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Abstract: In this paper, we study two mathematical models, involving delay differential equations,
which describe the processes of erythropoiesis and leukopoiesis in the case of maintenance therapy
for acute lymphoblastic leukemia. All types of possible equilibrium points were determined, and
their stability was analyzed. For some of the equilibrium points, conditions for parameters that
imply stability were obtained. When this was not feasible, due to the complexity of the characteristic
equation, we discuss the stability through numerical simulations. An important part of the stability
study for each model is the examination of the critical case of a zero root of the characteristic equation.
The mathematical results are accompanied by biological interpretations.

Keywords: delay differential equations; critical case for stability; acute lymphoblastic leukemia;
maintenance therapy

1. Introduction
1.1. Mathematical Background

The primary goal of this paper is to present the stability analysis of two different
mathematical models for the processes of erythropoiesis and leukopoiesis in the case of
maintenance therapy in acute lymphoblastic leukemia (for more details, see [1-6]).

The models represent the original work of some of the authors and were first intro-
duced in [7]. They consist of systems of delay differential equations (often used to capture
cell dynamics). In [7], the authors presented the models and demonstrated the positivity of
solutions and the existence of equilibria. The novelty of this paper is the thorough stability
study of all of the equilibrium points.

A challenging situation was the presence of critical cases for stability analysis. For these,
we used an original theorem proven in [8] by some of the authors of this paper.

1.2. Biological Background

The models presented in this paper depict the erythropoiesis and leukopoiesis pro-
cesses. These are part of a bigger process called hematopoiesis: the process through which
all blood cells are created. Hematopoietic stem cells become red blood cells (which trans-
port oxygen), white blood cells (which fight infections), or platelets (which stop bleeding).
There is a complex network of cytokines and growth factors that regulate the production of
blood cells.

Hematopoietic stem cells generate two major progenitors cell lineages: myeloid and
lymphoid. The myeloid line contains cells such as granulocytes, monocytes, erythrocytes,
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or platelets, while the lymphoid line contains cells associated with the immune system (i.e.,
natural killer cells, T-cells, and B-cells).

Erythropoiesisis the process through which red blood cells (also called erythrocytes)
are produced. Erythropoietic stem cells mature to red blood cells when a decrease in oxygen
levels is detected by the kidneys. The kidneys secrete a hormone called erythropoietin,
which stimulates the production of erythrocytes. It is the action of this hormone (also
considered in [2,9]), together with the effects of therapy, that complicates the stability study
of equilibria. Since mortality rates are no longer constant, a new variable is introduced.
This variable is the source of a zero root of the characteristic equation.

White blood cells are generated through the process of leukopoiesis. Depending on
which progenitor line they come from, there are two groups of white blood cells: myelocytes
and lymphocytes.

For more information about hematopoiesis and its underlying processes, please
see [2,3,10,11], pp. 1-18.

Acute lymphoblastic leukemia (ALL) is a type of cancer that affects white blood
cells [4]. In the case of ALL, blood cell production is disrupted, due to the presence of a large
number of immature lymphocytes (called lymphoblasts) in the circulatory system. These
immature cells do not function properly and overcrowd the healthy cells. Lymphoblasts
eventually invade the liver, spleen, and lymph nodes. For more information, statistics,
diagnoses, and prognoses, see [12], pp. 1556-1576, 1616-1636, and [10], pp. 173-192.

Maintenance therapy is conducted after an initial treatment is administered [6]. In
patients with ALL, we consider that this therapy consists of oral administration of mer-
captopurine (6-MP). The biologically inactive substance 6-MP metabolizes into the active
6-thioguanine nucleotide (6-TGN).

Studies have shown that maintenance therapy contributes greatly to the overall evo-
lution and life expectancy of the patient ([12], p. 1566, [13]). The need to mathematically
study the effects of this treatment is very important, as it may help to fill the existing gaps
in knowledge [13].

The models studied in this paper capture the effects of this medication on the creation
of red and white blood cells.

It is worth mentioning that, although we concentrated on patients with ALL, the same
maintenance therapy is administrated for some autoimmune diseases. Thus, the models,
computations, and discussions could also be suitable for those cases.

2. The Modeling of Erythropoiesis
2.1. The Mathematical Model

The mathematical model for erythropoiesis consists of seven delay differential equa-
tions (DDEs) with two delays. We considered the dynamics of the stem-like short-term
erythroid cells (u1), the mature erythrocytes (u7), the concentration of erythropoietin (u3),
the amount of 6-MP in the gut (15), the amount of 6-MP in plasma (u5), and the concentra-
tion of thioguanine nucleotide (6-TGN) in red blood cells (u7) (see [7,9,14,15]). The variable
u4 represents the loss suffered during the cell cycle.

Each stem-like cell is considered to go through either asymmetric division (a fraction
11, of the stem-like population), which means that one of the daughter cells re-enters the
stem-like population, while the other goes on to differentiate, symmetric differentiation (a
fraction #, of the stem-like population)—both daughter cells proceed to differentiate—or
self-renewal (a fraction 1 — 771, — 772, of the stem-like population)—both daughter cells
re-enter the stem-like pool. We used two feedback functions for the rates of self-renewal

and differentiation:
1 us

T+ul 1+u

u
ke(us) = kOeﬁ

Be(u1,u3) = Boe
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The time necessary for a stem-like cell to go through self-renewal or differentiation
and re-enter the stem-like population is considered to be the same and is represented by
the delay 7.

These aspects are included in the first equation of the model, which describes the
evolution of stem-like short-term erythroid cells. As can be seen in this equation, both the
erythropoietin and the medication have an impact on cell death. The drug concentration in
the blood stream has a toxicity that increases the apoptosis rate of the stem-like cells (the
second term). The erythropoietin regulates the process of erythropoiesis, either repressing
(the first term) or stimulating (by influencing the rate of self-renewal and differentiation)
the production of stem-like cells.

The constant Ry, represents the maximum drug effect on erythrocytes, and Rs repre-
sents the drug saturation.

The healthy erythrocytes, illustrated by the second equation, have a constant mortality
rate (the first term) and a supply controlled by the erythropoietin (the second term). We
introduce the notation A, = A, (271, + 772¢), where A, is an amplification factor. The time
necessary for the cells to mature is given by the delay 1.

The third equation captures the changes in the concentration of erythropoietin. This
protein has a constant rate of clearance, and its production is influenced by the number of
existing erythrocytes in the blood stream.

The fourth equation represents the cell loss sustained during the cell cycle. For more
information regarding this equation, please consult [7].

The last three equations describe the dynamics of the drug after administration.

The model, which depicts the process of erythropoiesis under maintenance therapy, is:

u:fi(u,uTj_),izl,Zj:l,Z (1)
iy = =2y = R ks s — (1= e — a0l 1)
14 ujg Rsp 4 uy
+2ug (1 — 110 — 172¢) Be (U1, , Uy Y U1, + Hetiake (Usr, ) U1,
iy = —7aup + Acke(uzgy ) ti1e,
a
u3 = —kus+ 1 +1ug

iy = uy| — Y ~Rm”7 Yo + ~Rm”7T1
1+ Mg Rso + uy 1+ ugﬁ Rso + Uz,

s = —bjus+ap
. c1(1—e2) mpen
g = bius —ejug — Ug — 6
Cy + Ug mi + ug
. b261(1 — 62)
Uy = ———Ug — €3U7.
C2 + Ug

2.2. The Equilibrium Points and Linearization

Using some elementary, but tedious calculations, the following types of equilibrium
points corresponding to the model of erythropoiesis in ALL under treatment were obtained
(see also [7]): E1 = (0,0, 13, 14, il5, 16, fi7), which corresponds to the “death of the patient”,
and E; = (14, 1y, 113, 14, 15, 1, 17), which corresponds to a “chronic phase of the disease”.

In order to study the stability of these equilibrium points, we performed a linearization
of the nonlinear system (1). We denote the matrix of partial derivatives for the undelayed
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variables by A = % = [a;j] and the matrices of the partial derivatives with respect to the
delayed variables by: B = of _ [bij] and C = of _ [cij]. For a complete list of the
au-[l auTz

matrix elements, please consult [7].

2.3. Stability Analysis of the Equilibrium Point Eq

Using the matrices defined above, the characteristic equation corresponding to E; is:

AA = ax) (A — a33) (A — as5) (A — a66) (A — az7) (A — agy — byye=*7) = 0.

We notice that A = 0 is a root, and so, we are in a critical case for the stability of the
nonlinear system (1).

2.3.1. The Real Solutions of the Characteristic Equation

The real solutions of the characteristic equation are given by:
A =0

Ay =ap =—72<0
A =azp =-k<0
Ay =as5 = —b1 <0

c1(l—exea  mpeamy
(c2+17)2  (my +il7)?

Ay = ay; = —e3 < 0.

<0

A5 = dge = —e1 —

The existence of a zero eigenvalue implies a critical case for stability by the first
approximation.

2.3.2. Analysis of the Critical Case

The following theorem, developed and proven by some of the authors in [8], gives
stability criteria in the critical case of a zero eigenvalue.

Theorem 1 ([8], Theorem 2.1). Consider the following nonlinear system with time delays:

(t) = Agx(t) + jiA]-x(t 1)+ Flx(t), x(t = 11, oy Xt — T), Y ()] "
y(t) = Glx(t), x(t = 11), ..., x(t — Tm), y(1)],

where A; € M, (R), T > 0foralll1 <j<m, G(0,0,..,0,y) = F(0,0,..,0,y) =0, Vy € R,
F takes values in R", and G is scalar. F and G contain only powers of the variables with the
sum greater than or equal to two. Then, for every 6 > 0, there exist My (6) and My(6) with
gigéMl(é) = g%Mz(é) = 050 that, whenever |[x(t)|| <6, [|x(t —7)|| < 6,1 <j<m,|y| <6,

IF(x(8), x(t = 71), ..o, x(E = T), y(£)) |

< M) (IxO + lx(E =)l + - - - + |t — )
G((x (), x(t = 11), ..., x(E = T), ¥ (1))

< Mo B) ([ (O] + [1x(E =Tl + - - + [|x(E = Tm) [])-

IN

~—

®)

IN

Now, consider the following system with time delays. Suppose that the linear system:

x(t) = Aox(t) + iij(t - T) 4)
j=1
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is asymptotically stable, that is, if A is a root of the characteristic equation, then Re(A) < 0. Then,
the zero solution of (2) is simple stable, and if ¢ is the initial data of (2) in C ([—7,0); R" 1) with
T = max T, there exist 6 > 0 so that, if sup{||@(t)||,/t € [-7,0]} < I, then:

1<j<m

li i(1)=0,i=1,.. d3li t)=7.
Jim x;(t) =0, =1,..,nand 3 lim y(t) = g
In what follows, we transform our system so that Theorem 1 can be applied. We first
perform a translation to zero: y; = u; — i;, fori = 3,7.
The new system becomes:

y=filwy,)i=17j=12 ®)
= - Ny~ = Rt —y1 — (1110 + 112 Jke (Y3 + 13) Y1
T+ (ys+183)""  Rso+y7+17

—(1 =110 = 112¢) Be (Y1, Y3 + 13)y1

+2(ya 4 14) (1 = 1110 — 112¢) Be (Y14, Y31, + B35 Y1y

+11e(Ya + g )ke (Y3, + B3)Y17,
2= —72y2 + Acke (Y30, + 35, V1
ys = —klys+is)+ 5 f}/é
o= lyatia) <_ 1T+ (yZO*' f3)t 155?(‘5;:4?2)7 1T (3/32104- i3)"

Rm (y7rl + 727)
Rso + Y74 + 17

Ys= —bi(ys+1is) +az
Yo = bi(ys +1s) —e1(ye + ile) — M(}/e + 1) —
Ccy + Ye + ﬁ6
M8 et
my + Ye + e Jo e
. ba(l-e) . .
V= T yet e (Y6 + 116) — e3(y7 + ii7),
where we consider 4 = g(v3, Y4, Y7, Y31, Y7+ ), with g(0) = 0.
The matrices of partial derivatives into zero are, as before, A = gjy( = [ﬁij],
5= =2~
ayﬁ ayTz /

The characteristic equation for the zero solution of the new system (5) has exactly the
same form as the one for E;. The terms that are different are:

3 gy Mayonts
8y3 o (1 + ﬁg)z
%0 Rula
7 (Rsp + 117)?
g ) L 124"}/()0(123(_1
Y3 (1+n5)>
8 o) ke
Y7 (Rgo + 117)
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Notice that Theorem 1 is not directly applicable since the linear part is not equal to
zero. In order to apply Theorem 1, we need to rewrite the system (5).
Take 7 = a1y; + - - - + azy7 where y = Ay. This means that:

yl 11 0 0 0 0 0 0 0 n
2 0 dp 0 0 0 O 0 0 Y2
]]3 0 0 d33 00 0 0 0 Y3
ya | =1 0 0 a5 0 0 0 0 dy Y4
Y5 0 0 0 0 0 a5 O 0 Ys
y6 0 0 0 0 0 des  deg 0 Ye
_y7_ _0 0 0 0 0 0 ﬁ76 ﬁ77__y7_
S0,
[ 71 ] i a1y
2 dY?
v3 a33Y3
Ya | = | dgzys +dszy7
Y5 ass5Ys
Ye desYs + desYe
L Y7 | L d76Ye + d77Yy7 |
We have 17 = a1 + - - - + azyy7.
Then,
7= a1dny1 + aodonys + a3dzzys + ag(Aszys + dazy7) +

w555Y5 + a6 (d65Y5 + Aesls) + a7 (d76Y6 + A77Y7)-

Next, by forcing 77 = 0, it follows that:

0 = wmdny; + azdnyz + (a3ds3 + w4d43)Y3 + (as5ds5 + Keles)Ys
+(aedos + 7876 )Y6 + (@aday + a7d77)y7,
from which we obtain:
np = 0, Ny = 0
a3d33 + agdyz =0
asdss + wgldgs = 0
wglge + aydzg = 0
a4ly7 + aziz; = 0.
g3 g7 _ A76la7

5760
Thus, wehaveay =1, 03 = ——, a7y = ——, 0g = ——— anda5:—M.
as3 azz Aeel77 55466477
We remark that:

Y3y, = @33Y37 + Rag
Y7r, = A77Yy7¢ + Rog,

with Rz and Ry containing terms of order higher than or equal to two.
We introduce: - -
_ bys byy
1= a3ys+Ys+asys + aelYe + a7y7 — — Y3y — Y77~
as3 azz
Then, we have: 5 5
. - z bys . byy . 1
= basysy + bazyr — 7 130 T 7, V7 +Ry

. . bys . by .
= by3y3r, + bazyr, — ﬁ(ﬂmmq + Rzq) — i(ﬂwym + Ryy,)
2
=R (1, ym).
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We replace the fourth equation in (5) with the equation of 7; from above, so that the
equation has a zero linear part.
Next, we consider: 5 5
_ bys byy
Ya = 11— a3ys — &sYs5 — Al — &7Y7 + %ysn + 5 Y7
and we substitute y, in the equations of (5). The new system becomes:
S [ ) TR T Y
1+ (y3 + 13)* Rso +y7 + 17
(1 =11 = 12)Be(y1,¥3 + l3)y1 +

b b
+2(111 — w33 — A5Y5 — AYe — A7Y7 + ——Y3r, + =2 Y77,)
asz3 azz

(1 =110 — 112¢) Be (Y11, Y31y + 13) Y11

b b
(T — 433 — &5Y5 — eYe — A7Y7 + — Y3z, + —Y7z,)
as3 azz

: ke(ySTl + 723]/111)

yz = —’)/2]/2 + A~gke (]/3‘[2 + ﬁ3)y1’f2
. 31
— —k
Z (a+1s) + 707
i = by, + bazyre, — Bﬁ% - @97 + R
3Y3 e

. . bas . bay , _
= by3y3r, + bazyrr, — i(ﬂ:ﬂym + R3q) — i(ﬂwym + Ryy,)

=R (y,yx,)
Yys = —bi(ys +1is5) +a
c1(1—e)

(Y6 + 1l6) —
€2+ Y6 + g (ve 2

V6 = bi(ys+1s5) — e1(ye + i) —
nieén
my + Ye + g
~ bha(1—e)
ot Y6+ 1
Consider:
FL(Y1, Y3, Y4, 1, Y6, Y7, Yy Yo, Ya, Y7 ) =

(v + 1l6)

(y6 + il6) — e3(y7 + 117).

Yo - Rm(y7 + ﬁ7)
1+ (y3 +13)" Rso + y7 + 17

— (116 + 12e)ke(y3 + 3)y1 — (1 — 710 — 72¢) Be (Y1, Y3 + 13)y1+

+[2(1 — 11 — 12e) Be(Vazy Y3y + 83) Y17y + Tieke(Y3r, + 03) Y1z, |11 + Bi (Y1)
and remark that the linear part of f; does not contain #;.
Since the other equations, except that of #;, do not contain #; at all, we conclude
that Theorem 1 can be applied. Therefore, the stability of E; depends on the study of the
transcendental terms in its characteristic equation.

2.3.3. The Transcendental Part of the Characteristic Equation

Consider the equation:
A— a — bn(i‘i)\ﬁ =0. (6)

The stability analysis of Equation (6) is classical (see, for example, [16]).
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70 L 7A . Assume that the following condition is true:

Proposition 1. Let p; = — 4 —
P 1 1+ M%‘ Rso + 117

(M1etls — N1e — M2 )ke(3) < p1+ (1= 244) (1 — 1710 — 172¢) Be (0, 1l3). )

Then, Equation (6) is stable for Ty = 0 and remains stable for 1 > 0.
Proof. For the equilibrium point E;, we have:

ai] = —p1— (7716 + UZe)ke(uAS) - (1 —Nie — 7728);35(0' ﬁ3)

b11 = 2i4(1 — 1710 — 12¢) Be (0, 13) + 1710113ke (24).

If 71 = 0, Equation (6) becomes:

A+ p1+ (1 —2104)(1 — 710 — 72¢) Be (0, 1i3) — (1684 — H1e — H2e ke (113) =0

Equation (6) is stable for 1y = 0 if:

(Mefla — 10 — Moe)ke(13) < p1 4 (1 —204) (1 — 710 — 1120) Be (0, 113).

Since bj; > 0, the following conditions from [16,17] must hold for stability when
71 >0:
1
l.ap1 < —;

T
2.a11 + b1 <O.

. R R 1 .
Since a11 = —p1 — (1e + M2e)ke(i3) — (1 — 710 — 1120) Be(0,713) < 0 < o the first
condition holds true.

For the second condition we must have:

—p1+ (204 — 1) (1 — 710 — 12¢) Be (0, 113) + (1684 — 110 — H2e ke (113) < O 8)

We remark that, if Condition (7) holds, Condition (8) will also hold. [

Remark 1. The equilibrium point E; is stable if Condition (7) holds.

2.4. Stability Analysis of the Equilibrium Point Ep

The characteristic equation corresponding to E; becomes:

det(AI — A — Be 0 — Ce™"2) = d;(A)dy (M),

di(A) = (A —az7)(A — aee) (A — ass)

dp(A) = A+ —A3(ayy + ag + asz + bype ) —

2 Y Y
—A*[—ajax — ajasz — anazz — (axnbiy + briaszz)e™ ™ + azpcpze™ 2] —

ATy ( —ATy _

—Alay1a20a33 + axbyiazze” A11a32€23 — A13032C71 )€

—(br1azacys — axnbizcy Je MM
-2 AT A

—a14032043C01€ "2 — A14a32C1 byze” e 2,

Remark 2. Since the characteristic equation corresponding to Ej is complicated, the stability of Ep

is investigated using numerical procedures.
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2.5. Numerical Simulations

For the numerical simulations, we considered the time scale as days and consulted the
available literature in order to set the values of the parameters. Table 1 shows the numerical

values of the parameters presented in the erythropoiesis model (1).

Table 1. Parameter values for the erythropoiesis model.

Maximal value of the function S, [9,14] Boe 1.5
Maximal value of the function k, [9] koe 0.1
Parameter for the death rate [14] % 0.8

Loss of stem cells due to mortality [9] Yo 0.1

Rate of asymmetric/symmetric division [18] M1es M2e 0.3
Parameter in the Hill function [18] m 2
Standard half-saturation (estimated) ay 3

Instant mortality of mature leukocytes [9] "2 0.025
Amplification factor [9] A 2400
Maximum effect of drug on erythrocytes [15] Ry 0.0022
Saturation constant for drug on erythrocytes [15] Rs 82.2

The supply rate of the 6-MP in the gut[15] ap 3.9 x 108
6-MP absorption rate from the gut[15] by 4.8
6-MP elimination rate from plasma [15] e 5

6-MP to 6-TCN conversion rate [15] c1 29.8
Activity of TPMT enzyme [15] e 0.5

MM constant for 6-TGN [15] cp 4.04 x 10°
MeMP elimination rate from erythrocytes [15] my 0.06
MM constant for MeMP [15] mq 3.28 x 10°
Stoichiometric coefficient for 6-TGN conversion [15] = vt 1

6-TGN elimination rate from erythrocytes [15] e3 0.0714
Self-renewal duration of erythrocytes [14] T 2.8
Differentiation duration of erythrocytes [14] (%) 6

Figure 1 depicts the equilibrium point E; in blue and a small perturbation from this
equilibrium point in red. We obtained parameter conditions for the stability of this equilib-
rium point, but it would be preferable that it be unstable; remember that E; corresponds to

the death of the patient.

We proved that the equilibrium point E; is stable if Condition (7) holds. For the
parameter values in the table above, it is easy to verify that (7) does not hold. This can also
be seen in Figure 1, where the evolution seems to be a favorable one for the patient.
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Near the trivial equilibrium
Initial values:

z1=5.000000e-02 z2=5.000000e-02 z3=1.616667e+00 z4=9.389849e-01 z5= 1.260000e+01 z6=1.209760e+01 z7=1.119710e-02
s 40 2
B[\ [—Stemiie shortterm erythroid celis P e Enythrocites erythropostin concentration.
oasf| stk storerm eryowog ceteperumea [ = Erythrocites-perturbed {
| 40 — 15
02| |
| |
015 Y 20/ 1
| [ |
01y ~ I
104 05
0.05 i \
0 0 ol
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
1 1256 121
Toss of cells 6P In guE &P n plasma
loss of cells-perturbed 12.58 ——— &MP in gut-perturbed 12.08 ——6-MP in plesma-perturbed
0.98
12.56 12.06
0.96 12.54 12.04
12.52 12.02
0.94
| 125 12 W’j{
0.92— 12.48 11.98
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
3
1p X10
TGN n cells
1 6TGN in cells-perturbed
10|
9
8
\
7
: i
0 50 100 150 200 250

Figure 1. Stability of equilibrium point E;.

Figure 2 depicts the equilibrium point E, in blue and a small perturbation from this
equilibrium point in red. Although we could not obtain any parameter conditions for
stability, it is easy to notice that the equilibrium point is unstable for the considered set of
parameters. As E; corresponds to the chronic phase of the disease, the evolution obtained
in Figure 2 is a desired one. The healthy cells grow in number, and the leukemic cells die
out; this basically means that the patient recovers.

Near the non trivial equilibrium

Initial values:
z1=5.175211e-02 z22=2.081869e+00 z3=1.657584e-02 z4=9.230445e-01 z5= 1.260000e+01 z6=1.209760e+01 z7=1.119710e-02
0.06 3 0.02
- [ Stem-like short-term erythroid cells 5 e Erythrocites erythropoetin concentration.
0.05 \\ | vlike ythroid 28} [ Erythrocites-perturbed erythropoetin concentration-perturbed
N i e 0.015
0.04 k |
26|
0.03 | 0.01
2.4 |
0.02 | \
I 0.005 |
b : 2.2
o 2 ol— —
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
0.98 126 121
Toss of cells H ——G6MPingut ——G-MPinplasma
0.97 loss of cells-perturbed 12.58 6-MP in qut-perturbed 6-MP in plasma-perturbed
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Figure 2. Stability of equilibrium point E;.
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3. The Leukopoiesis Model
3.1. The Mathematical Model

In this model, s; represents the concentration of short-term stem-like white blood cells’
precursors and s, the adult leukocytes. The treatment is presented through the function /4

(see [15]):
X6

l =
1(x6) [P

The equations that describe these variables mirror those in the erythropoiesis model,
as the evolution of the leukocytes has many points in common. The difference between the
two is the influence erythropoietin has on the production of the cells.

A non-constant rate of the elimination of stem cells due to treatment is encountered,
and this leads to the consideration of a new, auxiliary variable s3.

Again, the last three equations depict the progress of the drug after administration.

The following model describes a compartment of leukopoiesis coupled with the
dynamics of 6-MP used in the maintenance therapy:

S:ﬁ(s,sfj),i:1,6,j:3,4 )
s1 = —yus1 — Tili(se)s1 — nuki(s2)s1 — marki(s2)s1 — (1 — n11 — 1721) Bi(51)$1
+2e7 MM s3(1 — 1711 — 1721) Bi (511, ) 517y + 1€ 183Ky (521, )11y
$o= —yus2 + Arki(s21)s17,

83 = s3T1[li(S6r;) — 11(56)]

54 = *b1$4 +ar
. c1(1—ep) mpe;
$5 = bisg—eqs5 — 5 — 5
Cy + S5 my + S5
) byci(1—e
= 2 1( 2)55—0356-
Cy + S5

3.2. The Equilibrium Points and Linearization

Following [7], we concluded that there are two types of equilibrium points correspond-
ing to the model of leukopoiesis:

El = (0/ 0/ §3/ é\4/ §5/ §6)
E~2 = (é\l/ §2/ §3/ §4/ §5/ §6>
When linearizing System (9), the matrix of partial derivatives with respect to unde-

layed variables is denoted as A = g = [4;;] and the matrices of the partial derivatives

with respect to the delayed variables are denoted as B = E)asf = [bij]and C = aasf = [&j]-
3 Ty

For a complete list of the coefficients, please consult [7].

3.3. Stability Analysis for Equilibrium Point Eq
The characteristic equation corresponding to £y = (0,0, $3, 34, 35, 86) is:

AMA —a) (A — agg) (A — ass) (A — ags) ()L —ay — bne_Ml) =0.
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The real solutions of the characteristic equation corresponding to E; are given by:
AM=0

Ay =ap = —7y <0

Az =ay = —b1 <0

c1(1—ex)co mpepxiy
Ay =as5 = —ep — ( A)z - 2 <0
(62+S5) (TYZ1 +S5)
As = agg = —c3 < 0.

The analysis of the critical case follows the same steps as in the previous case. As
before, we can rewrite the system in a way that Theorem 1 can be applied. In order to avoid
redundancy, we skip the computations. We concluded that the stability of E; relies on the
zeros of the transcendental equation:

A—a — blle_ATl =0. (10)
Proposition 2. Assume that the following condition is true:

(283 — 1) (1 — 111 — 1721) B1(0) + (831711 — 1111 — M1 ki (0) < y1; + Tilq (36). (11)

Then, Equation (10) is stable for Ty = 0, and it remains stable for all T > 0.
The proof of Proposition 2 is similar to that of Proposition 1.
Remark 3. The equilibrium point Eq is stable if Condition (11) holds.

3.4. Stability Analysis of the Equilibrium Point Ep

The characteristic equation corresponding to E is:

)\()\ — 044)(/\ — 1166>()L — ﬂ55)
- [(A — a1y = bye ) (A — agy — e *2) — cp1e” M2 (a1p + bpe )] = 0.

3.4.1. The Real Solutions of the Characteristic Equation

The nonzero real solutions of the characteristic equation corresponding to E; are given by:

A=ay <0

A=ag <0
and

A=uas5 <0

3.4.2. The Transcendental Part of the Characteristic Equation

The stability of the characteristic equation corresponding to E, depends on the stability
of the following equation:

(A — a1 — bre M) (A —ax — cppe 2) — cae M2 (ap + bpe 1) =0 (12)

The stability analysis of Equation (12) follows the approach in [19], Theorem (1).
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Proposition 3. Assume the following conditions hold:

ay1 +by1 +axp +cp <0

11022 + Agb11 + a11622 + b11622 — d12c21 — b1acn > 0 13)
then Equation (12) is stable for 71 = 7 = 0.
Proof. For 11 = 17p = 0, Equation (12) becomes:
A% + AM(—a11 — ap — biy — c2) + ag1ax + axnby (14)

+ayic + b1 — ajpcp1 — biocyr =0

Suppose that A1 and A; are two roots for Equation (14), then in order to have Re(A1),Re(A2) < 0,
the following conditions must hold:

a1y + by +axn +cp <0
a11a + axpbiy + ay1c20 + br1c — a12c21 — b1acyr >0

O

Now, let:

up = ay + by +ax

vy = a1a + axpbi = axp(ay + biy)

Up = —Cx

vy = ay1cop + biicon — aracor — biacor = cop(a1 + bir) — c21(a12 + bi2)

Proposition 4. Consider the following conditions:
2 2\? 2 _ 2
(ul — 201 — vz) - 4(01 - uz) >0 (15)

uf —2vy — 03 < 0. (16)

If either Condition (15) or Condition (16) does not hold and if Equation (12) is stable for
71 = 1o = 0, it will remain stable for 1 = 0 and T, > 0.

Proof. Suppose 71 = 0 and 17, > 0. Equation (12) becomes:
A2 — A+ 01 +e M2 (uph +0y) =0 (17)
The study of this equation follows the approach of Theorem 1 in [19]. Define:

P(A) = A2 —ugA + vy
Q(A) = uaA + 0,

Note that Conditions (i), (iv), and (v) of Theorem 1 in [19] are most likely to hold and
Conditions (ii) and (iii) of Theorem 1 in [19] hold.
Then, the stability of Equation (17) depends on the zeros of the equation:

|P(iy)|* - |Q(iy)|* = 0 (18)

If Equation (18) has no positive roots (y > 0) and if (17) is stable with 7, = 0, it will
be stable for all 7, > 0. If Equation (18) has a least one y > 0 as a root and all the roots
are simple, as Ty increases, there might be stability switches. Therefore, if Equation (17) is
stable at o = 0, it might become unstable when 7, = 7.

Now, consider P(iy) = Pr(y) + iP;(y) and Q(iy) = Qr(y) +iQ;(y) where Pg, Pr, Qr,
and Q) are real-valued functions.
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Equation (18) can be written as:
|P(iy)[* = 1QUiy)|* = 0

|P(iy)|* = |Q(iy) >
Pr(y) + Pf(y) = Qk(v) + Q7 (v).

We obtain the following polynomial:
vyt 20 —0) 0t —ud =0, (19)
By setting & = 2, we have:
& +a(uf — 201 —v3) +vf —us = 0. (20)

In order that Equation (20) has at least one simple root y > 0, the following conditions
must hold:

2
(u% — 201 — v%) - 4(2}% - u%) >0 (21)
uf — 201 —v5 <0 (22)

Therefore, Equation (12) is stable if at least one of the conditions (21) or (22) is not met.
O

Now, we consider 71 = 77" (fixed) and , > 0.
Equation (12) becomes:

(A —ay — bire ") (A — ax — cope*2) — core M2 (agp + bppe M) =0 (23)
Equation (23) can be written as:
P(A) +Q(A)e ' =0,
with
P(A) = A% — (a1 +an)A+anaxn — (b + apby e
Q(A) = —cpA+ayic — a1pca + (bricz — biacyr)e M.
Remark 4. Suppose that the equation:
|P(iy)|* = 1Q(iy)[* = 0

has no positive real roots. Then, if Equation (23) is stable for Ty = 1o = 0, it will remain stable for
T =14 and all T, > 0.

Since P(A) and Q(A) are analytic functions, we can apply the result of Theorem 1
n [19]. Set A = iy. We are interested in the roots of the equation:

F(y) = [P(iy)]* — |Q(iy) .
We have:

F(y) = y*+2bpy’sin(yt)) + riy? + 2a11b11y* cos (y 7))

+roysin(yty) + r3cos(yty) + kg (24)
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ro= aj +a3,+ b -
= 2&%21711 — 2[7116%2 4 2b15C21C20
r3 = 2a11b1ac1022 + 2a11a%,b11 — 241161165, — 2a12b12¢3; + 2a10b11001020
ra= a5a3, +aqbty — af ey — ajacy) — bl e, — bihcd; + 2amanncx et
+2b11b12021022
If the function (24) has no y > 0 as a root and if Equation (12) is stable with 7y = 10 =0,
it will remain stable for all , > 0 and 71 = 7.

Remark 5. The equilibrium point Ej is stable if Equations (17) and (23) are stable.

3.5. Numerical Simulations

Again, we considered the time scale as days and consulted the available literature
in order to set the values of the parameters. Table 2 shows the numerical values of the
parameters presented in the leukopoiesis model (9).

Table 2. Parameter values for the leukopoiesis model.

Maximal value of the function f; [9,14] Bor 15
Maximal value of the function k; [9] ko 0.1

Loss of stem cells due to mortality [9] Y11 0.1

Rate of asymmetric/ symmetric division [18] 11, 21 0.3
Parameter in the Hill function [18] m 2
Standard half-saturation (estimated) a 3

Instant mortality of mature leukocytes [9] Y2 0.025
Amplification factor [9] A 2400
Maximum effect of drug on leukocytes [15] T 0.0782
The supply rate of the 6-MP in the gut[15] ap 3.9 x 108
6-MP absorption rate from the gut[15] by 4.8
6-MP elimination rate from plasma [15] e1 5

6-MP to 6-TCN conversion rate [15] 1 29.8
Activity of TPMT enzyme [15] e 0.5

MM constant for 6-TGN [15] o 4.04 x 10°
MeMP elimination rate from leukocytes [15] my 0.06
MM constant for MeMP [15] my 3.28 x 10°
Stoichiometric coefficient for 6-TGN Conversion [15] =~ vt 1

6-TGN elimination rate from leukocytes [15] e3 0.1207
Self-renewal duration of leukocytes [14] T 1.4
Differentiation duration of leukocytes [14] ™ 3.5

Due to the fact that the drug dynamics after administration is similar to the one
obtained in the erythropoiesis model, we only focus on the representation of the white
blood cells’ precursors, s1, and the adult leukocytes, s5.

We would prefer that the equilibrium point E; be unstable and perhaps attracted to a
healthy state. Figure 3 depicts the equilibrium point E; in blue and a small perturbation
from this equilibrium point in red. The evolution of both the white blood cells” precursors
and adult leukocytes is a favorable one for the patient.

In Figure 3, the equilibrium point Ej is clearly unstable. By checking Condition (11), we
obtain the same result: the condition does not hold, and the equilibrium point is unstable.
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Figure 3. Stability of equilibrium point E;: (a) Evolution of the white blood cells’ precursors;
(b) Evolution of the adult leukocytes

The equilibrium point E; corresponds to a healthy state of the patient. Figure 4 shows
the equilibrium point E, in blue and a small perturbation from this equilibrium point in red.
The equilibrium point is clearly unstable, but the evolution of the patient is still promising.
The white blood cells” precursors and adult leukocytes both show an increase in number.

Oscillatory trajectories are common in blood cell evolution, as there is a natural inner
oscillatory dynamics.
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Figure 4. Stability of equilibrium point E,: (a) Evolution of the white blood cells’ precursors;
(b) Evolution of the adult leukocytes

4. Conclusions

The objective of this article was to present the stability study of two mathematical
models that describe the processes of erythropoiesis and leukopoiesis (which are responsi-
ble for the production of red and white blood cells) in the case of maintenance therapy for
acute lymphoblastic leukemia. The models were developed by some of the authors and
introduced in [7].

The stability of all the equilibrium points was thoroughly investigated. When possible,
parameter conditions for stability were determined. Some provocative and interesting
conclusions resulted from the study of critical cases. For this purpose, a theorem designed
by some of the authors and introduced in [8] was used. Numerical simulations were also
used to validate and extend the study in some cases where the characteristic equation was
too complicated.
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From a biological and medical point of view, these models were validated first by the
fact that the equilibrium points make sense biologically, as they correspond to existing
states in which a patient may be found. Secondly, the numerical simulations, which were
obtained using parameter values from the relevant literature (thus as close to reality as we
could manage), depicted genuine developments of a potential patient’s health.

In the case of the erythropoiesis model, the steady-states correspond to either the
death of the patient or a chronic phase of the disease. As neither is the desired state of a
patient, it would be preferable that these equilibrium points be unstable. The numerical
analysis yielded this favorable result.

In the leukopoiesis model, the equilibrium points depicted either the death of the
patient or a healthy state of the patient. For the considered configuration of the param-
eters, both these steady-states were unstable, but presented a positive evolution of the
patient’s condition.

Mathematical models that capture complicated situations in some diseases can aid
in designing an adequate treatment. After a comprehensive mathematical study, these
models can help to determine the correct dose of drug that needs to be administered for
each individual patient.
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