INTERNATIONAL JOURNAL OF MATHEMATICS AND COMPUTERS IN SIMULATION

Modeling the effects of parathyroid hormone
and calcitonin on calcium homeostasis
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Abstract—In this paper, we propose a system of ordinary
differential equations in order to describe calcium homeostasis by
considering parathyroid hormone and calcitonin as two major
regulating hormones. Geometric singular perturbation is utilized in
order to obtain the conditions on the system parameters that
differentiate various kinds of dynamic behavior. Numerical
simulations are also carried out to confirm our theoretical
predictions.
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I. INTRODUCTION

MAINTAINING the normal level of calcium ion in
extracellular fluid is essential for human. Calcium in its
ionized form plays very important role in regulating of
enzymatic activities and fundamental cellular events such as
muscular contraction, secretion and cell division [1]-[4]. Too
high or too low of serum levels of calcium indicate
hypercalcemia or hypocalcemia, respectively [1]-[4]. Hence,
the understanding of calcium homeostasis, the process that
controls the normal level of serum calcium, is needed.

Many factors involve in calcium homeostasis including
parathyroid hormone (PTH), calcitonin (CT) [1]-[5]. To
maintain the serum level of calcium in the normal range, PTH
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acts directly on bone to stimulate bone resorption activity. It
also acts directly on kidney to stimulate the reabsorption of
calcium from urine and acts indirectly on intestine to enhance
the conversion of vitamin D into its active form resulting in the
increase of calcium absorption from diet [1]-[5]. CT, on the
other hand, acts directly on bone to inhibit bone resorption
activity. In this paper, a mathematical model is then developed
in order to get the better understanding of calcium homeostasis
based upon the effects of two hormones, PTH and CT.

II. MODEL DEVELOPMENT

Calcium homeostasis is the process that keeps the serum
level of calcium in the normal range. The factors that will be
taken in to account here are PTH and CT.

When the serum level of calcium falls below the normal
range, PTH is then released from the parathyroid glands and
binds with its receptors at the target organs which are bone,
kidney and intestine [1]-[5]. The serum level of calcium is then
raised to the normal level. On the other hand, when the serum
level of calcium raises above the normal range, CT is then
secreted from the parafollicular cells of the thyroid gland and
inhibits bone resorption activity. The serum level of calcium is
then decreased to the normal range [1]-[5].

Let us denote the concentration of PTH above the basal

level in blood at time ¢ by X (t) , the concentration of CT in
blood at time ¢ by Y (t) and the concentration of calcium ion

in blood at time ¢ by Z (t) The following system of

nonlinear ordinary differential equations is then use to
investigate calcium homeostasis based upon the effects of
parathyroid hormone and calcitonin:

@ __a bX ()
da k+Z7Z
ar =(a,-a,Y)YZ-b)Y 2)
dt ’
a _ M—%Y Z-b7 3)
dt k,+X
Note that all parameters in the system are assumed to be

positive.

The rate of change of the serum level of PTH above the
basal level at time ¢ is described by (1). On the right hand side,
the first term represents the secretion rate of PTH from the
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parathyroid glands in response to the serum level of calcium.
When the serum calcium level is high the secretion rate of
PTH will be decreased in order to counter balance the high
level of calcium in blood. The last term represents the removal
rate of PTH from the system.

The rate of change of the serum level of CT at time ¢ is
described by (2). On the right hand side, the first term
represents the secretion rate of CT in response to the level of
calcium. When the serum level is high, the secretion of CT will
be increased in order to counter balance the high level of
calcium in blood. The last term represents the removal rate of
CT from the system.

The rate of change of the serum level of calcium at time ¢ is
described by (3). On the right hand side, the first term
represents the rate of change in calcium level due to the effects
of PTH and CT. The last term represents the removal rate of
calcium from the system.

III. ANALYSIS OF THE MODEL

Assuming that the dynamic of PTH is fast, the dynamic of
CT is intermediate and the dynamic of calcium is slow. We
then scale the dynamics of the three components and
parameters of the system (1)-(3) in term of small positive
parameters 0 <& <<1 and 0<J <<1 as follows.

Letting x=X, y=Y, z=Z, ¢, =a,, CZZ%, C}zﬁ,
a, as ag b2 b3
= =T =" d =b9 d =", d =, the
04€5CSE5C6€5112836‘5
system (1)-(3) becomes
dx c
E:k J_Z—dlx =F(x,y,2) 4)
1
dy
525((02—CzJ’)yZ—dzy)ESG(x,y,Z) (5)
dz c,+cx
E:g&[[ I;2+;2 —cﬁyjz—d3zJE goH(x,y,z)  (6)

The system (4)-(6) can then be analyzed by using the
geometric singular perturbation method [6], [7].

Note that the shapes, directions and speeds of the solution
trajectories of the system are determined by the shapes and the

relative position of the manifold {F =0},{G=0}, and
{H =0}. Therefore, we shall investigate each manifold in
detail.

The manifold {F = 0}

This manifold is given by the equation

G
x=——""=4/(z
d,(k, +2) (2)
We can see that this manifold is independent of the variable
y and hence it is parallel to the y—axis. In addition, it

(7

intersects the x — axis at the point where
cl

ik (®)

Xy
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Note that 4 (z) is an decreasing function of z and

4(z)>0 as z> .

The manifold {G = 0}

This manifold consists of two sub-manifolds. One is the
trivial manifold y = 0 . The other one is the nontrivial manifold

given by the equation
d2

=4
-Gy ’ ()/)

We can see that the nontrivial manifold is independent of
the variable x and hence, it is parallel to the x-axis. In
addition, its intersects the z-axis at the point where

(€)

Z:
G

(10)

Z=—=Zl
$)

Note that 4, ( y) is an decreasing function of y and

4,(y)—>® as y >y~ where y, =&
G
Moreover, the manifold {F =0} intersects the manifold

{G =0} along the curve

cl
49 _,-0 11
{x d(k+2)" } (b
and the curve,
ye—b 4 (12)
dl(k1+z) Cy,—Cyy

The manifold {H =0}

This manifold consists of two sub-manifolds. One is the
trivial manifold z = 0. The other one is the nontrivial manifold

! ( —d3jzA3(x) (13)

yoL ¢, +csx
We can see that the nontrivial manifold is independent of

¢\ ky +x°
the variable z and hence it is parallel to the z-axis. 4, (x)

attains its relative maximum at the points where

—c, +yc, + ¢k,
¥ = -

= =X, (14)
CS
and
1 (¢, +csxy,
= | 2 M _ g |= 15
Ce( K, + %, 3 |5 Vu (15)
Note that y,, >0 if and only if
¢, >d;(k, +x}, )= csx,, (16)

Moreover, the nontrivial manifold y = 4;(x) intersects the

y — axis at the point where

1(c
y——[—4—d3J5y2 17)
s\ Ky
Note that y, >0 if and only if
¢, >d;k, (18)
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In addition, the nontrivial manifold y = 4, (x) intersects the
x — axis at the point where

Cs + \/C§ +4ds (e, —dsky)

e 2d,

Note that if y, >0 then x, >0.

The manifold {F = 0} intersects the manifold {H = 0}

{x =X,z= 0}

and the curve

a4

which attains its relative maximum at the points where
X=Xx,,y=Yy,, and

(19)

2

1

Cs

G —

¢, +Csx
d(k+z)" "

2
k,+x

z:i(i—dlkljzzM (20)
dl xM
Note that z,, >0 if and only if

X, <X, eay)

On the other hand, the manifold {F =O} intersects the
manifold {G=O} and the manifold {H =0} at the points
(xl,O,O),(xz,O,zS]) and (xsz,ysz,zsz) where

G

= -k 22
s Ty, b (22)
xg, is a positive solution of
A +Bx* +Cx+D=0 (23)
where
A= —(c6dld2 +c,d\d;k, —c,d k, ) <0
B=cc,+c,cd k, +ccd; >0
C=cyc,dk — (czdlklk2 +cd d,k, +cicies +cd dokk, )
D =cc,k, +c,c,d k, —ccc,
1(c,+esx
and y, =—| % _g |z = .
Toce\ kg, Codxg,
Note that x exists in the first octant provided that
D>0 24)
and yg >0 if
¢y +cgxg >d, (ky+x3) (25)
and zg >0 if
X5, <X, (26)
Case 1If ¢ and o are sufficiently small, and
Xy <X <X, 27)
Zg, <Zy (28)

provided that the inequalities (16), (18) and (24)-(26) are
satisfied where all parametric values are defined as above, then
a periodic solution exists for the system of (4)-(6).
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If all inequalities identified in Case 1 hold, then the
manifolds {F =O}, {G =0} and {H = 0} are positioned as
in Fig. 1. Starting from the point 4 in front of the manifold
{F = 0}. Since {F < 0} here, a fast transition will bring the

system to the point B on the manifold {F = O} in the direction
of decreasing x . Here, {G <0} and a transition at intermediate
speed will be made in the direction of decreasing y until point
C on the curve {F =H= O} is reached. An intermediate

transition then follows along this curve to some point D on the
other stable part of {F =H= 0} followed by an intermediate
transition in the direction of decreasing y until the point £ is
reached since {G <0} here. Once the point E is reached the
stability of sub-manifold will be lost. A jump to point F on the
other stable part of {F =H= 0} followed by an intermediate

transition in the direction of increasing y since {G > 0} here.
Once the point G is reached the stability of sub-manifold will
be lost. A jump to point H on the other stable part of
{F =H =0}. Consequently, an intermediate transition will
bring the system back to the point £, followed by flows along
the same path repeatedly, resulting in the closed orbit EFGHE.
Thus, limit cycle in the system for ¢ and o are sufficiently
small exists.

Case 2 If £ and O are sufficiently small, and

Xy <X <X, (29)

(30)

provided that the inequalities (16), (18) and (24)-(26) are

satisfied where all parametric values are defined as above, then
a stable equilibrium point exists for the system of (4)-(6).

If all inequalities identified in Case 2 hold, then the

manifolds {F =O}, {G =0} and {H = 0} are positioned as
in Fig. 2. Starting from point 4 in front of the manifold
{F = 0}. Since {F < 0} here, a fast transition will bring the

Zy <ZS2

system to the point B on the manifold {F = O} in the direction
of decreasing x . Here, {G < 0} and a transition at intermediate
speed will be made in the direction of decreasing y until point
C on the curve {F =H= 0} is reached. An intermediate
transition then follows along this curve to some point D on the
other stable part of {F = H =0} followed by an intermediate
transition in the direction of decreasing y until the point £ is
reached since {G <0} here. Once the point E is reached the
stability of sub-manifold will be lost. A jump to point F on the
other stable part of {F = H =0} followed by an intermediate
transition in the direction of increasing y until the steady state
S, where {F=G=H =0} is reached since {G>0} here.

Thus, the solution trajectory is expected in this case to tend
toward this stable equilibrium point S, as time passes.
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F=H=0—""

\/
N

Fig. 1 The three equilibrium manifolds {F = 0},{G = 0} and {H = 0} in (x,y,z)—space in Case 1 . Segments of the trajectories

with one, two, and three arrows represent slow, intermediate, and fast transitions, respectively.
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F=H=0—

Fig. 2 The three equilibrium manifolds {F =0},{G =0} and {H =0} in (x,y,z)—space in Case 2 . Segments of the trajectories

with one, two, and three arrows represent slow, intermediate, and fast transitions, respectively.
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Case 3 If ¢ and o are sufficiently small, and

Xy <X, <X, (31)
(32)
provided that the inequalities (16), (18) and (24)-(26) are
satisfied where all parametric values are defined as above, then
a stable equilibrium point exists for the system of (4)-(6).

If all inequalities identified in Case 3 hold, then the
manifolds {F =O}, {G =0} and {H = 0} are positioned as
in Fig. 3. Starting from point 4 in front of the manifold
{F = 0}. Since {F < 0} here, a fast transition will bring the

Zy < ZSz

system to the point B on the manifold {F =0} in the direction

1

F=H=0—

of decreasing x . Here, {G < 0} and a transition at intermediate
speed will be made in the direction of decreasing y until point
C on the curve {F =G =0} is reached. A slow transition then
follows along this curve in the direction of increasing z until
the steady state S, where {F =G =H =0} is reached since
{H >0} here. Thus, the solution trajectory is expected in this
case to tend toward this stable equilibrium point S, as time

passes.

\

X
Fig. 3 The three equilibrium manifolds {F = 0},{G = 0} and {H

0} in (x,y,z)—space in Case 3 . Segments of the trajectories

with one, two, and three arrows represent slow, intermediate, and fast transitions, respectively.
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shown in Fig. 4a project onto the (x,y) -plane, tends to a

IV. NUMERICAL INVESTIGATION . . . .
limit cycle as theoretically predicted. The corresponding

A numerical result of the system (4)-(6) is presented in time courses of the PTH, CT, and calcium concentration are
Fig. 4, with parametric values chosen to satisfy the as shown in Fig. 4b, 4c, and 4d respectively.
inequalities identified in Case 1. The solution trajectory,

a) b)
4 3
354 1
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3 ]
2 |
254 1
= 2 R = 1.5 E
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1t ]
0.5 g
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Fig. 4 A computer simulation of the model systems (4)-(6) with ¢ =05,¢,=04,¢,=0.1,¢,=04,¢,=0.9, ¢,=03,
k, =04,k =006,d =05,d,=0.03, d, =025, £=0.7, 6=0.5, x(0)=0.5, y(0)=1, z(0)=1. (a) The solution trajectory projected onto the

(x,y)-plane. (b) The corresponding time courses of PTH concentration (x), (c) CT concentration (y), and (d) calcium concentration (z),
respectively .
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A numerical result of the system (4)-(6) is presented in stable equilibrium as theoretically predicted. The
Fig. 5, with parametric values chosen to satisfy the corresponding time courses of the PTH, CT, and calcium
inequalities identified in Case 2. The solution trajectory, concentration are as shown in Fig. 5b, 5c, and 5d
shown in Fig. 5a project onto the (x, y) -plane, tends to a respectively.
a) b)
2.5 . . ‘ , . : 0.5 . . . .
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Fig. 5 A computer simulation of the model systems (4)-(6) with ¢ =0.2,¢,=04,¢,=0.1,¢,=04, ¢,=0.9, ¢,=0.3,
k=04, k,=06,d =0.5,d,=03,d,=025 £=0.2, 6 =0.5 x(0)=0.5, »(0)=1, z(0)=1. (a) The solution trajectory projected onto the
(x,y)-plane. (b) The corresponding time courses of PTH concentration (x), (¢) CT concentration (y), and (d) calcium concentration (z),
respectively .
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A numerical result of the system (4)-(6) is presented in stable equilibrium as theoretically predicted. The
Fig. 6, with parametric values chosen to satisfy the corresponding time courses of the PTH, CT, and calcium
inequalities identified in Case 3. The solution trajectory, concentration are as shown in Fig. 6b, 6c, and 6d
shown in Fig. 6a project onto the (x, y) -plane, tends to a respectively.

a) b)
0.1 35 T .
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Fig. 6 A computer simulation of the model systems (4)-(6) with ¢ =0.2,¢,=03,¢,=0.1,¢,=04,c;=09, c,=0.3,
k =02,k =0.7,d,=03,d,=0.1,d,=05, £=0.8, §=0.5, x(0)=0.5, y(0)=0.1, z(0)=0.1. (a) The solution trajectory projected onto the
(x,y)-plane. (b) The corresponding time courses of PTH concentration (x), (¢) CT concentration (y), and (d) calcium concentration (z),
respectively .
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V. CONCLUSION

A mathematical model in form of a system of nonlinear
ordinary differential equations is developed in order to
represent calcium homeostasis based on the effects of
parathyroid hormone and calcitonin. Nonlinear dynamic
behaviors of the model are investigated theoretically by means
of geometric singular perturbation method. We then obtain the
conditions on the model parameters that differentiate various
kinds of dynamic behavior. If all inequalities identified in Case
1 are satisfied, a periodic solution can be expected. In Case 2
and 3, if all inequalities in each case are satisfied, a stable
equilibrium solution can be expected. Moreover, numerical
investigations are also carried out by using the Runge-Kutta
method that has been widely used to find an approximation of
a solution for the system of ordinary differential equations [8]-
[11]. The results confirm our theoretical prediction. Therefore,
our model can exhibit the nonlinear behavior that has been
observed in the clinical evidence [12], especially in Case I.
The periodic behavior exhibited by the model corresponds to
the pulsatile patterns observed in the serum levels of PTH, CT
and calcium.
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