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Abstract The Bergman’s minimal model of glucose and
insulin plasma levels is commonly used to analyse the
results of glucose tolerance tests in humans. In this paper,
we present the modified minimal model with plasma
insulin compartment under the assumption that if the
plasma glucose compartment drops below the basal glu-
cose levels, the rate of insulin entering the plasma glucose
compartment is zero. Insulin is cleared from the plasma
insulin compartment at a rate proportional to the amount of
insulin in the plasma insulin compartment. The modified
minimal model was used to study the effect of physical
exercise via parameters of a mathematical model to qual-
itative the magnitude of changes in insulin sensitivity (Sy)
and glucose effectiveness (Sg) in response to exercise in
type 2 diabetes and healthy human. The short-term effects
of physical exercise in type 2 diabetes did not improve Sg,
but markedly improved the low S; values found in type 2
diabetes, indicating that the effects of exercise on S are
quantitatively important in the interpretation of training-
related Sy changes and may even be therapeutically useful
in type 2 diabetes patients. Physical exercise is indicated
either to prevent or delay the onset of type 2 diabetes or to
assure a good control of type 2 diabetes by increasing
insulin sensitivity.
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Introduction

The effect of physical exercise to enhance insulin action
has been well documented for 20 years and has been
known as a clinical fact by diabetologists for much longer.
Exercise alone has been shown to improve insulin sensi-
tivity in numerous studies (Kahn et al. 1990; Short et al.
2003; Poehlman et al. 2000; Cox et al. 1999; Rodnick et al.
1987). Six- and nine months endurance exercise in healthy
older people increased insulin action and, as expected,
decreased glucose-stimulated insulin secretion (Kahn et al.
1990; Kirwan et al. 1993), given the hyperbolic relation-
ship between insulin sensitivity and insulin secretion
(Bergman et al. 2002; Kahn et al. 1993). Seven-day aerobic
exercise studies have also been performed with findings of
increased insulin sensitivity, including in healthy older
people (Cox et al. 1999; Houmard et al. 2000).

Physical exercise is a cornerstone in the initial treatment
of patients with type 2 diabetes. In skeletal muscle, the
insulin sensitizing effect of training in both healthy indi-
viduals and patients with type 2 diabetes is well docu-
mented (Dela et al. 1992, 1993, 1994). In individuals with a
genetic predisposition for type 2 diabetes, first-degree rel-
atives (FDR) of patients with type 2 diabetes, only a few
training studies have been carried out, and none have
directly examined the effect of physical training on insulin
sensitivity in skeletal muscle and adipose tissue. The major
effect of training on insulin action is located in skeletal
muscle (Dela et al. 1992, 1995), but adipose tissue can also
be influenced by exercise training, and it has been previ-
ously demonstrated that insulin sensitivity and glucose
transporter 4 (GLUT-4) content in adipose tissue increase
in response to training (Stallknecht et al. 1993, 2000).

The review information to provide the role of physical
exercise in the prevention of skeletal muscle insulin
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resistance, that is, the inability of insulin to properly cause
glucose uptake into skeletal muscle is presented by Tur-
cotte and Fisher (2008). Insulin resistance is associated
with high levels of stored lipids in skeletal muscle cells.
Physical exercise decreases the amounts of these lipid
products and increases the lipid oxidative capacity of
muscle cells. Thus, physical exercise may prevent insulin
resistance by correcting a mismatch between fatty acid
uptake and fatty acid oxidation in skeletal muscle. Addi-
tionally, a single session of physical exercise increases
glucose uptake by muscle during physical exercise,
increases the ability of insulin to promote glucose uptake,
and increases glycogen accumulation after exercise, all of
which are important to blood glucose control. There also is
some indication that resistance exercise may be effective in
preventing insulin resistance. The information provided is
intended to help clinicians understand and explain the roles
of physical exercise in reducing insulin resistance. The
short-term effects of physical exercise are important to
blood glucose control, such as increased glucose uptake by
muscle during exercise and the increased ability of insulin
to promote the storage of glucose in muscle after exercise.

Diabetes mellitus is essentially the abnormal regulation
of blood glucose concentrations. Elevated fasting blood
glucose levels or extreme or prolonged increases in blood
glucose levels during an oral glucose tolerance test (for
which blood glucose concentrations are assayed before and
periodically after a fasting individual drinks a beverage
containing 75 g of glucose) lead to a diagnosis of diabetes.
It is clear, then, that the control of blood glucose concen-
trations is the key to the prevention of diabetes. Insulin
robustly stimulates the transport of glucose out of the
bloodstream and into tissues, such as skeletal muscle, that
express GLUT-4, the insulin regulated glucose transporter.
Because of the high responsiveness of skeletal muscle to
insulin and the large overall mass of skeletal muscle, most
glucose that is cleared from the blood in response to insulin
in humans is stored as glycogen in skeletal muscle. When
insulin-stimulated glucose transport into skeletal muscle is
diminished—as it is in people with diabetes—the result is
an inability to keep blood glucose concentrations within
normal ranges. Thus, skeletal muscle plays a primary role
in the maintenance of normal blood glucose concentrations
(Turcotte and Fisher 2008).

After physical exercise, insulin sensitivity (S;) was
increased by 773 % (from 0.62 + 0.16 to 5.41 %+
1.59 min~' x 1074/(U/m1)), whereas glucose effective-
ness (Sg) remained unchanged. A new information pro-
vided is presented by Bordenave et al. (2008), that is, Sy as
measured by the minimal model is dramatically improved
in type 2 diabetic patients and, in the short-term, can even
achieve the zone of human healthy values at rest. In con-
trast, the exercise-induced increase in Sg observed in
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healthy human subjects using the same protocol was not
seen in type 2 diabetic patients, suggesting little or no
effect of short bouts of acute exercise on Sg in type 2
diabetics. This finding is important for interpreting minimal
model measures of S; and Sg in diabetics during exercise
training protocols, as the acute effects of exercise are
quantitatively important and need to be separated from
chronic effects. Also, the magnitude of the short-term rise
in S; suggests that repeated acute exercise may be, on its
own, powerful insulin-sensitizer independent of the addi-
tional and well-demonstrated long-term effects of regular
exercise training.

The regular physical activity has been recommended to
diabetic patients for a longtime. In the general population,
a reduction of the vascular morbidity is observed in
patients having a raised cardio-respiratory fitness and/or a
high level of physical activity. The protective cardiovas-
cular effect is partly explained by the fact that regular
physical activity improves anomalies of the multi-meta-
bolic syndrome, i.e., increase of the insulin sensitivity (Sy),
diminution in the fatty mass, improvement of the lipid
profile, increase of the fibrinolyse, arterial pressure
decrease and incidence reduction of the non-insulin-
dependent diabetes (NIDD). On the other hand, physical
activity is often indicated in the treatment of NIDD
besides diet and tablets. However, two remarks can be
made. First, for several reasons (age, sedentary life,
weight, blood pressure), patients are unable to keep with
sustained regular physical activity. Second, as, in general,
NIDD affects people after the age of 40 years, intensive
effort can be dangerous especially for patients with reti-
nopathy, neuropathy, high blood pressure or heart prob-
lems. For insulin-dependent diabetes (IDD), the problem
is different, since, in general, at diagnosis, patients are
young and often prone to sport and physical activity.
Moreover, one of the major goals of the treatment is to
convince the (young) patient that person can have a
‘normal’ life provided that he can ensure a good control of
the blood glucose. So physical activity is well recom-
mended, but not without risk of hypo- and hyperglycemia.
One should stress that no common recipe is available but
each patient may find that a combination of insulin doses,
carbohydrates intake and the kind of physical activity will
lead him to an ideal fitness and control of diabetes. The
regulation of blood glucose concentration is mainly
achieved by acting on three control variables: insulin,
meals and physical exercise. However, all the proposed
control systems have focused on the definition of insulin
therapy strategies; meals and physical exercise are usually
considered as (known) disturbances (Derouich and Bou-
tayeb 2002).

As the aim of this paper, we have proposed a modified
minimal model based on minimal models for glucose and
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insulin kinetics by Pacini and Bergman (1986) and Riel
(2004). We present the modified minimal model with
plasma insulin compartment under the assumption that if
the plasma glucose compartment drops below the basal
glucose levels, the rate of insulin entering the plasma
glucose compartment is zero. Insulin is cleared from the
plasma insulin compartment at a rate proportional to the
amount of insulin in the plasma insulin compartment. We
also presented a modified minimal model with plasma
insulin compartment for physical exercise and insulin
therapy in type 2 diabetes using assumptions of physical
effort from Derouich and Boutayeb (2002) and Zheng and
Zhao (2005). In using mathematical model of physical
activity in this paper, our first purpose was to illustrate
clearly the effect of exercise on the dynamics of insulin and
glucose to confirm the role of physical activity as a pre-
vention for people at type 2 diabetes risk, to stress the
benefit that can be gained by non-insulin-dependent type 2
diabetes from improving insulin sensitivity, and second, to
reassure insulin-dependent type 2 diabetes people that no
exclusion is made provided a good combination is found to
balance between insulin doses and physical intensity.
Finally, to qualitative the magnitude of changes in insulin
sensitivity (S;) and glucose effectiveness (Sg) in response
to exercise in type 2 diabetes. Insulin sensitivity (Sy) and
glucose effectiveness (Sg) are the two main factors con-
trolling glucose tolerance.

Mathematical model

Minimal models of glucose and insulin plasma levels are
commonly used to analyse the experimental results of
glucose tolerance tests in humans and laboratory animals
(Pacini and Bergman 1986). In a typical frequently sam-
pled intravenous glucose tolerance test (FSIGT), blood
samples are taken from a fasting subject at regular intervals
of time, following a single intravenous injection of glucose.
The blood samples are then analyzed for glucose and
insulin content. Figures 1 and 2 show a typical response of
glucose and insulin concentrations from a healthy and type
2 diabetes human.

In Fig. 1, the glucose level in plasma starts at a peak due
to the injection, drops to a minimum which is below the
basal (pre-injection) glucose level (70-110 mg/dl), and
then gradually returns to the basal level. The insulin level
in plasma rapidly rises to a peak immediately after the
injection, drops to a lower level which is still above the
basal insulin level, rises again to a lesser peak, and then
gradually drops to the basal level (8—11 pU/ml). Depend-
ing on the state of the subject, there can be wide variations
from this response, such as the glucose level may not drop

Healthy Human

350 T T T T T T
300 1 b

250 [ © 1

200 b

Glucose (mg/dl)
&

150 [ o b

1004 b
°o o o o o o

50 1 1 1 1 1 1 1 1 1
0 80 100 120 140 160 180 200

Time (min)

Healthy Human
140 T T T T T T

120 k

100 | b

80 k

60 k

Insulin (microU/ml)

Q
40} © 1
o

20+ © -

©0 o0 4 o o o

0O 20 40 60 80 100 120 140 160 180 200
Time (min)

Fig. 1 FSIGT data from a healthy human (Pacini and Bergman 1986)

below basal level, the first peak in insulin level may have
different amplitude, there may be no secondary peak in
insulin level, or there may be more than two peaks in
insulin level. The glucose and insulin minimal models
provide a quantitative and parsimonious description of
glucose and insulin concentrations in the blood samples
following the glucose injection. The glucose minimal
model involves two physiologic compartments: a plasma
glucose compartment and an interstitial tissue compart-
ment. The insulin minimal model involves only a single
plasma insulin compartment. The glucose and insulin
minimal models allow us to characterize the FSIGT data in
terms of four metabolic indices (Pacini and Bergman 1986;
Riel 2004):

1) 81 = insulin sensitivity: a measure of the dependence
of fractional glucose disappearance,

2) Sg = glucose effectiveness: a measure of the frac-
tional ability of glucose to lower its own concentration
in plasma independent of increased insulin,
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Fig. 2 FSIGT data from a type 2 diabetes human (Katz et al. 2000)

3) & = first phase pancreatic responsivity: a measure of
the size of the first peak in plasma insulin due to the
glucose injection, and,

4) ¢, = second phase pancreatic responsivity: a measure
of the size of the second peak of plasma insulin which
follows the first peak and the refractory period.

In Fig. 2, the basal glucose level was 166 £ 15 mg/dl
and the basal insulin levels was 15 + 2 pU/ml for type 2
diabetes subject. Glucose and insulin data were obtained
from the frequently sampled intravenous glucose tolerance
test (FSIGT) (Katz et al. 2000).

Glucose leaves or enters the plasma glucose compart-
ment at a rate proportional to the difference between the
basal glucose plasma level, Gy, and the plasma glucose
level, G(z). If the plasma glucose level falls below the basal
glucose level, then glucose enters the plasma glucose
compartment, and if the glucose level rises above the basal
glucose level, then glucose leaves the plasma glucose
compartment. Glucose also disappears from the plasma
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glucose compartment via a second pathway at a rate pro-
portional to the ‘activity’ of insulin in the interstitial
compartment tissue X(7).

Insulin leaves or enters the interstitial tissue compartment
at a rate proportional to the difference between the plasma
insulin level, I(f), and the basal plasma insulin level, /. If the
plasma insulin level falls below the basal insulin level, then
insulin leaves the interstitial tissue compartment, X(¢), and if
the plasma insulin level rises above the basal insulin level,
the insulin enters the interstitial tissue compartment. Insulin
also disappears from the interstitial tissue compartment via a
second pathway at a rate proportional to the amount of
insulin in the interstitial tissue compartment. /(¢) is the model
input and the course of plasma insulin in time is given by
linear interpolation of the time-insulin values. The ordinary
differential equations corresponding to the glucose minimal
model are (Pacini and Bergman 1986; Riel 2004):

deEt) =p1(Gy — G(1)) — X(1)G(1), G(to) = Go, (1)
dﬁg’) = —p2X(1) +p3(I(1) = Iv), X(10) =0, @)

In Egs. (1) and (2), ¢ is the independent model variable
time [min], 7, is the time of glucose injection, G(¢) is the
plasma glucose concentration [mg/dl], I(¢) is the plasma
insulin level [pU/ml] and X(¢) is the interstitial insulin
activity. Looking at the structure of Eq. (1), itis clear that X(¢)
does not represent a physiological, measurable quantity, but
a variable with the unit [min~!], mimicking an effective
insulin activity. Gy, is the basal plasma glucose concentration
[mg/dl] and I, is the basal plasma insulin concentration
[wU/ml]. Basal plasma concentrations of glucose and insulin
are typically measured before administration of glucose (or
sometimes 180-200 min after). There are four unknown
parameters in this model: p;, p,, p3, and Gy. The insulin
sensitivity is defined as S;= ps/p, and the glucose
effectiveness is defined as Sg = p;. Ordinary differential
equations (1) and (2) can be reformulated as:

di—y) = 56(Go — G(1) = X()G(1), G(wo) =Go, ~ (3)
dXd—Et) = p2(SiI(1) = Iy) = X (1)), X(10) =0, ()

Instead of taking plasma glucose G(f) as output also
plasma insulin, /(f) can be considered as key variable to
develop a model that interprets the FSIGT data. Next, we
modified the minimal model for insulin kinetics from.
Insulin enters the plasma insulin compartment at a rate
proportional to the product of time and the concentration of
glucose above a basal plasma glucose concentration Gy, If
the plasma glucose level drops below the basal plasma
glucose concentration, then the rate of insulin entering the
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plasma compartment is zero. Insulin is cleared from the
plasma compartment at a rate proportional to the amount of
insulin in the plasma compartment. The modified minimal
model for insulin kinetics is given by the ordinary
differential equations:

d{d_i’) =7(G(t) = Gy)t — k(I(t) — I)
if G(t) > Gy, (to) = I, )
d{d—(tt) = —k(I(t) = 1) if G(t) <G, 1(t0) = lo, ()

where k is the insulin clearance fraction, Gy, is the basal
glucose plasma level, and y is a measure of the secondary

pancreatic response to glucose. The first phase pancreatic

(Imax—1v)
k(Go—G)

(mg/dl)fl where [,,x iS the maximum insulin response.
The second phase pancreatic responsivity is defined as
dr =y x 10* (uU/ml) (mg/dl)~".

Derouich and Boutayeb (2002) introduced a model
which simulates the effect of physical activity on the
dynamics of glucose and insulin system. The model allows
us to point out the different behaviors corresponding to
healthy human, non-insulin-dependent diabetes (NIDD)
and insulin-dependent diabetes (IDD) patients. Derouich
and Boutayeb (2002) start underlining that physical effort:

responsivity is defined as ¢; = min (pU/ml)

1) Lowers the glucose concentration during and after the
exercise,
2) Increases the insulin use by sells.

Type 2 diabetes is a growing health epidemic that is
caused by decreased insulin action in skeletal muscle,
adipose tissue, and liver. Physical exercise dramatically
enhances insulin-stimulated glucose uptake in individuals
who are insulin resistant, an effect that lasts for 3-72 h post
exercise. The mechanisms by which exercise enhances
whole body insulin sensitivity are multi factorial and likely
involve alterations in enzymes regulating non-oxidative
glucose disposal, decreased muscle glycogen, and
increased skeletal muscle blood flow.

Then, following Derouich and Boutayeb (2002) and the
assumptions in above, we consider the following a modi-
fied minimal model in physical exercise:

d(j—f” = (p1+1)(Go — G(1)) — (1 + q2)X () G(1),
G(IO) = Gy, (7)
dXTY) = —paX(t) + (p3 + q3)U(1) = Iy), X(t) =0, (8)

Parameters ¢, ¢» and g5 increase with the increase of
exercise intensity of the muscular exercise. The following

parameters are related to physical activity (Derouich and
Boutayeb 2002):

q1: The effect of the physical exercise in accelerating the
utilization of glucose by muscles and in the liver,

q>: The effect of the physical exercise in increasing the
muscular and liver sensibility to the action of the
insulin, and,

q3: The effect of the physical exercise in increasing the
utilization of the insulin

In the modified minimal model, the same assumptions of
physical effort from Derouich and Boutayeb (2002), we
present a mathematical model of the insulin kinetics for
physical effort process as follows:

d{i—(tt) = (7 +1)(G(1) — Gp)t
— (k+5)(1(0) = 1), i G(1) > Gy, 1(t0) =ho, (9)
%91*@+%Wm*AMNWKG»“W:“

(10)

A mathematical function representing the insulin
infusion process in insulin therapy in type 2 diabetes, we
introduced into the modified minimal model using a model
from Zheng and Zhao (2005). The proposed modified
minimal model is as follows:

YO _ 5+ 40(G0) - Gole — (ke + a5)(1(0) ~ 1)
—f—lj(l‘)7 1fG<t) >G‘U,I(l‘0):IQ7 (]1)

YO et g0 1) + U0, 1 G <G

1([0) =I. (12)

where U(f) =" [WU/ml], u(r) [pU/(kg body weight)]

stands for the exogenous insulin infusion rate and V)
[ml/kg] for the distribution volume.

The solutions of a system of simultaneous ordinary
differential equations rather than a single equation, such
system be represented in Egs. (3)-(6) and Eqgs. (7)—(12), are
calculated using numerical methods. There are several
common numerical methods to solve these problems. In
this paper, we select the Runge—Kutta—Fehlberg numerical
method. The main advantage of this method is that it can
compute with high accuracy. However, a more powerful
computer processor is still needed. This method is com-
patible to be run with MATLAB R2012a software and
computer with Intel Pentium B950 2.1 GHz processor and
memory RAM of 6 GB.

The following are brief explanations of how to use the
Runge—Kutta—Fehlberg method (Stanoyevitch 2005):
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¥ (t) = f(t,y(t)) — — — — — ordinary differential equations,
to = a,y(a) = yp — — — — — initial condition,
h= At— — — — — step time size,
ky = hf(lmyn)7
1 1

ko = f (10 + 3o + k),

B 3 3 9
ks = f (1 + S+ 5y ki + 53 ko),

_ 12 1932 7200 7293
ky = hf(tn+§h7)7n +mkl _mkz +mk3)7

_ 439 3680 845
kS 7hf(ln+h7yn+mkl _8k2+§k3 —mk4),

B 1 8 3544 1859 11
ke —hf<t,,+§h,y,, —Ekl +2k2+ﬁk3 +mk4+ﬁk5)’

from these form, the order-4 Runge—Kutta approximation
is defined as:

25 1480

Zn+1 :)’n‘Fm 1+% 3

2197 1
S gy — 1
a104% ~ 5k (13)

and the order-5 Runge—Kutta approximation is defined as:

oy 20y, 0056 286, 92y
Irl = Y T35 M T 12825 T 56430 50" T 550
(14)

Compute the local error estimation using:
E= |yn+l - Zﬂ‘l’l" (]5)

if E > he(step size is too large), then reduce 4 to % and
repeat above computation, and if E > % (step size is too
small), accept y,, but increase i to 2h for next iteration,
where ¢ is error tolerance. Otherwise (step size is good),
accept y,41 and continue iteration.

Results and discussion

The first step to be taken after developing a mathematical
model is to check its accuracy which usually compared by
either the experimental results or the analytical solutions. In
order to be acceptable, any numerical solution needs to meet
the condition of convergence. It is said to satisfy the condi-
tion of convergence if it meets the condition of consistency
and stability. In this paper, the performance analysis of the
modified minimal model will be presented by comparing it
with the experimental results which obtained from the pre-
vious study by Pacini and Bergman (1986) and Katz et al.
(2000). Furthermore, several numerical experiments are
carried out to observe the influences of each input parameter
against the outcomes in physical exercises process.

The simulation model of healthy human has been
implemented in MATLAB and the estimated parameters are
k=0257,y =03349 x 1072, Gy =92 mgdl ', I, = 8
pU/ml, p, = 0.02093 min~', S; = 5.07 x 107 pU~' ml
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Fig. 3 Simulation results of healthy human. The blue solid lines and
red circle represent results of the present model, and experiment data
(Pacini and Bergman 1986) (colour figure online)

min~!, Sg = 0.031 min~", I, = 403 pU/ml and G, = 287
mg dl™": results are shown in Fig. 3.

The first phase pancreas responsivity, ¢y, is estimated as
2.4 min (uU/rnl)(mg/dIYl and the second phase pancreas
responsivity, ¢,, is estimated as 33.49 min~? (pU/ml)
(mg/dl)~" for this present results. This is slightly than the
normal range for ¢; and ¢, reported in Pacini and Berg-
man (1986), but these results show that the subject exhib-
ited normal insulin sensitivity and normal pancreatic
responsivity. The approximate normal range pancreatic
responsivity normal range S; 4.0-8.0 x 10~* U™ ml
min~", for ¢, 2.0-4.0 min (uU/ml)(mg/dl)~" and for ¢, 20
to 35 min~? (uWU/ml)(mg/dl) " (Bergman et al. 1981).

The simulation model of type 2 diabetes human has
been implemented in MATLAB and the estimated param-
eters are k = 0.270, y = 0.00033, G, = 160 mg dl_l,
I, = 15 pU/ml,  p, = 0.025 min~!, $;=4.8 x 1078
pnU~" ' ml min™", Sg = 0.022 min~", I, = 300 pU/ml and
Go = 380 mg dI™": results are shown in Fig. 4.
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Fig. 4 Simulation results of type 2 diabetes human. The blue solid
lines and red circle represent results of the present model and
experiment data (Katz et al. 2000) (colour figure online)

We analyzed using the present model program, modified
minimal model predictions of glucose disappearance fit
well with the actual glucose disappearance data (Fig. 4).
The modified minimal model index of insulin sensitivity
(Sp was 4.8 x 1078 uUfl ml min~! for diabetic subject.
We also analyzed the first phase pancreas responsivity (1)
and the second phase pancreas responsivity (¢,). The
present results were approximated as 0.75 and 3.3 min 2
(wU/ml)(mg/dl) " sequentially. These results show that the
subject exhibited non-normal insulin sensitivity and non-
normal pancreatic responsivity. This is a well documented
artifact of the present results for these diabetic subjects that
occurs when data from subjects with poor insulin secretion.

Healthy human case with physical exercise

The simulation model of physical exercise in healthy
human has been implemented in MATLAB and the

Healthy Human
350 T T T T T T
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S

vvvvvvvvv

500 20 40 60 80 100 120 140 160 180 200
Time (min)
Healthy Human

120 T T T T T T T T T

Insulin (microU/ml)

0 ! ! ! !
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0O 20 40 60 80 100 120 140 160 180 200
Time (min)

Fig. 5 Healthy human case with exercise; the blue circle represents
healthy human without exercise; the black plus represents healthy
human with normal exercise, ¢; = 0.00001, ¢, = 0.65,
g3 = 0.000009; and the red star represents healthy human with
stronger exercise, g; = 0.00003, g, = 0.95, g3 = 0.00001 (g1, g2, ¢35
data from Derouich and Boutayeb (2002) (colour figure online)

estimated parameters similar to the classical minimal
model (Pacini and Bergman 1986) are k = 0.257,
7 =0.3349 x 1072, G, =92mgdl™', I, =8 uU/ml,
p> = 0.02093 min~', §; =5.07 x 107* pU™" ml min~",
Sg=0.031 min~', I,=403 pU/ml and G, = 287
mg dl™": results are shown in Fig. 5.

In healthy human, the pancreatic f-cells, responsible for
the production of insulin, are functioning normally. Insulin
may be produced in sufficient quantity in response to the
amount of carbohydrates intake or to other needs. On the
other hand, there is an automatic shut off that avoids excess
of insulin when the reserves of glucose are exhausted.
Hence, the blood sugar concentration may slightly increase
or decrease but it does not cross the thresholds leading to
severe hypo- or hyperglycemia. We try to study the effect
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of physical exercise and compare it to situations of rest or
minimum effort. The effect of physical exercise on the
dynamics of glucose and insulin is illustrated in Fig. 5. A
healthy human has hypoglycemia because the blood glu-
cose level is below 60 mg/dl. Healthy human has suffered
hypoglycemia, which can happen due to too much exercise
and because of small amount of plasma glucose concen-
tration. Hypoglycemia can result in losing of the con-
science. Avoiding hypoglycemia is an important issue
when we are using insulin as treatment. It is interesting to
note the output of the model concerning extreme cases
where exercise may be dangerous.

Non-insulin-dependent type 2 diabetes case
with physical exercise

The simulation model of physical exercise in non-insulin-
dependent type 2 diabetes has been implemented in MATLAB
and the estimated parameters are k = 0.270,y = 0.55 x 1072,
Gy, = 140 mg dI™', I, = 15 pU/ml, p, = 0.0l min™", §; =
0.62 x 10°* wU™" ml min~", Sg =20 x 1072 min},
Iy = 360 pU/ml and Gy = 310 mg dI™": results are shown in
Fig. 6.

Figure 6 and Tables 1 and 2 show that while a non-insu-
lin-dependent type 2 diabetes person may adapt to a basal
blood sugar concentration over 140 mg dl™" at rest (S; =
0.62 x 107* U™ ml min~'Sg = 2.0 x 10~% min~'a per-
son can achieve approximately a normal glycemia around
80-100 mg dI”' with physical exercise (S; = 5.07 x
107* pU~! ml min™", Sg = 3.08 x 1072 min~'After
physical exercise, Sy approximately was increased by 717 %
(from 0.62 to 5.07 min~' x 107*(U/ml)), whereas Sg
remained unchanged or slightly changed (from 2.0 to
3.08 x 1072 min~" similar to the results of Bordenave et al.
(2008). In general, the simulation results provided by our
study (in Table 2) is that Sy as measured by the modified
minimal model is dramatically improved in non-insulin-
dependent type 2 diabetes person and, in the short term, can
even achieve the healthy human values at rest. In contrast,
the physical exercise-induced increase in Sg observed in
healthy subjects was not seen in non-insulin-dependent type
2 diabetes person, suggesting little or no effect of short-term
exercise on Sg in non-insulin-dependent type 2 diabetes
person. This finding is important for interpreting modified
minimal model measures of S; and Sg in non-insulin-
dependent type 2 diabetes during physical exercise that are
quantitatively important. Also, the magnitude of the short-
term rise suggests that repeated physical exercise may be, on
its own, powerful insulin-sensitizer independent of the
additional and well-demonstrated long-term effects of reg-
ular exercise training.
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Fig. 6 Non-insulin-dependent type 2 diabetes case with exercise; the
blue star represents healthy human without exercise; the blue circle
represents non-insulin-dependent type 2 diabetes without exercise; the
black plus represents non-insulin-dependent type 2 diabetes with
normal exercise, g; = 0.00001, g, = 0.65, g3 = 0.000009; and the
red square represents non-insulin-dependent type 2 diabetes with
stronger exercise, g; = 0.00003, g, = 0.95, g3 = 0.00001 (g1, g2, ¢35
data from Derouich and Boutayeb (2002) (colour figure online)

Insulin-dependent type 2 diabetes case with physical
exercise

Therapeutic methods for management of hyperglycemia
form the cornerstone of diabetes management, which have
expanded considerably over the past two decades, and new
drugs and combinations of drugs for control of glycemia
have been developed. Insulin remains the most potent and
best understood medication for lowering glucose concen-
tration in patients with type 2 diabetes. Insulin therapy may
be used for a short time, i.e., a few weeks to a few months,
to manage significant hyperglycemia with glucose toxicity.
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Table 1 Parameter values used by the modified minimal model to measure S; and Sg in healthy human during physical exercise

Gy I k y St (rest) Sg (rest) q1 q> q3 Conditions (exercise)
92 8 0257 03349 x 107> 507 x 107* 3.1 x 107> 0000010  0.65  0.0000090  Hypoglycemia
92 8 0257 03349 x 107> 507 x 107* 3.1 x 107> 0000020  0.80  0.0000095  Hypoglycemia
92 8 0257 03349 x 107> 507 x 107* 3.1 x 107> 0000030 095  0.0000100  Hypoglycemia
92 8 0257 03349 x 1072 507 x 1077 3.1 x 1072  0.000035 095  0.0000120  Hypoglycemia
92 8 0257 03349 x 1072 507 x 1077 3.1 x 1072 0.000045 1.05  0.0000130  Hypoglycemia
92 8 0257 03349 x 1072 507 x 1077 3.1 x 1072 0.000065 1.15  0.0000140  Hypoglycemia

Table 2 Parameter values used by the modified minimal model to measure S; and Sg in non-insulin-dependent type 2 diabetes during physical

exercise

Gy, I, k y St (rest) Sg (rest) q1 4> qs3 St (exercise) Sg (exercise)
140 15 030 033 x 1072 062 x 107" 20 x 1072  0.000010 0.65  0.0000090 507 x 107*  3.08 x 1072
140 15 030 033 x 1072  062x107*  20x 1072  0.000020 080  0.0000095 550 x 107*  3.10 x 1072
140 15 030 033 x 1072 062 x 107 20 x 107> 0.000030 095  0.0000100  6.70 x 107*  3.12 x 107>
160 15 027 055 x 1072 048 x 1077 2.0 x 107> 0.000035 095  0.0000120  4.00 x 10™*  3.10 x 1072
160 15 027 055 x 1072 048 x 1077 2.0 x 107> 0.000045  1.05  0.0000130  5.07 x 107*  3.12 x 1072
160 15 027 055 x 1072 048 x 1077 2.0 x 107> 0.000065  1.15  0.0000140 550 x 107*  3.15 x 1072

It is assumed that, despite the effects of glucose toxicity,
there is some degree of basal and reactive insulin secretory
capacity, which will improve as blood glucose concentra-
tion decreases. In other circumstances, insulin therapy may
be the only long-term therapy required. Moderate physical
activity has significant cardiovascular benefits, and car-
diovascular training is typically recommended for patients
with diabetes (Kazlauskaite and Fogelfeld 2003).

The simulation model of physical exercise in insulin-
dependent type 2 diabetes has been implemented in MAT-
LAB and the estimated parameters are k = 0.270, y =
0.55 x 1072, G, = 140 mg dI™', I, = 15 uU/ml, p, =
0.0l min~', $ =062 x 107 pU ' ml min~", Sg=
2.0 x 1072 min~!, Ip = 360 pU/ml, and Gy = 310
mg dl™" Glucose (0.5 g/kg body weight, 30 % solution)
was slowly injected over 3 min, and 20 min later, insulin
(0.01 U/kg body weight) was injected intravenously for
5 min: results are shown in Fig. 7 and Table 3. In the other
simulation model, 20 min later, insulin (0.04 U/kg body
weight) was injected intravenously for 5 min: results are
shown in Fig. 8 and Table 4.

Figure 7 shows that while a insulin-dependent type 2
diabetes person may adapt to a basal blood sugar concen-
tration over 140 mg dlI™' at rest, a person can achieve
approximately a normal glycemia around 80—100 mg dl™"
with physical exercise, but Fig. 8 shows a insulin-depen-
dent type 2 diabetes person may adapt to a basal blood
sugar concentration over 140 mg dl™" at rest, a person can
achieve approximately hypoglycemia (below 60 mg dl™")
with physical exercise. Regarding insulin-dependent type 2
diabetes, people may think that insulin is not needed when

physical exercise is practiced. If insulin is needed in
physical exercise, then a dose-effort adaptation is needed.

Patients receiving insulin who are involved in exercise
programs should be aware of the potential for development
of hypoglycemia. However, physical exercise-induced
hypoglycemia does not develop in all patients with type 2
diabetes. The risk for hypoglycemia is proportional to
duration and intensity of physical exercise. To avert
hypoglycemia, the patient must consider consuming more
carbohydrates or reduce the insulin dosage. Addition of
carbohydrates (20—100 g/hr) is the easiest and fastest way
to balance exercise. The best time to exercise is 90 min
after a meal; thus, the patient can reduce the rapid-acting or
intermediate-acting insulin dosage before the meal, typi-
cally by 30 %. Patients with type 2 diabetes may have
reduced muscle mass; therefore, starting an exercise pro-
gram with muscle-building exercises might be advisable
(Kazlauskaite and Fogelfeld 2003).

Conclusion

Diabetes is a widespread disease in the world today. Many
researchers are working on methods for diagnosing and
treating diabetes. One of the tools used for diagnosing and
treating diabetes is the mathematical models of the blood
glucose and insulin kinetics. In this paper, modified mini-
mal model is described trough derivation and simulations.
Modifications and additions which could be done to
describe the glucose and insulin kinetics more thoroughly
are described.
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Fig. 7 Insulin-dependent type 2 diabetes case with exercise, the blue
star represents healthy human without exercise; the blue circle
represents non-insulin type 2 diabetes without exercise; the black plus
represents non-insulin type 2 diabetes with normal exercise,
g1 = 0.00001, g, = 0.65, g5 = 0.000009; and the red square repre-
sents non-insulin type 2 diabetes with stronger exercise,
g1 = 0.00003, ¢, = 0.95, g5 = 0.00001 (q;, g», g3 data from
Derouich and Boutayeb (2002) (colour figure online)
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Fig. 8 Insulin-dependent type 2 diabetes case with exercise, the blue
star represents healthy human without exercise; the blue circle
represents non-insulin type 2 diabetes without exercise; the black plus
represents non-insulin type 2 diabetes with normal exercise,
g1 = 0.00001, g, = 0.65, g3 = 0.000009; and the red square repre-
sents non-insulin type 2 diabetes with stronger exercise,
q1 = 0.00003, ¢, =0.95, g3 =0.00001 (q;, g2, g3 data from
Derouich and Boutayeb (2002) (colour figure online)

Table 3 Parameter values used by the modified minimal model to measure Sy and Sg in insulin-dependent type 2 diabetes human during physical

exercise

Gy Iy k b St (rest) Sg (rest) q; q> q3 Conditions (exercise)
140 15 0.30 0.33 x 1072 0.62 x 1074 2.0 x 1072 0.000010 0.65 0.0000090 Normal

140 15 0.30 0.33 x 1072 0.62 x 1074 2.0 x 1072 0.000020 0.80 0.0000095 Normal

140 15 0.30 0.33 x 1072 0.62 x 1074 2.0 x 1072 0.000030 0.95 0.0000100 Normal

160 15 0.27 0.55 x 1072 0.48 x 1077 2.0 x 1072 0.000035 0.95 0.0000120 Normal

160 15 0.27 0.55 x 1072 0.48 x 1077 2.0 x 1072 0.000045 1.05 0.0000130 Normal

160 15 0.27 0.55 x 1072 0.48 x 1077 2.0 x 1072 0.000065 1.15 0.0000140 Normal

Glucose (0.5 g/kg body weight, 30 % solution) was slowly injected over 3 min, and 20 min later, insulin (0.01 U/kg body weight) was injected

intravenously for 5 min
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Table 4 Parameter values used by the modified minimal model to measure S and Sg in insulin-dependent type 2 diabetes human during physical

exercise

Gy Iy k Y Sy (rest) Sg (rest) q1 q> q3 Conditions (exercise)
140 15 0.30 033 x 1072 0.62 x 1074 2.0 x 1072 0.000010 0.65 0.0000090 Hypoglycemia

140 15 0.30 033 x 1072 0.62 x 1074 2.0 x 1072 0.000020 0.80 0.0000095 Hypoglycemia

140 15 0.30 0.33 x 1072 0.62 x 107* 2.0 x 1072 0.000030 0.95 0.0000100 Hypoglycemia

160 15 0.27 0.55 x 1072 0.48 x 1077 2.0 x 1072 0.000035 0.95 0.0000120 Hypoglycemia

160 15 0.27 0.55 x 1072 0.48 x 1077 2.0 x 1072 0.000045 1.05 0.0000130 Hypoglycemia

160 15 0.27 0.55 x 1072 0.48 x 1077 2.0 x 1072 0.000065 1.15 0.0000140 Hypoglycemia

Glucose (0.5 g/kg body weight, 30 % solution) was slowly injected over 3 min, and 20 min later, insulin (0.04 U/kg body weight) was injected

intravenously for 5 min

In this paper, we present the new model of plasma
insulin compartment in the Bergman’s minimal model. The
modified minimal model with a new model of plasma
insulin compartment was used to study the effect of
physical exercise via parameters of a qualitative the mag-
nitude of changes in insulin sensitivity (S7) and glucose
effectiveness (Sg) in response to exercise in healthy and
type 2 diabetes human. Insulin sensitivity (Sy) and glucose
effectiveness (Sg) are the two main factors controlling
glucose tolerance. In using mathematical modeling of
physical exercise, our purpose was to illustrate clearly the
effect of exercise on dynamics of insulin sensitivity (Sp)
and glucose effectiveness (Sg).

The results are important for interpreting modified
minimal model measures of Sy and Sg in type 2 diabetes
and healthy human during short-term of physical exercise
that S; as measured by the modified minimal model is
dramatically improved in type 2 diabetes human. The
magnitude of the short-term rise in S; suggests that repe-
ated physical exercise may be, on its own, a powerful
insulin-sensitizer independent of the additional and well-
demonstrated long-term effects of regular exercise training.
In contrast, the physical exercise does not improve in Sg
simulation in type 2 diabetes human, suggesting little or no
effect of short-term of physical exercise on Sg in type 2
diabetes human.

The most important factor driving increased glucose
disposal in skeletal muscle after a short-term of physical
exercise is a remarkable increase in insulin sensitivity.
Exercise training (i.e., many exercise sessions over days,
weeks, or months) provides the benefit of repeated
increases in insulin-dependent glucose disposal (during and
for a short time after exercise) and repeated periods of
insulin sensitivity after exercise. Physical exercise is indi-
cated either to prevent or delay the onset of type 2 diabetes
human or to assure a good control of type 2 diabetes human
by increasing insulin sensitivity.

In developing countries, low income and poor health
(service care), a large number of diabetics are struggling to

get just the necessary insulin dose. Our model advices and
confirms the well-known that physical exercise is one of
the natural and inexpensive treatment diabetes. In type 2
diabetes and healthy human, physical exercise improves
insulin sensibility and lowers glucose concentration. This
simulation confirms once more that everybody should
incorporate some physical activity in daily life. This sim-
ulation also is more indicated to people at diabetes risk.
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