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AsstrRACT: In this paper, we studied a mathematical model system of delay-differential equations which describe
the dynamic behavior of the glucose-insulin feedback system which involved f-cells, incorporating two time
delays, one being the glucose triggered insulin production delay 7, and the other being the hepatic glucose
delay 7. This secretory mechanism was governed by nonlinear and time-delayed feedforward and feedback
signal interchanges. Moreover, delayed responses to the changes in f-cell density were incorporated. The
model system was analyzed to investigate the effect of delays on the dynamic behavior of the system and
the possibility of periodic solution which simulate sustained oscillations frequently observed in the
experiments.
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INTRODUCTION

The primary control of insulin secretionisadirected
negative feedback system between the pancreatic f3-
cells and the concentration of glucose in the blood
flowing to them as shown in Figure 1. Anelevated blood
glucose level, such as during the intake of a meal,
directly stimulates the B-cells to synthesize and release
insulin. The increased insulin level, in turns, reduces
the level of plasma glucose to normal, promoting the
use and storage of nutrients. Conversely, a fall in blood
glucose below normal, such as during fasting, directly
inhibitsinsulin secretion. Lowering of the rate of insulin
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Fig 1. Two time delays in glucose-insulin regulatory system
(adapted from the work of Li et al.'®).

secretion shifts the metabolism from the absorptive to
the postabsorptive phase. Thus, this simple negative-
feedback system can maintain a relatively constant
supply of glucose to the tissues essentially without
requiring the participation of nerves or other
hormones!.

In 1960, Yalow and Berson?* reported on the plasma
insulin concentrations observed duringa standard 100
grams oral glucose tolerance test. They found that the
plasma insulin concentrations in early maturity-onset
diabetic patients who had never been treated with
insulin and in nondiabetic patients did not differ
markedly. In addition, they found that nondiabetic
patients usually showed peak insulin concentrations at
0.5houror 1 hourand adecline by 2 hours. In contrast,
insulin concentrations in diabetic patients showed a
lesser increase at 0.5 hour but continued to rise to a
peak at 2 hours. In this study, it was reported that the
integrated averaged insulin concentrations during 2
hours glucose tolerance test was higher in diabetics
than in nondiabetics.

Inalater work by Ackerman et al.’, amathematical
model was proposed for the glucose-tolerance test,
consisting of the following two autonomous first order
differential equations:

% =a,y(t)— a,x(t) + E,, @

d_yt =—a,y{t)—a,x(t) + E, + I(t) )
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where x(t) and y () represent the insulin and glucose
concentrations, which are the concentration
differences from their fasting levels, respectively. The
term a,y (t) represents the net rate of increase of insulin
due to glucose, a,x(t) is the rate of insulin removal
independent of glucose, ay(t) is the rate of glucose
removal independent of insulin, and a 4x(t) istherate of
glucose reduction due toinsulin. E”, and E’, are constant
rates of increase independent from the other
components. [(t) is the rate of increase of blood glucose
due to absorption from the intestines.

Later, the effect of insulin on diabetic and normal
patients was investigated in the work of Reaven and
Miller*. In this study, they pathologically divided the
patientsinto 3 groups; normoglycemic, mild diabetic,
and severe diabetic patients. They found that insulin
concentrations of normal patients and those of mild
diabetic patients were not significantly different during
any time interval. Insulin concentrations of normal
patients were significantly higher than those with severe
diabetics only during the first hour interval. They also
studied the relationship between the patterns of glucose
and insulin responsesin these groups. In normoglycemic
patients,they observed that the relationship was
characterized by arapid fall in both glucose and insulin
concentrations within the time between one and two
hours. It was observed that the slower rate of fall in

glucose concentration between one and two hours was

associated with a constant insulin level in mild diabetics.
In severe diabetics, the glucose concentration fell at

an even slower rate that was associated with a continuous

rise in insulin concentration.

More recently, Molnar et al.” studied the plasma
immunoreactive insulin patternsin twenty-four patients
composed of normal, stable diabetic, and unstable
diabetic subjects. They found that the immunoreactive
insulin and blood glucose levels were positively
associated. High immunoreactive insulin was observed
in normal patients, while the association between
insulin and glucose levels in unstable diabetics was
negative. In this study, crystalline zinc insulin was used
for controlling the blood sugar elevations. The
immunoreactive insulin-blood glucose was less
negative, during the treatment of diabetic coma with
short-acting insulin, than with intermediate-acting
insulin. The chaotic behavior during 48-hour
observation period of the plasma immunoreactive
insulinand blood glucose patterns in diabetics was also
reported in this study. Moreover, they modified the
model Equations (1)-(2) as follows.

If there is a decrease in insulin secretion due to a
reduction to N of the number n of B-cells, then the
plasma glucose increases until nearly normal insulin

levels are obtained. Thus, the plasma glucose level isa
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N
function of the S-cells capacity — and thisassumption

leads to the replacement of the term -a,y(t) in Equation
(2). The term I(t), which is the rate of increase of blood
glucose due to intestinal absorption, is replaced by
b,W(®)y(®), for some positive constantb_, where W(t) is
the specific rate of gastrointestinal absorption.
Therefore, Equation (2) was modified in Molnar et al.”
as

=="——a,x(O+E, +b,W(H)yt) 3)

where b is the rate constant and z(t) is the density
of B-cells in the proliferative phase.

In 1982, Swenne® studied the kinetics of B-cells
proliferation in cultured fetal pancreatic cells of rats.
The results indicated that an increase in glucose
concentration increased the number of -cells entering
the proliferative phase.

Then, in 1987, Bajaj and Rao 7 proposed a model
system of three nonlinear differential equations which
incorporated f-cells kinetics in the glucose-insulin
feedback system as follows.

ﬁzR]y—R2x+Cl

jf €]
_y=R3N—R4x+C2, %)
gk Z

d_f: R,y(T —2)+R2(T - 2) — Ryz, (©)

where R,R,....R.C, and C, are rate constants. xand
y represent the plasma insulin and glucose
concentrations above the basal levels, respectively. The
number of B-cellsin the proliferative phase is denoted
by z,and Nis the normal number of B-cells. Tis the total
number of dividing and non-dividing S-cells that is
assumed to be constant. In Equation (6), the first term
accounted for the increase in z due to the interaction
between the plasma glucose above the fasting level and
the non-dividing B-cells, while the second term
represented the increase in the dividingf-cells from the
interaction between the dividing and non-dividing f3-
cells. Finally, the last term was the rate of reduction in the
B-cells density, proportional to its current level with a
rate constant R . This system was solved by the Runge
Kutta Merson integration scheme. From the numerical
simulations, the proposed model closely approximated
glucose-insulin relationship to the extent that it gave
a good qualitative agreement with the experimental
observations.

Since B-cells function in a negative feedback loop
has been established to take a predominant role in
regulating both the basal plasma and insulin
concentrations’®?, it is reasonable to assume that the
rate constants R ,R,,C,, should depend on the density
of B-cells in the proliferative phase z.
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Thus,in2001, Lenbury et al.? studied amathematical
model which had been adapted from that of Bajaj and
Roa’in order to take into account the role of the number
of P-cells in the regulation of plasma insulin level,
following the suggestion made by Turner et al.'* that the

B-cells function in the negative feedback loop played a
predominant role in the insulin—%l;lcose regulation

system. The insulin rate of change I inlE%(Jation “4)

should therefore be replaced by the rate ——— specific
totheactivated fB-cells. Hence, we were led o the following
model system.

E=’ﬁzy—”zzx+f1z=Z(”1)’_sz+cl)’ @)

RN

b_& —Rx+C,+w, (8)

ddt Z

d—f “R(y- T - +R2T-2)-Rz,  (9)

dw 5

I:—aw+apw , (10)

where x(t) and y(t) now represent the insulin and
glucose concentrations above their basal levels,
respectively, w(t) is the gastrointestinal absorption term,
¥ isthe glucose fasting level above the basal level while
ocand p determine the rapidity of glucose absorption,
and e ,R3,124,(12,125,Re,R7 are positive rate constants.
More details of the model’s derivation may be found in
the work of Lenbury et al.’.

Recently, several works on glucose-insulin
regulatory systemincorporated time delaysin the insulin
response to the glucose stimulation. There appeared to

be two significant time delays in the system. One was

glucose triggered insulin production delay, and the

other one was hepatic glucose response delay. Based on

the clinical data reported by Palumbo et al.'!, the time
delay 7, of insulin production in response to elevated
glucose was observed to be 23.5 min. According to
Prageretal.'?, the time delay 7 in hepatic glucose level

adjustmentin response to insulin variation was generally

smaller than T. It is reasonable, therefore, to assume
that 7 lies in the range 0-23.5 min.

Inthe work of Engelborghs et al.””, two models were
proposed in the form of delay differential equations.
The first model was for ultradian insulin oscillation, in
which, however, the glucose triggered insulin
production delay was missing. With the other one, they
tried to model the exogenous insulin infusion under
the assumption that the exogenous insulin infusion
took the same form as the internal insulin production.

Some analytical work can be seen in the work of
Bennettand Gourley'*, in which the authors proposed
an alternative model which incorporated a time delay
inamodel of the glucose-insulin interaction. The model
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system consisted of three delay differential equations.
Analytical result was obtained on some sufficient
conditions for global stability.

In the same year, Mukhopadhyay et al."” studied a
single-distributed-delay differential model that
described the rate of glucose concentration variation
due toboth insulin-dependent and insulin-independent
net glucose tissue uptake, as well as to constant liver
glucose production. They assumed that pancreatic
insulin secretion at time t depended on the earlier
effects of glucose concentrations, up to distributed
delay time 7. They found that the interactions among
different steps of a complex biochemical and cellular
transport chain within the pancreatic cell made the
hypothesis of a single discrete delay less plausible than
that ofa distributed delay, where the concentrations of
glucose at different times in the past had different
relevance to the present insulin secretion rate.

In2006, Liet al.'® proposed a mathematical model
for glucose-insulin regulatory system, applying two
explicit time delaysin the insulin response to the glucose
stimulation for better understanding of thisregulatory
system and the ultradian insulin secretory oscillations
for the cases of continuous enteral and constant glucose
infusionasin Figure 1. Their simulation results indicated
that the time delay 7, played a key role in the occurrence
of sustained glucose-insulin regulatory oscillations and
insulin secretory oscillations. Moreover, the time delay
7 was found to also play a key role in sustaining the
oscillatory patterns in this feedback control system. As
aresult, they suspected that one of the possibly many
causes of ultradian insulin secretion oscillations was the
time delay of the insulin secretion stimulated by the
elevated glucose concentration.

Recently, Palumbo et al."" introduced a family of
delay-differential equation models of the glucose-insulin
system to simulate the Intra-Venous Glucose Tolerance
Test and allied experimental procedures of
diabetological interest. Local stability was investigated
inapair of interesting member models: one, a discrete-
delay differential system; the other, a distributed-delay
system reducing to an ordinary differential system. A
study of the global stability properties was performed,
while from simulationsit could be conjectured that the
models considered were not satisfied for the
physiological parameters values. However, theirmodels
did not consider the role of B-cells and there are few
published reports on mathematical modelling and
analysis of B-cellsmediated glucose-insulin regulatory
system with time delays.

In this paper, we studied amathematical model system
of delay-differential equations which describes the
dynamicbehavior of B-cellskineticsin a glucose-insulin
feedback system derived from the model studied by
Lenbury et al.’, incorporating two time delays, one

5
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being the glucose triggered insulin production delay T,
and the other being the hepatic glucose delay 7.
Formulation of the model system provided a qualitative

framework for a better understanding of the delayed

responsive mechanisms in which secreted insulin
requires time in transport before its increase in the
bloodstream induces the expected effect that may be
felt at the target site to give rise to a reduction in the
glucose level. Moreover, delayed responses to the
changes in fB-cell density were incorporated. The
model system was analyzed to investigate the effect
of delays on the dynamic behavior of the system and
the possibility of periodic solution which simulates
sustained oscillations frequently observed in the
experiments. 01822

MatHeEmATICAL MODEL

We now modify the nonlinear model for glucose-
insulin feedback control via B-cells proposed in the
study by Lenbury et al.” in order to incorporate time-
delays, 7 inthe insulin secretionin response to elevated
level of giucose following the clinical evidence reported
by Palumbo et al.'' as mentioned above, and 7 in the
glucose drop in response to increased insulin level,
following the clinical evidence reported by Prager et
al.*? previously mentioned as well. Since there has been
no report on the delay in B-cells activation due to
changes in blood glucose, we shall take the delay 7,in
the insulin secretion in response to glucose increase to
be equal to the amount of time that elapses before
insulin secretion would respond to the changes in the
activated f-cells density. The model system can then be
written as follows:

%zz(t—Tg)[r]y(t—z'g)—rzx+c]], (11
d—y:R3N—R4x(t—q)+C2+w, (12)
dt Z
d—f=Rs(y—&)(T—z)+R6z(T—z)—R7z, (13)
N o+ apw’, (14)
dt

using the same notations as in the model system (7)-
(10) already defined earlier.
Since Equation (14) involves the dependent

variables w only, it may be solved easily to find that w(t)
vanishes as t — eo provided that the initial level of w is
lessthan — . Theabove model then reduces to asystem
of3 differle)ntial equations (11)-(13) withw =0, which
may be written in the form

dx
7 ) (15)
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%w%,y,z) (16)
d—f:h(x,y,z) (17)
where
floy, 0 =z2rny—nrx+c] (18)
R
g«x,y,2)= > -Rx+C, (19)
hix,y,20=R;(y = 3)T -2)+Rz2(T-2)-R,z  (20)

with X, =x(t—7),y, =y(—-7) and 2, =2(t—-7,).

First, we prove aresult on the existence and uniqueness
of the steady state solution (x, y , z ), where f(x, y , z) =
glx,y,z)=hlx,y,z)=0 forthe sYstem (15)-(17) with
(18)-(20). -

Lemma 1

The system of equations (15)-(17) with (18)-(20) has
a unique non-washout steady state solution (x, y, ),
x>0,y >0,z >0, provided that

R -RT>0 1)
Proof
We first observe that f = 0 when z =0, or

Ly =rx—c (22)

Since g — e as z — 0, any steady state (x,y , z) of
the system must not lie on the (x,y)-plane where z=0,
and has to lie on the plane described by Equation (22)
which is parallel to the z-axis. On this cylindrical surface
given by Equation (22), we can see that x increases with
V.

On the other hand, g = 0 on the cylindrical surface

RN C,
x=——+-=

R,z R, (23)

on which x decreases with increasing z.

Thus, on the curve where the surfaces given by (22)
and (23) intersect, z decreases with increasing y.

Now, turning our attention to the surface h =0, on
which
R,z Rz
R(T-2) R

y=y+ (24)

5

we keepinmind that z< T. Since, Equation (24) does
notinvolve x, thisisacylindrical surface which is parallel
to the x-axis on which

dy_ RT R,

dz R(T-2" R (25)

Thus, ifinequality (21) holds then the surface given
by (24) intersects the (x,y)-plane (z = 0) along the line
y =¥ ,atwhich point
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dy|  _R-RT

0
dz RT (26)

Since the slope given by (25) decreasesasz— T, we
see that,if (21) holds, then y will be increasingat y = y
(or z=0) and continues to rise as z — T from below.
Thus, along the curve where the surfaces given by (22)
and (24) intersect, z increases with increasing y for
y2y and 0 < z<T. Note that the 2 curves {f= g =0}
and {f = h = 0} both lie on the surface {f = 0} which is
a2 dimensional plane. On {f=g=0},z—0asy —0and
z—>0asy—>oo whileon{f=h=0},z<0 aty=0and
z—=>T>0asy —>oco.

By the intermediate value theorem, we therefore
conclude that the curve {f=g=0}and {f=h =0} must
intersect at some point (x,y ,z) where f=g=h=0in
the upper hemisphere of the (x, y, 2)-space with x_ >0,
y,>0,and z >0. Moreover, by the Rolle’s theorem, the
intersection point is unique, which completes our
proof.

Existence of Sustained Oscillation Dependent on
Delays

In order to investigate the effect of delays on the
possibility of periodic dynamics in our system, we now
assume that (x, y, z) is anon-washout steady state of
our model system. Letting X=x-x,Y=y-y,Z=z2-2,
we will be led to the following linearized system of (15)-
(17)

X X
4 4

where A is the corresponding Jacobian matrix
evaluated at (x, y, z) namely

—nz orze " (ny,—nx +ode
A=|-R,e" 0 fiN
’ 28
0 RT-z) RIzZ2)
z,

For simplicity, we introduce new parameters by

letting
a=A—-A,
b= _AzA.s - AsAs
c=A,
d=-A A,
e=-AA-AA
where

A=R(T-2)
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A - LRyN
2 ZS
R.N
A= 32
Z

1
A =—
Zs
Ae =12
A7 = RJIZs

Ifwealsolet 7=17 + 7, be the composite lag-time, we
may then write the characteristic equation of A as
F(A)=24"+ad’ +bA+d+(cA+e)e ™ =0 (29)

According to the Hopf bifurcation theory, for a
periodic solution to exist, it is necessary that Equation
(29) has a pair of pure imaginary complex roots A =
+i(w)for some value of 7. In order that such a pair can
be found, one must have F(iw) = 0, that is,

(i0)’ +a(i®)’ +[b+ce " (iw) +[d +ee " 1=0 (30)

Equating real and imaginary parts on the right of
Equation (30) to zero, we obtain the following 2
equations

aw’ —d = ecos(wr) + cosin(wr) 3D

@ —bw = cocos(wr) —esin(@r) (32)
Squaring both sides of Equations (31) and (32) then

adding, one is led to

A)=ad +(@ 20"+ —2ad—)as +(d* —e*)=0(33)
Setting @ in Equation (33), we arrive at the following

equation

w(@=2+p’ +qz+r=0 (34
where

p=a’-2b,

q=b>—2ad-¢*,

r=d*—¢’

We see that Equation (29) will have a pair of complex
solutions A = %i(w) if Equation (34) has a positive real
solution z= @*> 0.

Forsuchapolynomial Equation (34), the following
results have been proved by Ruan and Wei'’, and so we
state them in the following 3 lemmas without proofs.

Lemma2
Ifr<0, then Equation (34) has at least one positive
root.

Lemma 3
Ifr 20, then the necessary condition for Equation
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(34) to have positive real root is that A = p*- 3¢ > 0.

Lemma 4

If

r>0 (35)
and

A>0, (36)

then Equation (34) has a positive root if and only if

z,>0and y(z,)<0 37)
1 where . - =_l7+\/K

1
3

Proof
We note that y’(z) =0 at z = z, and g, such that

2
7, = TPENP T3 T proof of this lemma can be

seen in the work of Ruan and Weil7 .

Thus, by the above lemmas, we now suppose that
Equation (34) has positive roots. Without loss of
generality, we suppose that it has three positive roots
denoted by z/, z, and z,. Then the followings will be
positive roots of Equation (33).

@ =\/Z, a)lz\/z2 and agz\/g,or@ =yz,k=123,
which again leads usto Equations (31) and (32) with ®
substituted by @,.

Dividing Equation (31) by (32) when w= @, and
rearranging, we then arrive at the following expression
for tan(a)h 7), provided cos(@,7) #0:

—e(@, —bw,) +co,(aw) —d)
e(aa) —d) +cor (@, —bw,)

We are now in the position to state and prove the
following theorem.

tan(@,7) = ,k=1,2,3. (38)

Theorem 1.
Suppose
a>0,d+e>0andab+ac-d-e>0 (39)
(@) lfr=0and A<O0, thenall roots of Equation (29)
have nonzero real parts for all 7= 0.
(b) If either
i) r<0,or
ii) r20,420,z,>0and h(z)) <0,
then all roots of Equation (29) have negative real
partswhen 7€ [0,7,), where
% = g fn.n" >0
ith
\Zg :itan’l[_e(ai —ba,)+ca (aaf —d)]+ 27(-D) (41
S eladt —d) +ca, (@) —bay,) ),
wherek=12.3,j=1,23,....

(40)

Proof

(@) By contradiction, if Equation (29) has a root
with zero real part for some 72> 0, then this means that
Equation (34) hasa positive real root. By Lemma 3, the
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necessary condition of this is then that A > 0 which
contradicts the fact that A < 0. Therefore all roots of
Equation (29) have nonzero real parts for all 7> 0.

(b)  First, we observe that when 7 = 0, Equation
(29) reduces to

A +al’ +(b+)A+(d+e)=0 (42)
Then, by the Routh-Hurwitz criterion, all roots of
Equation (42) have negative real parts since the
conditionsin (39) hold. This therefore implies that all
roots A(7) of Equation (29) have negative real parts at
the point 7 =0. We can deduce then, from the continuity
of A(7), thatall roots of Equation (29) will have negative
real parts for values of 7 in some openinterval containing
7 = 0. This means that all roots of Equation (29) have
negative real parts for positive values of 7€ [0,7) for
some T > 0.

However, 7, is defined by (40) to be the minimum of
all the positive 7 = 7,9 that solve Equation (38). Thus,
7,is the minimum of such positive 7's for which the real
parts of some roots of Equation (29) vanish, provided
i) or ii) holds. Therefore 7 = 7, which completes the
proof.

Finally, for a Hopf bifurcation to occur, leading to
alimit cycle surrounding the non-washout steady state
(x,y,z), we also need to show that

dRe A(7)
— 17 43)

=1,

This is done in the next theorem.

Theorem 2

Suppose conditionsi) orii) in Theorem 1 hold, then
A=ti@, isapair of purely imaginary roots of Equation
(29). Moreover, if

y'(z,) #0 (44)
where
2y = 605, Wy = 0, |r:r0 > (45)

then Equation (43) holds.

Proof

The first part of this theorem is an immediate
consequence of Theorem 1 and the definition of 7,. To
prove that (43) holds, we begin by writing F(1) in the
form

F(A) =F(A)-F e ™ (46)

where F, = A’ +aA*+bA+dand F,=e-cA.Then,on
F =0, the total derivative of F with respect to Tis

dF . - e dA i
Z:[Fl—(l:ze/1 —ere/1 )]E+/1er’I =0(47)

where F zﬂ i=12
dA

E , we obtain

>

Solving (47) for * =
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E—(f, - oF e
AEe™

(A" =- (48)

Also,on F(iw) =0, we must have F = er'“ ,and thus

E E
Re(A) '], =Re|-—L+-2
g AF, AF, )

Thatis,
EE EF,
r:rOZRe_ 171 + 272
(iuanz zuf;uJ,-,o (49

Now, letting

R,=Re(F), R,=Re(F,)

1,=Im(F), I,=Im(F,)

at 7= 7, we see that for F(iw) = 0, we need to have
Ho)=R; +I; -R; -1, =0 (50)
or, equivalently, (33) holds, which means

|E[ =R} +1 =R +1; =|E [

Equation (49) then becomes

R® L dllj—(deRsz dlz}
do  do da da e

Re(A)™*

R, = ;
o [F|
d 2 2 d 2 2 :|
S (R +1)———(RE+1
) ()
205 [F [
Thatis,
dg
n-1 da) D=y

Re(A) |, =——~ €20)

20|

Equivalently,

(dRe/lJ_l A

de )l IRl o

Hence,

| dRe (dRedY’ e
sign = sign =sign{y'(z,)}
dr |, dr .

Since y'(z,) # 0 , it is either positive or negative.
Therefore, dRe A is either positive or negative as
well. Thatis, dr |-,

dRe A

dr |._, which completes our proof.

In summgry, the above analysis provides the proof
of the following.

Theorem 3
If conditions (35), (36), (37), (39), and (44) hold,
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then a Hopf bifurcation occurs in our model system
(15)-(17) fora positive composite delay 7= 7, given by
Equations (39) and (40). The non-washout steady state
(x,y,z)isstable for 7 < 7, and loses its stability at T
= 7. Further more, there will be a positive number €
such that the model system under study possesses
periodic solutions for values of 7€ (7,7, + €).
Insuchacase that 7€ (7,7, + €), the periodic solution
isalimit cycle, that bifurcates from the steady state (x,
¥, 2., whose radius increases with increasing 7.>**
Figure 2 shows numerical simulations of the model
system under study when the parametric values, given
in the figure caption, have been chosen so that the
conditions listed in Theorem 3 are satisfied. Here, 7 =
0.30275.1n 2a) and 2¢), T < 7, so that the steady state
is stable. The solution trajectories are seen, projected
onto the (x, y)-plane to spiral towards the steady state.
In2b)and 2d), 7> 7, and so, according to Theorem 3,
the solution trajectories are seen here, projected onto
the (x,y)-plane, to tend towardslimit cycles surrounding
the steady states, as theoretically predicted. These
figures demonstrate the independence of the two
delays, and that each time delay does not have a unique

)

Fig 2. Computer simulation of the model system equations
(15)-(20).Here, r, = 0.211321, r, = 0.21430, R, =
0.3241469,R,=0.2627777,R =0.033341,R =0.031531,
R =0.022,¢,=04131,C,=0.08125,y=1.424,T=1.94,
N=1.026667,x =3.1064140393,y = 1.1953593284,
7,=0.4527482267,and 7,= 0.30275.

a) (1, Tg) =(0.043,0.07)Thus, 7 < 7, and the solution
trajectory spirals towards a stable steady state.

b) (t, ‘L'g) =(0.043,0.3525) Thus, 7,< Tand the steady
state is unstable. The solution trajectory tends towards
a limit cycle.

o (z, ‘L'g) =(0.0029, 0.08) Thus, 7 < 7,and the solution
trajectory spirals towards a stable steady state.

d(z, 1'g) =(0.25,0.08) Thus, 7 < Tand the steady state
is unstable. The solution trajectory tends towards a limit
cycle.
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Fig 3. The simulated time series of insulin and glucose
concentrations above basal levels are shown together
with blood glucose data, provided by the UCSC
Metabolic Diseases Department, Italy. The solid lines
represent the output generated by the model with 7, =
0.210146, while the dots represent the experimental
data points. An intravenous cannula was inserted into a
left anticubital vein of a subject, after overnight fasting,
and blood samples (3 ml each, in lithium heparin, every
2 minutes) were obtained. On each blood sample,
glucose was determined by spectrophotometry.

value at which the steady state becomes unstable.

Finally, in Figure 3 a numerical simulation of the
model system is shown as time series of insulin and
glucose levels. We observe that as time progresses, the
patterns of both insulin and glucose concentrations
exhibit sustained oscillation which have been
experimentally reported in various literatures.”!¢:18-2
We also show in this figure a collection of blood glucose
measurements carried out at the UCSC Metabolic
Diseases Department, Italy. The measurements were
done onasubject having negative family and personal
history for diabetes mellitus or other endocrine
diseases, not on any medications and no reported
current illness. The subject reported a constant body
weight for the six months preceding the study, and
underwent three days of standard composition diet
(55% carbohydrate, 30% fat, 15% protein) ad libitum
withatleast 250 g carbohydrates per day. After overnight
fasting, an intravenous cannula was inserted into a left
anticubital vein and blood samples (3 mleach, in lithium
heparin) were obtained every 2 minutes. On each blood
sample, glucose was determined by spectrophotometry.
Afterappropriate rescaling and translation to take into
account the units of measurements and the fact that
the glucose level in our model is measured above the
basal level, the theoretical curve is seen here to be
capable of simulating real experimental data quite well
in the 40 minutes period shown.

DiscussioN AND CONCLUSION

We have investigated the effect of delays in the
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glucose-insulin feedback mechanism involving B-cells.
Itis found that the system is stable for sufficiently small
composite delay 7 = 7 + 7. As T becomes large enough,
the system can exhibit oscillatory behavior.

Inselectingamodel,itisnolonger deemed reliable
to simply choose that in which the parameters may be
chosen so that the model solution best fits the
experimental data. Rather, a more appropriate choice
should be capable of simulating those dynamic behavior
observed experimentally. Specifically, if sustained
oscillations have been clinically observed, amodel which
can not simulate such behavior should be discarded.

In this work, we have chosen to modify the model
proposed by Lenbury et al. ¢ which has been reported
to give good qualitative agreement with the
experimental observations. Incorporating the delays 7
and 7, and also taking into account the delay in the
action of changing activated B-cells density, we have
been able to investigate the possibility of different
dynamic behavior permitted by our model dependent
on the delays. Although other factors may take partin
this control mechanism, their effects are mostly
considered less significant, or indirect, so that their
inclusion has been deemed not warranted. As can be
seen in a number of works that reported on different
models of this system, they only involved no more than
3 components, namely glucose, insulin and B-
cells.?2121315 Many workers only modelled the
interaction between plasma glucose and insulin
concentrations.*!%>2>2¢ Some contended that since
the B-cell density changes very slowly compared to
glucose and insulin concentrations, B-cell density may
be assumed to be essentially constant. However, our
model considers rather the activated B-cells whose
dynamics could be fast even while the total number of
B-cells remains relatively constant.

It has also been contended that the compartment
of incretins, which include glucagon, and glucagon-
like peptides, plays an important role in glucose-
stimulated insulin secretion and should be incorporated
in a model that describes the glycemic and hormonal
responses to glucose load. However, incretins represent
gastrointestinal factors released in response to nutrient
ingestion that stimulates oral glucose-dependent insulin
secretion?’, while our study considers the situation
when the gastrointestinal absorption term w(t) has
already tended to zero. Thus, our model only describes
the glycemic and hormonal responses to an intravenous
glucose load, and the role of incretins has therefore not
been explicitly incorporated.

As seen in Figure 3, our model yields simulated
curve which fits satisfactorily well with real
experimental data. Itis clearly an improvement on the
model considered by Lenbury et al. since the current
model hasincorporated the delays 7.and 7 . The curve
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for plasma glucose in Figure 3 is seen to significantly lag
that of insulin concentration, due to such delays, a
realistic characteristics that cannot be captured by the
earliermodels without delays. Moreover, although such
delays have been incorporated in the model by Li et
al.**, our model also considers the role of B-cellsand the
delayed hormonal response to its number of
proliferative population. The resulting model then
consists of 3 nonlinear equations which we believe is
capable of capturing more diversified nonlinear
behavior, including chaotic dynamics, than the earlier
models.

Specifically, in our simulation presented in Figures
3, weused 7,=2.0and 7,=0.4. On the other hand, the
critical comp051te delayis 7,=0.210146, below which
we may expect stability. We note that ouranalysisappears
to indicate that it is the combined effect of the delays
(composite delay), rather than each individual delay 7,
or 7, that influences the dynamics of the feedback
mechamsm in the insulin-glucose control system under
study. Thismeans thatif, forexample, the hepatic glucose
delay 7. becomeslarge, the feedback regulation system
will be able to maintain stability by shortening the
insulin production delay 7 to keep the composite delay
Tsmaller than 7. Ina healgthy subject, the adjustment
of the lag time 7, in insulin production in response to
glucose Varlauon and the corresponding delay 7, is
supposed to be functioningnormally. A malfunction of
suchability could, in light of our modelling and analysis,
lead to loss of stability, a situation that is medically
harder to control. Here, the analysis has been done in
the event that intestinal absorption (w) has vanished
which would correspond, say, to the sleep-period during
which the subject is not being fed. During the wake-
period, food digestion would lead to nonzero w and
more chaotic secretion patterns can be expected. The
incorporation into our model of an appropriate
absorption term w should shed lights onto how the
system may be controlled with proper prescription of
drugs protocolin combination with suitably designed
feeding regimens. The role of incretins should then be
incorporated into the model. Further experimental
work is also needed to accurately calibrate the
parametric values in our system model. These are
subjects for our future endeavor.

ACKNOWLEDGEMENT

This work was supported by the National Center
for Genetic Engineering and Biotechnology, and a
scholarship under the Staff Development Project of
the Commission on Higher Education. Appreciation is
also extended to the UCSC Metabolic Diseases
Department for providing us with the experimental
data.

85

REFERENCES

1. Lauralee Sherwood (2007) Human physiology from cells to
systems (sixth Edition). Department of Physiology and
Pharmacology. School of Medicine. West Verginia University,
pp 707. Thomson Brooks, U.S.A.

2. Yalow RS and Berson SA (1960). Immunoessay of
endogeneous plasma insulin in man. J. Clin. Inves. 39, 1157-
75.

3. Ackerman E, Rosevear JW and McGuckin WF (1964) A
mathematical model of the glucose-tolerance test. Physics
Medical Biology 9(2), 203-13.

4. Reaven G and Miller R (1968) Study of the relationship
between glucose and insulin responses to an oral glucose
load in man. Diabetes 17(9), 560-9.

5. Molnar GD, Taylor WF and Langworthy AL (1972) Plasma
immunoreactive insulin patterns in insulin-treated diabetics.
Mayo Clin. Proc. 47, 709-19.

6. Swenne I (1982) The role of glucose in the in vitro regulation
of cell cycle kinetics and proliferation of fetal pancreatic f-
cells. Diabetes (31), 754-60.

7. Bajaj JS and Rao GS (1987) A mathematical model for insulin
kinetics and its application to protein-deficient
(malnutrition-related) Diabetes Mellitus (PDDM). J. Theor.
Biol. 129, 491-503.

8. Lenbury Y, Kumnungkit K and Novaprateep B (1996)
Detection a slow-fast limit cycles in a model for electrical
activity in the pancreatic -cell. IMA J. Math. Appl. Med. Bio.
13, 1-21.

9. Lenbury Y, Ruktamatakul S and Amornsamarnkul S (2001)
Modeling insulin kinetics: responses to a single oral glucose
adminstration or ambulatory-fed conditions. BioSystems 59,
15-25.

10. Turner RC, Holman RR, Matthews DR, Hockaday TDR and
Peto J (1979) Insulin deficiency and insulin resistance
interaction in diabeties: estimation of their relative
contribution by feedback analysis from basal plasma insulin
and glucose concentrations. Metabolism 28(11), 1086-96.

11. Palumbo P, Panunzi S and De Gaetano AD (2007) Qualitative
behavior of a family of delay-differential models of the
glucose-insulin system. Discrete Contin. Dyn. Syst. Ser. B 7(2),
399-424.

12. Prager R, Wallace P and Olefsky JM (1986) In vivo kinetics
of insulin action on peripheral glucose disposal and hepatic
output in normal and obese subjects. J. Clin. Invest. 78, 472-
81.

13. Engelborghs K, Lemaire V, Belair J, Roose D (2001)
Numerical bifurcation analysis of delay differential equations
arising from physiological modeling. J. Math. Biol. 42, 361-
85.

14. Bennett DL and Gourley SA (2004) Asymtotic properties of
a delay differential equation model for the interaction of
glucose with plasma and interstitial insulin. Appl. Math.
Comput. 151, 189-207.

15. Mukhopadhyay A, De Gaetano A. and Arino O (2004)
Modeling the intra-venous glucose tolerance test: a global
study for a single-distributed-delay model. Discrete and
Continuous Dynamical Systems Series B 4(4), 407-17.

16. Li J, Kuang Y and Mason CC (2006) Modeling the glucose-
insulin regulatory system and ultradian insulin secretion
oscillations with two explicit time delays. J. Theor. Biol. 242,
722-35.

17. Ruan S, Wei J (2001) On the zeros of a third degree
exponential polynomial with applications to a delayed model
for the control of testosterone secretion. IMA J. Math. Appl.



86

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Med. Biol. 18(1), 41-52.

Shapiro ET, Tilil H, Polonsky KS, Fang VS, Rubenstein AH
and Cauter E (1988) Oscillations in insulin secretion during
constant glucose infusion in normal man: relationship to
changes in plasma glucose. J. Clin. Endocr. Metab. 67, 307-
14.

Simon C, Brandenberger G and Follenius M (1987) Ultradian
oscillations of plasma glucose, insulin and C-peptide in man
during continuous enteral nutrition. J. Clin. Endocr. Metab.
64, 609-74.

Sturis J, Cauter E, Blackman JD and Polonsky KS (1991b)
Entrainment of pulsatile insulin secretion by oscillatory
glucose infusion. J. Clin. Invest. 87, 439-45.

Cauter E, Desir D, Decoster C, Fery F and Balasse EO (1989)
Noctural decrease in glucose tolerance during constant
glucose infusion. J. Clin. Endocr. Metab. 69, 604-11.

Simon C and Brandenberger G (2002) Ultradian oscillations
of insulin secretion in humans. Diabetes 51 (Suppl.1), S258-
S61.

Marsden JE and McCracken M (1976) The Hopf bifurcation
and its applications., pp 410-412. Springer-Verlag, New York.
Hassard DD, Kazarinoff ND and Wan YH (1981) Theory
and applications of Hopf bifurcation, pp 498-9. Cambridge
University Press Cambridge.

Gaetano AD and Arino O (2000) Mathematical modeling of
the intravenous glucose tolerance test. J. Math. Biol. 40,
136-68.

Li J, Kuang Y, and Li B (2001) Analysis of IVGTT glucose-
insulin interaction models with time delay. Discrete Contin.
Dyn. Syst. Ser. B 1(1), 103-24.

Brubaker PL, Ohayon EL, D’Alessandro LM and Norwich
KH (2007) A mathematical model of the oral tolerance test
illustrating the effects of the incretins. Ann. Biomed. Eng.
35(7), 1286-300.

ScienceAsia 34 (2008)



	77-86.pdf
	855.pdf
	81.pdf
	855.pdf

	83.pdf

	77-86.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




