delivery systems
have been used for the treatment of diabetic
patients to maintain the blood glucose level with-
in normal range(Slama et al.,, 1974; Deckert
et al., 1977; Genuth et al., 1977; Bojsen et al.,
1978; Tambolane et al., 1979).

these systems, an optimal insulin infusion rates

In utilizing

and its patterns after meals are determined by
trial and error methods, as the required insulin
patterns are different from one patient to ano-
ther. In these empirical methods,the endogenous
insulin delivery patterns of non-diabetic subjects
have been used as an initial reference informat-
ion. Then, by adjusting the insulin infusion rates
every day and evaluating the blood glucose
level, the final optimal insulin pattern is deter-
mined when the glucose level remains within
nortal range. This adjusting procedure usually
takes about one week in our clinical experience,
and other reported results(Genuth et al.,1977).

These results suggest that normal subject’s
insulin delivery pattern may not provide a
satisfying reference information in determining
the optimal insulin infusion pattern for diabetic
patients. For example, the same amount of
insulin has different effects on glucose control

in normal and diabetic groups, since each group
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has significantly different hepatic glucose bala-
nce function and insulin resistivity at tissue
sites(Bergman et al., 1974; Kimmerling et al.,
19765 Youn et al., 1981).

Therefore, it is desirable to develop a quanti-
tative method of estimating the optimal insulin
infusion pattern required to maintain glucose
level within normal range for a specific subject.
As a preliminary study of a new approach, we
will present a computer simulation method in
which the optimal plasma insulin concentration
profile after intravenous glucose loading is com-
puted from an analysis of the intravenous glucose
tolerance test (IVGTT) based on the equivalent
circuit model of the glucose kinetics(Youn et al.,
1981).

ANALYSIS

A. Equivalent Circuit Model

Cur previously developed equivalent circuit
model of glucese kinetics, as shown in Fig, 1,
is used for the estimation of the optimal plasma
insulin concentration profiles for diabetic subje-
cts. In this section, a brief summary of the
circuit model is presented.

In Fig.1, the glucose distribution compart-
ment volumes are represented by electrical cap-
acitances, where three capacitances(C,,C,,Cs)
represent arterial, venous(capillary-venous-extra-
vascular), and slow glucose pool volume,
respectively. Also, the resistances(R, and Ry)

are related to the rate constants between the
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Fig. {. Equivalent circuit model of glucose kinetics.

compartments. Then, the glucose volume flow
rates between compartments and the concentra-
tions inside the compartments are analogous to
the electrical currents and voltages, respectively,
of the equivalent circuit.

In the circuit model, the following physiologic-
al functions are included, the exogenous glu-
cose input flow by a current source{G), the
brain’s glucose uptake rate by a current sink
(B), and the renal glucose excretion rate by
the current in the branch of diode (D) -resistance
(R3)-voltage source(Vy).

The computer simulation study has shown
that the computed physiological parameters
(the tissue’s insulin resistivity and hepatic sens-
itivity to glucose level) are important for separ-
ation of normal and diabetic groups.The tissue's
glucose utilization rate is represented in Fig. I
by the current, T(¢), flowing in a time-varying
resistance, R,, where R, is related to the insulin
level of the slow insulin pool, IN(z), and the
insulin resistivity at tissue sites, K,, as follows;

K.
Rx(o :—mt?)‘f (1)

Thus, the tissue glucose utilization rate, T(f),
is related to the venous glucose concentration,
V.(t), in eq(2).
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The hepatic glucose uptake rate (or output rate),
represented by a voltage-controlled current sou-
rce (H) in Fig. 1, is determined by the venous

glucose concentration (V,) and the hepatic
sensitivity to glucose level, H;, in Eq.3, based
upon Bergman’s result(Bergman et al., 1974},

H{t)=Hy+H, (V,(t) —Vy) &)
where I, represents the basal level of the
hepatic glucose output rate, and Vi is the basal
level of the venous glucose concentration.

B. Computed Optimal Plasma Insulin

Concentration Profile

An optimal plasma insulin profile in diabetic
subject after intravenous glucose loading is
obtained using the equivalent circuit model by
computing the plasma insulin concentrations
which is required to maintain the changes of
the venous glucose concentration in a diabetic
subject equal to those of the nondiabetic group.

In Fig.1, the venous glucose concentration
can be evaluated by computing the instantaneous
votage, V,, across the capacitor, C,.The major
factors contributing any different changesin V,
between normal and diabetic group after a pulse
type of glucose loading are the glucose current
from the hepatic source, H(f), and the current
to the tissue, T(t).

Then, the above optimal condition can be
expressed in Eq.4 by setting the change of the
instantaneous capacitor voltage(V,) due to the
current flows, H(¢) and T(¢), in normal group
to be equal to that of the diabetic group after
glucose loading as follows:

1
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where the subscript » represents normal group
data, and d represents diabetic group data.
H(1) is the hepatic glucose balance (Positive
value for uptake, and negative value
for output)
T() is the glucose utilization rate at tissue
sites

t, is the measurement time
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C  is the equivalent capacitance for the
glucose compartment volume
To satisfy Eq. 4 for all period of ¢,, it is nec-

essary that
L HEOIT@I= & H0 T
n d

o

Thus, Ty(t)can be computed as
TS (T + @I ©

Then, the required insulin concentration for a
diabetic subject, IN,(t), can be computed from
Eqgs. 2 and 6 as follows:

INd(t)zK,d%(%,,
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7
As the glucose level in diabetic subject, Vou(£),

is set to be equal to the known glucose level
in normal group, V.,.(t), Eg. 7 becomes Eq. 8
_7Krd
VZH(t)

Cy .
[-T0 +HL@I-H@ | ®

is used to compute the optimal insulin profile

IN(@) =

by the computer simulation method.

A summary of the computation is shown in
two block diagrams of Figs. 2 and 3. In the
initial step of Fig. 2, the three parameters
(K,, H,,C;) of the circuit model are estimated
for a diabetic patient using the dats of IVGTT
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*1, Measured glucose cone. profile during IVGTT

2. Measured insulin concentration profile during
IVGTT

3. Glucose infusion pattern of IVGTT (pulse type)

4. Computed glucose profile from the model

5. Optimal parameter values (K., Hi, C2)

Fig. 2. Estimation procedure of the model parameter

for a specific diabetic patient.

by obtaining the best fit parameters which
minimize the squared ciror differcnce between
the computed and measurcd glucose concentra-
tion during IVGTT{Youn et al. 1981).
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*1. An intravenous glucose
normal

Mecasured insulin conc. profile after glucose load-
ing in normal

loading  pattern in

b

3. Computed glucose conc. profile from simulation
in normal

Fig. 3. Estimation procedurc of optimal insulin
profile.

These three parameters for normal groups
were previcusly computed and used as the con-
trol values in computation. Fig. 2 shows the
final step of computing the optimal insulin
profile for a specific diabetic patient using Eq.
%, The variables (H,(), T.(), Vu(t)) can
be obtained in the computer simulation of intr-
avenous glucose loading in normal group.H, ()
can be obtained from V,,(¢) and hepatic sens-
itivity parameter, H,, of a diabetic patient in
Eq. 3. The computed slow pool insulin profile,
IN(t), can be converted to the plasma insulin
level using relations developed by Frost et al.
(Frost et al., 1973}.

COMPUTER SIMULATION

Computer simulation was performed using
Fujita et al.’s IVGTT data(Fujita et al., 1975)
for normal and diabetic groups. The three
characteristic parameters(K,, H,,C;) of normal
and nonobese moderate diabetic groups were
estimated from the two-minutes IVGTT data.
Then, an optimal plasma insulin profile necess-
ary to normalize the glucose concentrations of

diabetic group in five-minutes glucose infusion

— 543 —




—FEGR A e ol el FREEbel 7] e] ] Ba o] =

i
3 \
" i
¢ 150 {
a
8 !
= \
21 "
= \
i B
LTI ] 2 -
3 | 3 .
3
3 ! \ M INSULIM 1RO 218
a e .
S8 ——
e HGHMAL IMSULIN P ELE ~—
—
1 Te—
a 1w i a 2 e ot

P
Fig. 4. The computed optimal plasma insulin profile
(upper curve) for diabetic group and the
normal group's plasma insulin profile(lower

curve) in five minutes glucose lIoading,
was computed.Fig.4 shows two insulin profiles;
the fower one is from the Fujita et al.’s report-
ed data of normal group in five-minutes glucose
infusion, the other represents the computed
optimal plasma insulin profile for diabetic group.
It is shown in Fig. 4 that higher insulin level
is required in diabetic group to normalize
glucose level as compared with the normal
group’s insulin level due to higher insulin resi-

stivity and lower hepatic sensitivity.

Fig. 5 shows the comparison of computer
simulation in the changes of glucose concentra-
tion in diabetic group using two different mo
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Fig. 5. Computer simulation showing the changes of
blood glucose concentration in response to
the normal insulin profile(uppsr curve) and
the optimal insulin profile(iower curve).
The points show the measured glucose cha-
nges in normal group in five minutes
glucose loading.
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des of insulin profiles in simulation; the upper
curve is using the normal group’s insulin
profile, and the lower curve is using the
computed optimal insulin profile.

As shown in Fig. 5, the optimal insulin
profile has produced a giucose profile which is
more closely matched to the measured normal
glucose profile, as compared with the case of
emulating normal insulin profile in diabetic

group.

DISCUSSION

The present computer simulation apptoach
has provided a quantitative method of estima-
ting an optimal insulin requirement from mea-
sured IVGTT data and equivalent circuit analy-
sis of glucose kinetics. The basic goal of this
approach is to obtain a plasma insulin profile
necessary to maintain glucose concentration
within normal range after glucose loading.
Thus, this approach is different from other
conventional approaches in which the insulin
profile of nondiabetic group was used for the
treatment of diabetic patients(Genuth et al.,
1977).

The accuracy of the present analysis was
evaluated by comparing changes of glucose con-
centration when we apply either computed or
normal group’s insulin profiles in diabetic
patients. As shown in Fig.5, an improved
performance was obtained in maintaining normal
glucose levels when we apply the computed
insulin profile rather than using the normal
group’s insulin profile.

Also, the optimal insulin profile of diabteic
group was shown to be twice higher than the
normal group’s endogenous insulin level. This
simulation result can be explained by the diffe-

rences of insulin resistivity and hepatic glucose

sensitivity in normal and diabetic groups. In
1981), the

our previous study (Youn et al.,
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insulin resisitvity was shown to be seventy
percent higher and the hepatic sensitivity was
fourty percent lower in diabetic group.

In applying the present computer simulation
to the experimental and clinical trials, we need
a kinetic relationship between plasma insulin
jevel and intravenous (or subcutaneous) infus-
jon rate. Pilo et al.’s report(Pilo et al., 1977)
on this subject will provide a useful information
on these pathways.

Once the experimental trial is performed, the
computed optimal insulin profile will provide a
new way of setting the initial insulin infusion

protocols in the treatment of diabetic patients.

(The present investigation was partially suppo-
rted by the Research Fund of Seoul National
University Hospital.)
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