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ABSTRACT. We analyze the existence of oscillating solutions and the asymp-
totic convergence for a nonlinear delay differential equation arising from the
modeling of platelet production. We consider four different cell compartments
corresponding to different cell maturity levels: stem cells, megakaryocytic pro-
genitors, megakaryocytes, and platelets compartments, and the quantity of
circulating thrombopoietin (T'PO), a platelet regulation cytokine.

Our initial model consists in a nonlinear age-structured partial differential
equation system, where each equation describes the dynamics of a single com-
partment. This system is reduced to a single nonlinear delay differential equa-
tion describing the dynamics of the platelet population, in which the delay
accounts for a differentiation time.

After introducing the model, we prove the existence of a unique steady state
for the delay differential equation. Then we determine necessary and sufficient
conditions for the existence of oscillating solutions. Next we set up conditions
to get local asymptotic stability and asymptotic convergence of this steady
state. Finally we present a short analysis of the influence of the conditions at
t < 0 on the proof for asymptotic convergence.
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1. Introduction. Megakaryopoiesis, also known as thrombopoiesis or thrombocy-
topoiesis, is the process of production and regulation of platelets, the blood elements
in charge of hemostasis [35]. All platelets originate from hematopoietic stem cells
(HSC), like other blood cells (white cells, red blood cells), and differentiate through
successive divisions into progenitor cells, a large class of undifferentiated immature
cells. Megakaryocytic progenitors differentiate then into megakaryocytic precur-
sors, called megakaryocytes. They are considered as the last stage of differentiation
before producing mature differentiated cells. Megakaryocytes are very large cells
of about 40 to 100 p m of diameter, which corresponds to approximately 10 to 15
times the size of an average red blood cell. This large size is due to the fact that
they perform endomitosis (division of the nucleus without cell division) and become
polyploid (with a nucleus containing multiple pairs of DNA), before finally produc-
ing platelets through a fragmentation process [8]. Each megakaryocyte produces,
in average, between 2,000 and 5,000 platelets [27, 28].

Platelets, which are enucleated cells, enter the bloodstream after production.
The platelet lifespan in circulating blood is about 7 to 10 days in humans, and 4
days in mice [30]. The density of platelets is stable in every individual (150-400
x10? cells.L~! in the healthy human adult, compared to 1,000-1,500 x10? cells.L. !
in normal mice), but it may vary between individuals [16], in particular in clinically
significant disorders. The two main ones are thrombocytopenia and thrombocytosis.
Thrombocytosis, characterized in humans by platelet counts greater than 600 x 10°
cells.L ™!, can increase the risk for thrombotic events, including stroke, peripheral
ischemia, and myocardial infarction [28]. Thrombocytopenia, also known as throm-
bopenia, corresponds to platelet counts less than 150 x 10° cells.L.~!, and can lead to
inadequate clot formation and increased risk of bleeding. Cyclical thrombocytope-
nia (CT), a rare form of thrombocytopenia, is a disease characterized by oscillations
of platelet counts with periods between 20 and 40 days [32] in humans, whose origin
is currently unknown.

Several cytokines regulate platelet production, at various stages of differentiation
[7, 37]. The main cytokine involved in megakaryopoiesis is thrombopoietin, or TPO:
it has been shown to stimulate HSC differentiation [7], megakaryocytic progenitor
proliferation and differentiation into megakaryocytes [27], and megakaryocyte pro-
duction [27], and to induce megakaryocyte endomitosis, cytoplasmic expansion,
membrane maturation and platelet release [17, 28].

TPO is constitutively produced by the liver [31] (and partially by kidneys and
bone marrow). This means that production of TPO is not directly controlled by the
platelet count. Nevertheless, the level of circulating TPO depends on the platelet
count: these latter fix TPO on their surface through the protein ¢-Mpl. Conse-
quently, the more circulating platelets the less circulating TPO [16], implying a
decrease in platelet production, resulting in less in circulating platelets.

Mathematical modeling of thrombopoiesis has not attracted so much attention
so far. Over the past thirty years, to our knowledge, five attempts to model platelet
dynamics can be found, mostly focused on the description of CT.

Following early works by Wichmann et al. [36] and Eller et al. [9], in 2000
Santillan et al. [29] proposed an age-structured model for the regulation of platelet
production, which is compared to both normal and pathological platelet production.
The model is based on previous works by Bélair et al. [2] on erythropoiesis, and con-
siders explicitly ploidy classes for megakaryocytes: three different classes (low, aver-
age and high ploidy) are described, and the recruitment of megakaryocytes depends
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linearly on the TPO concentration. Santillan et al. [29] investigated the existence
of steady states and estimated parameters from data on thrombocytopenic sheep,
healthy human adults, and mice. They studied, in particular, numerical description
of CT, and showed that data can be reproduced for large platelet destruction rates.

In 2008, Apostu and Mackey [1], inspired by a model of hematopoiesis dynamics
describing the three main hematopoietic lineages [4, 5], focused on the causes of
CT. Parameters were estimated and comparison to data indicated that the platelet
destruction rate, the effective growth rate of megakaryocytes, the minimal number
of platelets released per megakaryocyte, and the megakaryocyte maturation time
played key roles in the appearance of oscillations in platelet production.

Most recently, Langlois et al. [21] investigated the normal and pathological dy-
namics of platelets in humans, observing the dynamics in the amounts of megakary-
ocytes, of platelets and of TPO, with an up-regulation by TPO of the proliferation
rate of progenitors and of the growth rate of megakaryocytes. The result is a sys-
tem of two differential equations with a distributed delay, for which they estimated
parameter values using clinical data and model fits.

Similarly to Santillan et al. [29] and Apostu and Mackey [1], Langlois et al.

[21] used numerical tools to find parameters associated with oscillatory behaviors,
and generated simulations matching the oscillating platelet counts observed in CT
patients. However, powerful analytical results can be found in the mathematical
literature concerning the long term behavior of delay differential equations like
the ones describing megakaryopoiesis. For example, results regarding oscillation
properties of hematopoiesis models have been obtained. Gopalsamy et al. [10]
found a sufficient condition for oscillating solutions for the Mackey-Glass equation
23]
e .
where v, B,r,n > 0, as well as a criterion that makes it a necessary condition ; and
Kulenovic and Ladas [20] found a necessary and sufficient condition for oscillating
solutions for the Lasota-Wazewska model of the red blood cell supply in an animal
34)

x(t) = —yx(t) +

@' (t) = —ya(t) + pe T, (2)
where pu, p,v,7 > 0.
Results can also be found regarding global stability for the general case

a'(t) = F(t,z), 3)

using so-called “Yorke functional” (see [26] for a review). A framework has also
been built for a more restricted family of equations

2'(t) = fi(@(t —r)g2(a(t)) = fa(z(t —r)g1(2(2)). (4)

In particular, Ivanov et al. [15] obtained two results on global stability, one delay-
independent and the other delay-dependent. They successfully applied the second
one to the two equations

'(t) = —z(t)p(x(t — h)) + 1,
with ¢ increasing positive, and

a'(t) = —g(x(t)) + f(x(t — h)),

with ¢ positive increasing and f positive.
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In this paper, we explore the potential of such analytical tools by proposing
a new age-structured model of megakaryopoiesis, focusing on the differentiation
pathway (from HSC to progenitors to megakaryocytes) and including the role of
TPO. Despite the various influences of TPO on the differentiation process, we will
only consider in this work its influence on the initiation of the differentiation pro-
cess (stimulation of HSC differentiation) and its termination (up-regulation of the
amount of platelets obtained through fragmentation) in order to retain most of
TPO influence on platelet production and to facilitate the model’s analysis. Com-
plexifications of the current model could be considered in further analyses. Under
these assumptions the age-structured model reduces to a scalar nonlinear delay
differential equation on the platelet count which can be expressed as

o' (t) = —ya(t) + fl2(t)g(z(t — 1)), (5)
with «v,7 > 0 and f,g two decreasing positive functions. We notice that (5) is a
generalization of (1) and (2), which motivates the search for a new criterion for the
existence of oscillating solutions that would encompass the pre-existing results on
these two subcases. We also notice that (5) is a subcase of both (3) and (4), but
neither the “Yorke functional” nor the condition given in the result from Ivanov et
al. can be applied to (5).

Unlike Ivanov et al. [15], we decided to study the equilibrium as an attractor
for solutions on Rt rather than on R: this requires to introduce a limitation on
the initial behavior of the solution that we named the low initial slope condition,
which depends heavily on the conditions at t < 0. Therefore we focus on asymptotic
convergence rather than on global asymptotic stability. Finally, while the existence
of periodic solutions have been addressed both for generalizations [25] and subcases
[3, 33] of (5), these questions are out of the scope of this paper.

The paper goes as follows. In Section 2, we present the new age-structured model.
In Section 3 we reduce this model to a delay differential equation on the platelet
count and prove that it has a unique steady state, which is locally asymptotically
stable. We also give a result on the boundedness of the solutions. Section 4 is
dedicated to determining a sufficient and necessary condition for the existence of
oscillating solutions. We show that this condition is equivalent to those given in [10]
and in [20]. In Section 5 we define what we mean by low initial slope and we give the
proof for a new delay-dependent condition for asymptotic convergence. Finally, in
Section 6, we return to the biological premises of our model used to obtain (5): using
a simplified version of the age-structured model, we give sufficient conditions on the
initial conditions implying the low initial slope needed for asymptotic convergence.

2. An Age-Structured Model of Megakaryopoiesis. In order to model megakary-
opoiesis, we consider 4 different cell populations: hematopoietic stem cells (HSC),
megakaryocytic progenitors, megakaryocytes, and platelets, and the quantity of cir-
culating thrombopoietin (TPO). They are represented in Figure 1.

Hematopoietic stem cells partly differentiate in megakaryocytic progenitors under
the action of TPO [7]. Megakaryocytic progenitors differentiate through successive
divisions, and produce megakaryocytes. Megakaryocytes no longer differentiate,
they only mature, without dividing. They perform endomitosis, increase their size
(the size of their nucleus as well as the size of their cytoplasm), and finally pro-
duce platelets through a particular process of fragmentation [8]. The production of
platelets, through the fragmentation of megakaryocytes, is also positively mediated
by TPO [37].
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FIGURE 1. Model of Megakaryopoiesis. The linear differen-
tiation process, starting from HSC and ending with platelets, is
positively regulated by TPO. The quantity of TPO is in turn mod-
ulated by the number of platelets: the more platelets, the less
circulating TPO.

TPO is constitutively produced by the liver [31]. However, the quantity of cir-
culating TPO depends on the number of platelets which fix TPO on their surface
and then negatively control the quantity of circulating TPO [16].

In order to model megakaryopoiesis and to analyze the resulting model, we give
some biological assumptions, based on the above-mentioned remarks:

(H1) The number of HSC is constant over time, denoted by HSC;

(H2) The megakaryocytic progenitor cell cycle duration is assumed to be constant,
equal to 7 days;

(H3) The total quantity of TPO is constant, denoted by TT PO;

(H4) Circulating TPO positively mediates HSC differentiation in megakaryocytic
progenitors, and fragmentation of megakaryocytes in platelets.

Assumption (H1) implies that we do not focus on HSC dynamics and regulation,
we only consider that the platelet production process originates from the HSC
compartment. Assumption (H4) allows us to focus on some specific roles of TPO
in megakaryopoiesis.

In the following, we denote by M P(t) the number of megakaryocytic progenitors,
by Mk(t) the number of megakaryocytes, by P(t) the number of platelets in blood,
and by TPO(t) the quantity of circulating TPO, at time ¢.

2.1. Megakaryocytic progenitor dynamics. Let us focus on the progenitor cell
population behavior. We suppose that megakaryocytic progenitors differentiate
throughout n divisions, where n > 1 is fixed. We also assume that in each genera-
tion, progenitor cells either die with the same apoptosis rate § > 0, or divide after a
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given fixed time 7 > 0. After division, progenitor cells immediately enter the next
generation.

We denote by mp;(t,a) the number of megakaryocytic progenitors in the i-th
generation, 1 < ¢ < n, with age a € [0,7] at time ¢ > 0. Then, we assume
that a TPO-dependent proportion x(T'PO) of HSC differentiate in megakaryocytic
progenitors and can be formulated as a standard feedback function as explained in
[24]):

QaKTPOQ , (6)
0" + TPO%x
such that 0 < «, < 1 is the maximum proportion of HSC differentiating in
megakaryocytes, 6, the quantity of TPO needed to bring this proportion to « /2
and @, a parameter controlling the sharpness of the change from low state to high
state.

Hence, the following equations describe the megakaryocytic progenitor popula-
tion dynamics:

k(TPO) =

0 0

&mpz(t, a) + %mpi(t, a) = —dmp;(t,a),
mp1(t,0) = k(TPO(t))HSC, (7)
mpz(tvo) = 2mpi71(t77—)7 2 S 1 S n,
mp;(0,a) = ILny,(a), 1<i<n.

Inp, : RT — R* is a continuous function representing the initial amount of pro-
genitors of age a in the i-th generation. Denoting by M P;(t) the total number of
megakaryocytic progenitors in the i-th generation, then

MP;(t) :== /OT mp;(t,a)da.

Integrating the age structured partial differential equations in (7) with respect to
age, and using the method of characteristics (given here by the lines a(t) =t + ap),
one can easily obtain, for 1 <¢ <n and t > nr,

d
aMPi(t) =—0MP;(t)+
27 e DT [(TPO(t — (i — 1)7)) — e " K(TPO(t — iT))] HSC,
(8)
and mp; (t, 7) = 20" Le %k (TPO(t —i7))HSC. In particular, the population of the
last generation of progenitors at the end of its cycle is given by

mpy(t, ) = 2" Le " k(T PO(t — nT))HSC, t>nr. 9)

This quantity is the cell population that leaves the progenitor compartment and
reaches the megakaryocyte one. This population corresponds then to the boundary
condition of the equation in the next section when age is equal to 0.

2.2. Megakaryocyte dynamics. Let us now focus on the dynamics of megakary-
ocytes. Contrary to progenitor cells, megakaryocytes only mature without dividing.
We assume that this population dies with a rate dp;,. The maturation time is de-
noted by 7as; (days). The megakaryocyte population is supplied with progenitor
cells from the n-th generation (see the previous section), that has differentiated in
megakaryocytes.
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Denote by mk(t,a) the number of megakaryocytes with age a € [0, Tasx] at time
t. Then mk(t,a) satisfies the following age-structured system,

gmk‘(t,a) + émk‘(t,a) = —Oprmk(t,a),

ot da (10)
mk(t,0) = 2mpy,(t,7),
mk(0,a) = Ink(a).

Ik : RT — RT is a continuous function representing the initial amount of megakary-
ocytes of age a at t = 0. With the total number of megakaryocytes given by

TMk
ME(t) := / mk(t,a)da,
0

then using (9) and integrating (10) over the age variable a and using the method
of characteristics, it is straightforward to get, for ¢t > 7/, + n7,
d
— MFk(t) = — SpeME(t) + 2"e°" [k(TPO(t — nT))

dt (11)
— e OMRTME (T PO(t — 71 — nt))|HSC,

and
mk(t, Targ) = 2"e T e OMITME (T PO(t — 1 — )V HSC,  t > Tagy + 7. (12)
This last equality is used as the boundary condition for the next equation.

2.3. Platelet dynamics. Let us now concentrate on the platelet population. We
denote by p(t,a) the number of platelets of age a > 0 at time ¢, with the total
number of platelets at time ¢ given by

+oo
P(t) = /0 p(t,a)da.

We denote by + the mortality rate of platelets. Then we assume that the TPO-
dependent amplification factor describing the average number of platelets obtained
from the fragmentation of a single megakaryocyte A(TPO) can be formulated as a
standard feedback function as explained in [24],

aATPOQA
094 + TPORa’
such that a4 is the maximum amount of platelets that can be produced by a
megakaryocyte, 64 the quantity of TPO needed to bring this quantity to «4/2 and

Q4 a sensitivity parameter.
Hence, we write the following system,

A(TPO) = (13)

%p(t, a’) + %p(t, a) = —qp(t,a),
p(t,0) = A(TPO(t))mk(t, ), (14)
lim, oo p(t,a) = 0,

p(0.a) = Ifa).

The function I,(a) represents the initial amount of platelets of age a. Using (12),
this system reduces to an equation for P(t), given for t > 7p, + n7 by

%P(t) = —yP(t)+2"e T e OMITME (T PO(t — 13 —n7) ) A(TPO(t))HSC. (15)
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This platelet population is the one released in the blood stream that regulates the
circulating TPO level. This is described in the next section.

2.4. Circulating TPO regulation. Finally, let us focus on the evolution of the
quantity of TPO. The circulating TPO quantity, denoted by T'PO(t), is proportional
to the total quantity of TPO, TT PO, and the proportionality coefficient depends
on the total number of platelets P(t): the more platelets, the less circulating TPO
[16]. We define

TPO(t) = a(P(t))TTPO, (16)
where « is a decreasing function, that could be chosen as a Hill function, as a
standard feedback function as explained in [24],

03"
a(P) = 0r y
07" + PQr

The T PO function can then be seen as a function of P(t), and we write TPO(t) =
TPO(P(t)).

Or, QT > 0. (17)

Remark 1. In the following sections, we present simulations to illustrate analytical
results. Hence, we use the formulations of k(T PO), A(TPO) and «a(P) respectively
given in Equations (6), (13) and (17). However, determining the correct parameters
for these functions is not the object of this paper. We use biologically relevant
parameters and plan to perform an estimation of these parameters in a later work.

The system formed with equations (7), (10), (14) and (16) is our age-structured
system of thrombopoiesis dynamics. In the next section, we show that this sys-
tem reduces to a delay differential equation describing evolution of the number of
platelets P(t), that it has a unique steady state. We also show that solutions are
bounded.

3. A delay differential equation describing platelet dynamics. The age-
structured system made of equations (7), (10), (14) and (16) is reduced to the
nonlinear ordinary differential system of threshold-type made of equations (8), (11),
(15) and (16), with initial conditions corresponding to the integration of the age-
structured system on the corresponding time interval. Using (16) in Equation (15),
the system of equations (8), (11), (15) and (16) is in turn equivalent, for ¢ > r :=
Tymk + n7, to the following delay differential equation,

d
%) = —y2(t) + fz(t)g(x(t — 1)), (18)

where
fi=2me e MMk HSCk o TPO  and  g:= AoTPO. (19)

Functions TPO +— k(T PO) and TPO — A(TPO) are supposed to be increasing,
since a lack of TPO decreases the differentiation of HSC in megakaryocytic progen-
itors as well as the production of platelets by megakaryocyte fragmentation. The
function T PO is supposed to be a decreasing function of the amount of platelets,
see (16) and (17). Consequently, functions f and g are assumed to be positive
decreasing functions.

Equation (18) is a nonlinear delay differential equation, existence and uniqueness
of solutions are straightforwardly obtained from Hale and Verduyn Lunel [14] under
classical smoothness assumptions on the functions f and g. In addition, for every
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nonnegative initial condition ¢ defined on [0, 7], the associated solution z(¢p,t) is
nonnegative. Indeed, this result can be proven using the non-negativity of f and g.

We denote by z* a steady state of (18), which is a solution satisfying dxz* /dt = 0.
Then z* satisfies

x(z*) =0, with x(z) = g(z) f(z) — 2. (20)

Since f and g are non-negative and decreasing continuously differentiable functions,
then y is decreasing, with

X' (x) =g'(x) f(2) + g(x)f' () —v < 0.

Moreover,
x(0) = g(0)f(0) >0 and lim x(x) = —o0.

r—+00
Consequently, there exists a unique z* > 0 solution of (20) and we can claim the
following result.

Proposition 1. Equation (18) has a unique steady state, denoted by x*, positive,
and satisfying

g9(@") f(z7) = 7z~ (21)
In order to study the local asymptotic stability of z*, Equation (18) is linearized
about its unique steady state x*, leading to
dx * * * *
O =9 f (@) =Alz(t) + 9" (@) f(@")a(t — 7).
Thus, the associated characteristic equation is
Aty —g(@) f' (@) = g' (") f(2")e ™ = 0. (22)
Proposition 2. If
1
—g'(a*) f (%)’
then the steady state x* of (18) is locally asymptotically stable.

r <<

Proof. Equation (22) can be written as
A+ A+ Be ™ =0,

where

If B> A, (23) implies
e 1 - /2 - arccos(—A/B)
B B VB2 — A2
Therefore, condition (23) implies that either A > B or
arccos(—A/B)

We use Theorem 8.6 of [6] to conclude the local stability of z*. O

B>Aandr<

Boundedness of the solutions of Equation (18) is straightforwardly obtained, we
mention it in the next proposition.

Proposition 3. The solutions of (18) are eventually bounded by Xmax = f(0)g(0)/~.
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The result of Proposition 3, establishing the boundedness of solutions of (18),
together with the local asymptotic stability of the unique steady state of (18) given
by proposition 2, indicate that under reasonable assumptions on the parameters of
(18), asymptotic convergence should be obtained. Before that, we investigate the
existence of oscillating solutions.

4. Oscillating Solutions. Our aim in this part is to show that under appropri-
ate hypotheses every positive solution of Equation (18) oscillates about its positive
steady state z*, with damped oscillations. Recall that a solution z of (18) is said
to oscillate (or to be oscillatory) about x* if ¢ — x(¢) — «* has arbitrarily large
zeros. That is, for every ¢t > r there exists s > t such that z(s) = z*. Otherwise,
x is called non-oscillatory about xz*. As mentioned in the introduction, oscillations
of platelet counts can sometimes be associated to hematological diseases, such as
cyclical thrombocytopenia, and therefore existence of oscillations in platelet num-
bers are biologically relevant. We establish a link between the oscillatory character
of (18) and that of its associated linearized equation about the steady state x*

U0 + (v +pult) +qu(t —r) =0, (24)
where
p = —f@)g) > 0
x « 25
A i 25)
The characteristic equation associated to (24) is
A=A+ (y+p)+ge " =0. (26)

We begin with a basic result on the existence of oscillations of the linear delay
differential equation (24).

Proposition 4. Fvery solution of Equation (24) oscillates if and only if
1
rqe0 T > — (27)
e

Proof. In the theory of oscillations of linear delay differential equations with con-
stant coefficients (see [12]), every solution of (24) oscillates if and only if the char-
acteristic equation (26) has no real root. Consider A : R — R as a real function.
Then, we have

d — A7 : _
ﬁA (A) =1-—rge and /\EI};OOA (A\) = +oo.

Then, the minimum of A is given by

A <i In (rq)) = % (In(rq) +r(y+p) +1).

Hence
1
—((rg) +r(y +p) +1) >0

is a necessary and sufficient condition for the oscillation of all solutions of Equation
(24), and it is equivalent to (27).
O

Now we can state and prove the next result.
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Theorem 4.1. Assume that )
rqe0 T > — (28)
e

Then, every positive solution of Equation (18) oscillates about the steady state x*.

Proof. Suppose by contradiction that Equation (18) has a non-oscillatory solution x.
Then, there exists T' > 0 such that z(t) > * (or z(t) < 2*), for all t > T'. See in the
proof of Theorem 5.1 that x is decreasing (or « is increasing) and lim;, o 2(t) = x*.
We focus on the case x(t) > 2*. The proof in the case x(t) < z* is similar. We set

y(t) = z(t) — «*.
Then, the function y is positive and decreasing on [T, +00) with . li? y(t) = 0. On
—r+00

the other hand, y satisfies the delay differential equation

Dy) = 0+ )+ F G0+ 29 (e =)+ ),

= —yy@)+[f () +z%) = f (@) gyt —r) +27)
+f (@) gyt —7) + ) — g ()]
Remark that
lim {f(y(tHw*)—f(w*)

t—+oo

and

I — ¢ (z*) < 0.
t—)uﬁpoo y(t—r) g (x )<0

Let £ € (0,1). We have

{ fr@)g@) < (1-¢g)f@)g@@) < 0

g (z7) < (1-e)g (z7) < 0.
The function y is positive, then there exists t. > T + r such that, for ¢ > ¢,
{ [f (y(t) +2%) = f @) gyt —r) +2*) < (1—e)f (z")g(z")y(t),
lgt—r)+2")—g@)] < (1-e)g @)yt —r).
Summing these inequalities we obtain for ¢ > t.,
fy() +a%) = f @) gyt —r)+ %)+ f (@) [g(y(t —r) +27) — g («7)]
<@A=e)[f (@) g @) yt)+ f (@) g (@) y(t —r)].

We conclude that y is a positive solution of the following delay differential inequality

y () + v+ L—e)pyt)+ 1 —e)qyt—r) <0, t>t,
where p and ¢ are given by (25).
We use the transformation
2(t) = M'y(t),

to obtain

Z(t)+ (1 —e)[pz(t) +eqa(t —7)] <0, t=>t.. (29)
From [12], we know that the delay differential inequality (29) has positive solution
if and only if the delay differential equation

u'(t) + pu(t) + e"qu(t —r) =0, t>t., (30)

has a positive solution.
We use the transformation
v(t) = ePlu(t),



12 L. BOULLU, M. ADIMY, F. CRAUSTE AND L. PUJO-MENJOUET

to write Equation (30) in the following form
V() + e TP qu(t —r) =0, t>t.. (31)

From [12] (Theorem 2.2.3), we know that there exists positive solutions of Equa-
tion (31) if and only if re(?*P)"qg < 1/e. Therefore if (28) is verified, none of the
solutions of (30), neither of (31), are positive, hence (29) has no positive solution:
y is not positive. By contradiction, it implies that z is oscillatory. O

Using the formulations of f and g as given in Equation (19), we present in Figure
2 an example of the appearance of oscillations as the value rge” () — % goes from
negative to positive along with a change in parameters.

To prove that condition (28) is a necessary condition for the oscillation of every
positive solution of (18), we add the following assumption: There exists n > 0 such

that

! ft th)—f@*) > f@)h for0<h<n,
g(a*+h)—g(@) = g (z%)h, for0<h<n, 2
f@*+h)—f f'(@*)h, for —n<h<O, (32)

5
ANIVAN

g@*+h)—g(*) < ¢ (@*)h, for —n<h<0.
We need the following comparison results for positive solutions of delay differential
inequalities.
Lemma 4.2. [12] Let a; >0, b; >0, ¢; >0, 7, >0 fori=1,...n, and 0 < tg <
T < 4o00. Suppose that
a; >b;>c¢, i=1,...,n.
Assume that x(t), y(t), and z(t) are solutions of

n
a'(t) + Y ax(t—r) <0, to<t<T,
i=1
x(t) > 0, to <t<T,
y(t)+ 2 byt —r) =0, to<t<T,
i=1
2+ D cz(t—ri) >0, to<t<T,
i=1

with initial conditions on [to — r,to] such that
z(to) > y(to) = z(to),

w(t) _ y(t) () .
w(to) = ylto) = (tg) = TSI

Then,
2(t) > y(t) > z(t), to<t<T.

Proposition 5. Assume that (32) is satisfied. Then, every positive solution of
Equation (18) oscillates about the steady state x* if and only if

rqe" (P > 1

Proof. We need to prove that if rge”(*tP) < é then (18) has a non-oscillatory
solution. Proposition 4 implies that if rge”(7+P) < % then the linearized Equation
(24) has a non-oscillatory solution. It means that it is enough to prove that if
(24) has a non-oscillatory solution then (18) has a non-oscillatory positive solution.
Suppose that Equation (24) has a positive solution ¢t — u(t) for ¢ > T (the proof



OSCILLATIONS AND CONVERGENCE FOR A MODEL OF PLATELET PRODUCTION

%108

Platelet count

Platelet count

Platelet count

FIGURE 2. Oscillations appear when a4 increases. As oy
(the maximum number of platelets that a megakaryocyte can shed,
see Equation (6)) increases, R = rge”(V+P) —% becomes positive and
z (blue) starts to oscillate around z* (dashed red). Black marks are
placed where z(t) goes through z*. (A) ay = 5000, R = —0.0492
and there are no oscillations. (C) as = 10000, R = 7.6863 and

there are oscillations. (B) a4 = 20000, R = 83 and there are
oscillations.

13
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for a negative solution follows the same steps). Then, u is decreasing for ¢ > T" and
, ligrn u(t) = 0. This means that there exists to > T such that 0 < u(t) <n, t > to.
—+00

Let  be the solution of (18) with initial condition equal to t — wu(t) + a* for
to —r <t < tg. We introduce t — y(t) := z(t) — «*, and we notice that for t > ¢
we have

0=1y'(t) —2'(t) = y'(t) +ya(t) — f(z(t)g(z(t — 1))
=y () +y(yt) +27) = fyt) +2")g(y(t —r) +27)
=y () +yyt) + f(@")g(@") — f(y(t) +2")g(y(t —r) +27).
Then, the function y is the solution of

{ 0 y'(t) +yy(t) + f(@)g(@™) — f(y(t) + 2")g(y(t —r) +2*), fort > to,
y(t) = wu(t), to—r<t<typ,

with

0<y(t)=u(t) <n, to—r <t<tp.
Assumption (32) implies
PR g @ +h) > (f (@) h+ £ @) (g @)+ 9 (@), for0<h<n,
such that

fa)g(x®) = fy(t) +2) fly(t —7) +2¥)
<fla*)g(z*) = [¢' (@ )y(t) + f(=)] [¢' («*)y(t —r) + g(=")]
< = fl(a")g (x")y(t — r)y(t) — f(@")g(a™)y(t) — fla*)g' (x")y(t —r)

It means that for ¢ < tg + ¢,
YO+ +p)y(O)+ay(t=r) = y' () +7y(O)+f (@")g(a") = f (y () +2")g(y(t=r)+27),
implying
v () + (v +p)yt) +ay(t—r) 20,
with
0<y(t)=u(t) <n, to —r <t <tp.
Thanks to Lemma 4.2,
0 <u(t) <y(t)<mn, fortg <t <tg+e.
As 8 and o are decreasing, y is also decreasing on [to,to + €) . So,
O<u(t+e) <y(to+e) <n.
By steps, we conclude that
0 <y(t) <mn, for all t > to.
It follows from Lemma 4.2, that
0 <u(t) <y(t) <n, for t > to.

Therefore, x is a non-oscillatory positive solution of Equation (18) and the proof is
complete. O
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Remark 2. We apply Theorem 4.1 to the Mackey-Glass equation [10]
B
14 [z(t —r)]™’

which is a specific case of (18) with the functions z — f(z) = 1 and = — g(z) =
B/(1+ z™). The fixed point z* is the solution of B/(1 + z*™) = yz*, and satisfies

§(") = —(B™ N /(14 2™)) = — (7% ) /B,

@(t) = —ya(t) + (33)

From (25)
2 . n+1
Yz n
=0 and =—

p q B )
such that the sufficient condition for the oscillation of every positive solution of (33)
is

2 xn+1
Yz n o, 1
B e’

that is
. B 1/(n+1)
v (Y
ey nte T
Furthermore, condition (32) for A > 0 can be written
B B nBx*n~1
_ >_h 7
1+($* +h)n 14+ ¥ — (1+.’E*")2
which is equivalent to
o(h) = ((z*+h)" —2z*) (1 +2™) — (1 + (z* 4+ h)") (nha*" ") < 0.
Notice that o(0) = 0 and
o'(h) = n(z* +h)" 1 — [n(a* +h)" nhe* "t £ (1 + (2 + h)")nz™ 1,

hence o’/(0) = nz* (1 — 2*?) for h = 0. If 2* > 1, ¢/(0) is negative, which
implies that there exists 7 > 0 such that (34) is satisfied for 0 < h < 7. The same

result can be found for the condition (32) for h < 0. Therefore, from Theorem
1/(n+1)
4.1, if z* > (B/(e’anTe'”)) then every solution of (33) oscillates about its

(34)

positive equilibrium z*, and from Proposition 5 * > 1 implies that this condition
is necessary.

Consequently, in the case of the Mackey-Glass equation (33), Theorems 4.1 and
5 are equivalent to Theorems 2.1 (a) and 2.1 (b) of Gopalsamy et al. [10].

Remark 3. We apply Theorem 4.1 to the Lasota-Wazewska equation [20]

2/ (t) = —ya(t) + pe Het="), (35)
which is a specific case of (18) with z — f(z) =1 and = — g(x) = pe™** such that
g (N*) = —ppe "' = —uN*,

where N* = %e‘“N*. From (25),
p=0 and ¢=yuN",

such that the sufficient condition for the oscillation of every positive solution of (35)
is

. 1
rqe(7+p)7 = puryN*e’ > -
e
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Furthermore, condition (32) for A > 0 can be written
peHINTHN) — pemtNT > —pe#Nh, (36)

which is equivalent to
eTHh 1> —ph.

Using Taylor expansion of e” for > 0 near 0, we find that there exists n such that
(36) is satisfied for 0 < h < 7. The same way we can show that condition (32) for
h < 0 is verified. Therefore, from Theorem 4.1 and Proposition 5, the solution N(t)
of (35) oscillates about N* if and only if pryN*e? > 1.

Consequently, in the case of the Lasota-Wazewska model, Theorems 4.1 and 5
are equivalent to Theorem 3 of Kulenovic and Ladas [20].

Condition (28) needed for solutions to oscillate holds for large values of r and 7.
This means that oscillating solutions are obtained for large immature cell mortality
rates and/or with short (resp. long) differentiation times. Furthermore, tedious
computations reveal that parameters from the function describing the interaction
between TPO and platelets have an impact on this sufficient condition: sufficiently
increasing ¢ (representing the strength of the feedback on TPO from platelets), de-
creasing TTPO (the total amount of TPO in the blood) or decreasing 6 (a sensitivity
parameter) will lead to condition (28). Similarly, as shown in Figure 2, there exists
a set of parameters for which the condition rge(**?)" > 1 /e can be reached simply
by increasing a4, a parameter from the fragmentation function A representing the
maximum number of platelets that can be shed by one megakaryocyte.

In the next section we will obtain a sufficient condition for asymptotic conver-
gence.

5. Asymptotic convergence. In order to study the asymptotic convergence of
the unique steady state z* of (18), it is worthwhile to discuss whether solutions of
(18) are oscillatory or not.

Theorem 5.1. If x is non-oscillatory about x* then, lim;_, oo x(t) = x*.

Proof. Let x be a non-oscillatory solution of Equation (18). Then, there exists
to > r such that z(t) — z* is either negative or positive for all ¢ > t5. These two
cases can be treated in the same manner, then we study only one case.

Assume that there exists to > r such that 0 < z(t) < z*, for every t > 3. Let
t > to+ r. Then,

0<z(t—r)<z* and O0<az(t)<az™
The functions f and g are decreasing, then for ¢t > tq + r,
g5 <gla(t-r), f@)<f#) and  —q2* < —yalt).
So, from (21)
() > —yx* + f(x*)g(a*) =0, fort>tg+r

Consequently, the solution z is increasing for ¢ > to + r. As x is bounded (Propo-
sition 3), we get

lim z(t) =z*.
t——+o0

O

The next theorem deals with the asymptotic convergence of the unique steady
state z* of (18) in the case of oscillating initial conditions.
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0.8x*

0.6x*

Time

FIGURE 3. Solutions of (18) with or without low initial
slope. (Top) The solution goes through x(t) = a* after t = r,
it meets the low initial slope criterion. (Bottom) The solution goes
through z(t) = «* before t = r, it does not meet the low initial
slope criterion.

Definition 5.2. Let x(t),t > 0, be a solution of Equation (18) such that there
exists a first time ¢y > 0 such that x(ty) = 2*. Then we will say that x(¢) has a low
initial slope if tg > r.

Figure 3 represents solutions of the same equation with different initial values,
one with low initial slope, the other without low initial slope.
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Theorem 5.3. Let assume that

yr <1 and rf(z*) sup |¢'(x)| < 1. (37)
zERT
Let z be a solution of system (18) on RT. If x oscillates about z* and satisfies the
low initial slope condition, then lim;_, o z(t) = x*.

Proof. Let x be an oscillatory solution of Equation (18) about x*. Then, there
exists a sequence (fy), oy, to < t1 < ... <ty < .., lim, o t, = 400, such that
x(t,) = «* for all n € N. Suppose indeed that to > 0 is the first point such that
x(tp) = x* and z(t) > z*, for t € (tp,t1). Then there exists t§ € (to,t1) such that
the function x reaches its maximum at ¢ = tj, i.e. 2'(t5) = 0.

Because of the low initial slope hypothesis and as t§ > to, we know that t§ > r,
hence we can apply the differential equation (18):

—vz(to) + f (z(tg)) g (z(to — 7)) = 0.
Consequently,
. y(t5)
gty —7) = 77—y (38)
0 f(x(t5))
Note that, since f is decreasing, the function z — ~yz/f () is increasing. Moreover,
x(t§) > x*. Then, from (21) and (38),

*

The function g being decreasing, this yields (¢, —r) < 2* = x(to), and consequently

g (z(ty —r)) >

to—r <ty <tp.
On the other hand, z(t1) = 2* and 2'(t1) < 0, so from (18),
—yz* + f(27) g (x(t1 —r)) < 0.
Similarly, we get
t1 —1 > to.
We then obtain
th—to <1 <t —to.
Using the same arguments, we prove
tr —tp <71 <tpy1 —t,, forallneN, (39)

with ¢ € (t,tn+1) defined by z'(¢)) = 0.
Next, we build a sequence (), .y from which we extract two subsequences
(Un)pen and (zn), oy converging towards x* with
Yn < x(t5,,1) < x* <x(ty,) < zp, forneN.

Because of the low initial slope hypothesis, we can integrate Equation (18) from ¢y
to t{), such that we obtain

o(t) <0 = [ ats)ds+90) [ 7 ats)) ds.

to tO
For s € (to, ], z(s) > *. Then, as the function f is decreasing and from (21) and
the above inequality, we get

at <a(ty) < ay =2 +rf(27)[g(0) —g(z7)]. (40)
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Let s € (t1,tf]. Then 0 < z(s) < z*, and thanks to (39), we obtain s —r €
(t1 —rt7 — 7] C (to,t1), so z(s —r) < z(t) < x1. Therefore, by integrating (18)
from t; to t}, we get

£(t]) > o — / e(s)ds+ g () [ 1 (e(s) ds.

tl tl

It follows that

" > x(t]) =2z =2 +rf (z%)[g(z1) — g (z7)]. (41)
Then, we build a sequence (), o defined by
Topr = " +rf(@)[g(xn) —g(z")],
o = 0.

Consider the function K defined, for x > 0, by
K(z)=a"+rf(z")[g(z) —g(=")].

We need to prove that K ([0,+00)) C [0, +00) in order to build a positive sequence
(), en- From (21), it follows that, for 2 > 0

K(z) =0 —ry)z" +rf(z")g(z).
Then, the positivity of K(x), for z > 0, is equivalent to
rf(z")g (@) = (ry—1)a” (42)

As we assumed ry < 1, then (42) is satisfied. On the other hand, from (40), (41)
and (42), one can prove by induction that

0 < Zong2 S 2(t3pq) < 2" <(l3,) < Tnga

Let now define the following two subsequences of (z;,)

neN?
Yn = T2n, Zn = X2n+1,
and
{yo = 0, {zo = K(0).

These sequences are illustrated in Figure 4. In fact, we have
Yn+1 = H(Yn), 2znt1=H(z,) with yo=0, z9=K(0),
where H is the function defined for x > 0 by H(x) = K?(x) := K(K(x)).
Now, using
K(z) = 2" +rf(z")[g(x) — g(z7)],
the second inequality of (37) implies

|K' ()] = rf(2")lg'(z)] < 1.

Then, |H'(z)| = |K'(K(z))K'(z)] < 1 so x* is the unique fixed point of H: both
yn and z, converge to x*. Since y, and z, are respectively lower bound of o, and
upper bound of 9,41, we proved that

. * _ . * %
TLEI_POO‘T(t2n) = ngrfwx(tznﬂ) =z

Then, lim z(t) = x*. O

t—+oo
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X(1)

FIGURE 4. An example of sequences (y,)neny and (zn)nen.
The decreasing (resp. increasing) sequence (2, )nen (resp. (Yn)nen)
bounds z(t) for t > t5,, (resp. for ¢t > tap_1).

While the condition (28) for oscillating solutions holds for large values of v and
r, condition (37) for asymptotic convergence holds for small values of rvy. This
means that asymptotic convergence is obtained for large (resp. small) immature
cell mortality rates associated with short (resp. long) differentiation times, or, of
course, for small mortality rates associated with short differentiation times.

If (37) is not satisfied, that is if r is too big in comparison with the average
cell lifespan or the inertia of the expansion feedback 1/|¢g’(z)|, our theorem can
not guarantee asymptotic convergence, which in the case of an oscillatory solution
could imply the existence of sustained oscillations or even periodic solution. The
body of work currently existing on the existence of periodic solutions [3, 25, 33]
could serve as a basis to complete our description with results on periodic behavior.
On the other hand, in the case where ty < r we would need to take into account
the influence of the initial condition on the dynamics for ¢ > r which is out of the
scope of this paper. However, we can study the influence of the conditions at t = 0
on the behavior of the solution for 0 < ¢ < r: in the next section, we study the
effect of the initial conditions Iy, (a), Imk(a),a > 0 and P(0) from the model of
megakaryopoiesis on the initial slope of the solution.

6. Influence of initial conditions on the appearance of fast initial oscilla-
tions. As explained in Section 5, the result for asymptotic convergence is restricted
to solutions that satisfy the low initial slope criterion, given in Definition 5.2.

Because this feature concerns P(t) for 0 < t < r, it can not be assessed using
only Equation (18): it depends heavily on the initial conditions given for ¢ < 0, and
we use the model for megakaryopoiesis presented in Section 2 as an example to give
a description of this dependence.
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Total f» DeJ;th
TPO
HSC l b----- Platelets

Progenitors Megakaryocytes
mp > Mk
Tk
nt

\ Ok

Death

o
Death
— Differentiation - - > Positive Regulation - - - | Negative Regulation

F1GURE 5. Simplified model of Megakaryopoiesis.

6.1. A simplified model to study P for ¢ € [0,r]. If we use the original model
with n compartments where mp; (¢, a) describes the number of progenitors in the -
th generation and I,,;,(a) = mp;(0,a) represents the initial amount of progenitors
at age a in the i-th generation, the method of characteristics gives the following
results for ¢ € [0,7] and i =1,2:

(t7) = e " k(TPO(t —1))HSC, t>r,
mpih,T) = Lp, (T — t)e ™%, 0<t<m,

2e =927 k(T PO(t — 27))HSC, t> 27, (43)
mpa(t,7) =< e 0L, (27 —t)e 0t T<t<2T,

Lp, (T — )%, 0<t<T.

From Equation (43) we can guess that the final expression of P’(¢),0 <t < r is
defined differently on each interval [0, 7], [1,27], ..., [(n — 1)7,n7]: for the sake of
simplicity, in this section we then use a simplified version of the original model with
only one equality for ¢ € [0,n7]. In this model, megakaryocyte progenitors are rep-
resented with a single compartment supplied by HSC, and release 2"~ ! megakary-
ocytes after a time nr (see Figure 5).

This hypothesis transforms the system (7) into the following one:

0 0

&mp(ta) + %mp(t,a) = —dmp(t,a), 0<a<rTn,t>0,
mp(t,0) = 2" 1x(TPO(t))HSC, t>0,
mp(0,a) = ILnp(a), 0<a<rTn.

(44)

Therefore, applying the method of characteristics on the new set of equations

(44), (10), (14) allows us to obtain a differential equation for the total number of
platelets P’(t) when t < r, divided into two parts:
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Pl(t) _ { —’)/P(t) + 2”6*5t_[mp(?" - t)f(P(t)), e <t <7,
—yP(t) + e i (Timk — ) F(P(t), 0<t < T, (45)
P(0) = P,
with notations r = n7+ ma, and f(.) = AoTPO(.) which is a decreasing function.

6.2. Sufficient conditions for low initial slope. We want to monitor the sign
of P(t) — P* for t € [0,r] with regards to the sign of P(0) — P*. Using Equation
(45) and a variation of constant formula, we obtain, for t € [0, Tas],

P(t) = e / €O (rnk — 8)f(P(s)) ds + P(0)],

and for t € [Tark, 7],

P(t) = / eI (r — ) F(P(s)) ds

+ / o e (T — ) f(P(s)) ds + P(0)].
0

We write I, = max Iy, Lk = min Ly, I, = max Iy,
It implies that for 0 < t < Ty,

eV =8)Tmr _ 1

e 7™MEP(0) < P(t) < Ik f(0) pog; + P(0), (46)
and for 7 <t <,
K 0). e(V=O7Tmr _ 1
e (LS ( £/(0) ——+P(0)
Qne(”yY—@TMk]J(e(’Y—(;)nT _ 1) _|_[7(e(’)’—5)TMk —-1) (47)
<P(t) < f(0) mp — mhk + P(0).

Hence, we can deduce the following proposition:
Proposition 6. If P(0) > P*, then

P(0) > max(mg, mmk),

Ik f(O (V=) Tk . .
where mg := Y™k P* and M,y = V" P*— L1 f( ’”,f( ))e ,Y_Agk L s a sufficient

condition to obtain a low initial slope.
If P(0) < P*, then
P(O) < min(Mo, Mmk:)

0 . .
My = P — 1O )6(2”6(7_5)”‘4’“]7”1,(6(7_5)” — 1) + Tl — 1)),
v —
is a sufficient condition to obtain a low initial slope.

In Figure 6 we give an example of how to go from ¢y < 7 (Figure 6 (a)) to tg > 7
(Figure 6 (b-c)) and then to ¢ > r (i.e., low initial slope, Figure 6 (d)) by increasing
P(0) respectively above mg and my,.

Such a result can have serious implications, because it tells us that if conditions
(37) are satisfied and platelet count ever goes above a certain m = max(mg, Mmk),
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FIGURE 6. Initial slope and initial conditions. Four solutions
of the equation (45) (blue) where different initial conditions lead
to different relative position for 7, r (dashed green) and the time
to when P(t) crosses P* (dashed red).

(A) P(0) = 0.95¢77 P* such that to < 7. (B) P(0) = 1.1e77 P* such
that to > 7 (as implied by (46)). (C) P(0) = 0.6M,,; such that
to > 7. (D) P(0) = 1.1 M, such that tg > r (as implied by (47)).

then oscillations always fade out: oscillations on platelet count might be treated by
an injection of the appropriate amount of platelets (a common procedure).

7. Conclusion. In order to study its dynamics (short and long term), a model
of megakaryopoiesis has been built using the framework of population dynamics.
Considering the interactions between stem cells, progenitors cells, mature megakary-
ocytes, platelets and thrombopoietin, we combined age-structured modeling and the
method of characteristic to obtain a single delay differential equation. Particular
features of this equation, like linear decay rate or a negative feedback with respect
to current state, involve the development of new tools to study its dynamics.

We first obtained sufficient and necessary conditions for solutions to oscillate.
Then we found that when solutions have a low initial slope, we can build two
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enclosing sequences converging toward the steady state by restricting the delay r:
this gives a sufficient condition for the asymptotic convergence of the steady state.
We emphasize the influence of initial conditions as the behavior of the solution before
t = r is critical for the proof. The history of the system might be inconsequential
in some applications, but in medicine it is crucial as dynamics can change after a
component is either removed, destroyed or injected. We provided such an example
in Section 6.

From these two results we can extract preliminary insights regarding the biolog-
ical system. On one hand, the stationary state can be made asymptotically stable
by accelerating the differentiation process of progenitors (1/7) or decreasing the
number of divisions before maturity (n), in order to decrease r = (n + 1)1, or by
increasing the resistance of platelets (1/7) and either decreasing the sensitivity of
the expansion feedback |g'(x)| or the strength of the differentiation feedback at the
steady state f(z*). On the other hand, oscillations appear if r or v are increased to
a certain threshold, but also if parameters from the feedback functions like ¢ (the
strength of the feedback on TPO from platelets) or ay (the maximum number of
platelets that can be shed by one megakaryocyte) are modified.

It is straightforward to extend our results from megakaryopoiesis to any sys-
tem presenting a linear decay term and a feedback expressed as the product of two
decreasing functions of current state and delay state, like in populations with a con-
stant death rate and a feedback assured by an input rate decreasing with current
and/or past population. Indeed we have shown that classical physiology equations
like the Mackey-Glass equation and the Lasota-Wazewska equation can be repre-
sented by the equation we are studying: the sufficient condition for oscillations
that we obtained is a generalization of the previously existing results for these two
equations [10, 20].

Finally, the analytic work on initial conditions that we presented in Section
6 could be replicated on other systems in order to obtain stability results: delay-
dependent conditions for stability are likely to be relying on specific initial behavior,
and we used a simplified version of our model to give an example of the dependency
between this initial behavior and the initial conditions of the system.

Note that the asymptotic stability of a general family of DDE on R has been
explored by Ivanov et al. in 2003 [15], whose results can be adapted to our context
of solutions on R™ by adding the low initial slope condition introduced in Definition
5.2. However, a simple computation (not shown here) proves that both delay-
independent and delay-dependent results in [15] lead to more complex assumptions
than those given in Theorem 5.3. With regard to the two equations on which Ivanov
et al. successfully applied their results, it seems that the problem is caused by the
remaining non-linearity f(x(t))g(z(t —r)) in the positive term of the equation, or
at least by the fact that this non-linearity involves two decreasing functions. A
result on an even more general family of DDE also exists using the so-called York
condition [26], which neither can be applied to our case due to the linear decay rate.
Furthermore, it can be shown that this criterion can not be used for any equation
of the form

a'(t) = fu(@(t —1))g2(x(t) — fa(a(t —7))g1(x(t)) (48)
with f;, g; positive, fs, g1 increasing and convex, and gs, f1 decreasing. Thus it is
tempting to think that by a reasoning similar to ours, one could find a stability

result for such equations, or at least for such equations with fo(z) = 1. Also, suc-
cessive improvements have been made regarding the condition for global asymptotic
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stability in more specific cases of (18) (for Mackey-Glass equation see [3, 11, 18, 22]),
and future work will be dedicated to explore a potential extension of these works
onto our equation.

Nevertheless, papers mentioning the oscillatory behaviors of specific cases [3, 13,
38] did not improve the results obtained in the aforementioned papers [10, 20].
The interest in the community has shifted towards other versions of the Mackey-
Glass equation [19], equations with periodic coefficients or other types of equations
(second- or third-order, neutral or impulsive). Similarly to the results on asymptotic
convergence, we think that further work should be dedicated to the oscillatory
behavior of equations of the general form (48), or at least for such equations with
fo(z) =1.

Finally, in this work we linked these different dynamics (oscillations and asymp-
totic convergence) to mechanistic parameters of megakaryopoiesis, but to reach full
potential these results would need to be tested against actual medical data. On one
hand, we would assess the strength of our biological hypothesis. For example, this
work is focused on the impact of TPO only on platelet regulation, while it is known
that other cytokines, like SDF-1 for instance, play important roles in megakary-
opoiesis. Although its action is mainly unknown [16], it has been shown that SDF-1
stimulates megakaryopoiesis via TPO-independent CXCR4 receptor pathways by
enhancing the chemotactic activity of their progenitors [27]. Because of the lack
of biological information about their role into megakaryocyte population dynamics,
it is likely that they would have a limited role, and we restricted our study to the
role played by TPO considered as the main stimulating factor in megakaryopoiesis
lineage. Comparing our results with clinical data through parameter estimation will
lead us to a clear idea of the different protagonists of this process in normal and
pathological cases. On the other hand, once we are able to reproduce the dynamics
that can be found both in normal and pathological cases, we have the possibility
to assess the strength of our mathematical results and possibly gain insights on
possible therapeutic strategies.

REFERENCES

[1] R. Apostu and M. C. Mackey, Understanding cyclical thrombocytopenia: A mathematical
modeling approach, Journal of Theoretical Biology, 251 (2008), 297-316.

(2] J. Bélair, M. C. Mackey and J. M. Mahaffy, Age-structured and two delay models for ery-
thropoiesis, Math. Biosciences, 128 (1995), 317-346.

[3] L. Berezansky, E. Braverman and L. Idels, Mackey-Glass model of hematopoiesis with mono-
tone feedback revisited, Applied Mathematics and Computation, 219 (2013), 4892-4907.

[4] C. Colijn and M. C. Mackey, A mathematical model of hematopoiesis: 1. Periodic chronic
myelogenous leukemia, Journal of Theoretical Biology, 237 (2005), 117-132.

[5] C. Colijn and M. C. Mackey, A mathematical model of hematopoiesis: II. Cyclical neutrope-
nia, Journal of Theoretical Biology, 237 (2005), 133—-146.

[6] F. Crauste, Stability and Hopf bifurcation for a first-order delay differential equation with
distributed delay, in Complez Time-Delay Systems (ed. F. M. Atay), Understanding Complex
Systems, Springer, Berlin, 2010, 263-296.

[7] A.de Graaf, Thrombopoietin and hematopoietic stem cells, Cell Cycle, 10 (2011), 1582-1589.

[8] V. R. Deutsch and A. Tomer, Advances in megakaryocytopoiesis and thrombopoiesis: From
bench to bedside, British Journal of Haematology, 161 (2013), 778-793.

[9] J. Eller, I. Gyori, M. Zollei and F. Krizsa, Modelling thrombopoiesis regulation - I Model
description and simulation results, Mathematical and Computer Modelling, 12 (1987), 908.

[10] K. Gopalsamy, M. R. S. Kulenovic and G. Ladas, Oscillations and global attractivity in models
of hematopoiesis, Journal of Dynamics and Differential Equations, 2 (1990), 117-132.

[11] K. Gopalsamy, S. I. Trofimchuk and N. R. Bantsur, A note on global attractivity in models
of hematopoiesis, Ukrainian Mathematical Journal, 50 (1998), 3-12.


http://www.ams.org/mathscinet-getitem?mr=MR2945068&return=pdf
http://dx.doi.org/10.1016/j.jtbi.2007.11.029
http://www.ams.org/mathscinet-getitem?mr=MR1775993&return=pdf
http://dx.doi.org/10.1016/0025-5564(94)00078-E
http://www.ams.org/mathscinet-getitem?mr=MR3001538&return=pdf
http://dx.doi.org/10.1016/j.amc.2012.10.052
http://www.ams.org/mathscinet-getitem?mr=MR2205755&return=pdf
http://dx.doi.org/10.1016/j.jtbi.2005.03.033
http://www.ams.org/mathscinet-getitem?mr=MR2205754&return=pdf
http://dx.doi.org/10.1016/j.jtbi.2005.03.034
http://www.ams.org/mathscinet-getitem?mr=MR2655195&return=pdf
http://dx.doi.org/10.1007/978-3-642-02329-3_8
http://dx.doi.org/10.4161/cc.10.10.15619
http://dx.doi.org/10.1111/bjh.12328
http://www.ams.org/mathscinet-getitem?mr=MR0922787&return=pdf
http://dx.doi.org/10.1016/0895-7177(89)90151-9
http://www.ams.org/mathscinet-getitem?mr=MR1050639&return=pdf
http://dx.doi.org/10.1007/BF01057415
http://www.ams.org/mathscinet-getitem?mr=MR1669243&return=pdf
http://dx.doi.org/10.1007/BF02514684

26

(12]

(13]

(14]
(15]
[16]

(17]

(18]
(19]
20]

(21]

(22]
23]
24]
(25]
[26]
27]
(28]

29]

(30]

(31]

(32]
(33]
(34]
(35)

(36]

L. BOULLU, M. ADIMY, F. CRAUSTE AND L. PUJO-MENJOUET

I. Gyori and G. E. Ladas, Oscillation Theory of Delay Differential Equations: With Appli-
cations, Oxford mathematical monographs, Oxford University Press, 1991.

I. Gyori and S. I. Trofimchuk, On the existence of rapidly oscillatory solutions in the Nicholson
blowflies equation, Nonlinear Analysis: Theory, Methods € Applications, 48 (2002), 1033—
1042.

J. K. Hale and S. M. V. Lunel, Introduction to Functional Differential Equations, vol. 99 of
Applied Mathematical Sciences, Springer New York, 1993.

A. Ivanov, E. Liz and S. Trofimchuk, Global stability of a class of scalar nonlinear delay
differential equations, Differential Equations Dynam. Systems, 11 (2003), 33-54.

K. Kaushansky, The molecular mechanisms that control thrombopoiesis, Journal of Clinical
Investigation, 115 (2005), 3339-3347.

K. Kaushansky, S. Lok, R. D. Holly, V. C. Broudy, N. Lin, M. C. Bailey, J. W. Forstrom,
M. M. Buddle, P. J. Oort, F. S. Hagen, G. J. Roth, T. Papayannopoulou and D. C. Foster,
Promotion of megakaryocyte progenitor expansion and differentiation by the c-Mpl ligand
thrombopoietin, Nature, 369 (1994), 568-571.

Y. Kuang, Delay Differential Equations: With Applications in Population Dynamics, no. 191
in Mathematics in science and engineering, Academic Press, 1993.

I. Kubiaczyk and S. Saker, Oscillation and stability in nonlinear delay differential equations
of population dynamics, Mathematical and Computer Modelling, 35 (2002), 295-301.

M. Kulenovic and G. Ladas, Linearized oscillations in population dynamics, Bulletin of Math-
ematical Biology, 49 (1987), 615-627.

G. P. Langlois, M. Craig, A. R. Humphries, M. C. Mackey, J. M. Mahaffy, J. Bélair, T. Moulin,
S. R. Sinclair and L. Wang, Normal and pathological dynamics of platelets in humans, Journal
of Mathematical Biology, 75 (2017), 1411-1462.

J-W. Li and S. S. Cheng, Remarks on a set of sufficient conditions for global attractivity in a
model of hematopoiesis, Computers & Mathematics with Applications, 59 (2010), 2751-2755.
M. Mackey and L. Glass, Oscillation and chaos in physiological control systems, Science, 197
(1977), 287-289.

M. C. Mackey, Unified hypothesis for the origin of aplastic anemia and periodic hematopoiesis,
Blood, 51 (1978), 941-956.

J. Mallet-Paret, Morse decompositions for delay-differential equations, Journal of Differential
Equations, 72 (1988), 270-315.

J. J. M. Oliveira, Asymptotic Stability for Population Models and Neural Networks with
Delays, Ph.D thesis, Universidade de Lisboa, 2008.

L. Pang, M. J. Weiss and M. Poncz, Megakaryocyte biology and related disorders, The Journal
of Clinical Investigation, 115 (2005), 3332-3338.

S. R. Patel, The biogenesis of platelets from megakaryocyte proplatelets, Journal of Clinical
Investigation, 115 (2005), 3348-3354.

M. Santillan, J. M. Mahaffy, J. Bélair and M. C. Mackey, Regulation of platelet production:
The normal response to perturbation and cyclical platelet disease, Journal of Theoretical
Biology, 206 (2000), 585-603.

A. Schmitt, J. Guichard, J. M. Masse, N. Debili and E. M. Cramer, Of mice and men:
Comparison of the ultrastructure of megakaryocytes and platelets, Experimental Hematology,
29 (2001), 1295-1302.

R. Stoffel, A. Wiestner and R. C. Skoda, Thrombopoietin in thrombocytopenic mice: Evidence
against regulation at the mRNA level and for a direct regulatory role of platelets, Blood, 87
(1996), 567-573.

J. L. Swinburne and C. Mackey, Cyclical thrombocytopenia: Characterization by spectral
analysis and a review, Journal of Theoretical Medecine, 2 (2000), 81-91.

H.-O. Walther, The 2-dimensional attractor of z/(t) = —pux(t) + f(z(t — 1)), Memoirs of the
American Mathematical Society, 544 (1995), 1-89.

M. Wazewska-Czyzewska and A. Lasota, Mathematical problems of the dynamics of a system
of red blood cells, Mat. Stos., 6 (1976), 23-40.

Q. Wen, B. Goldenson and J. D. Crispino, Normal and malignant megakaryopoiesis, Fxpert
Reviews in Molecular Medicine, 13 (2011), e32.

H. E. Wichmann, M. D. Gerhardts, H. Spechtmeyer and R. Gross, A mathematical model of
thrombopoiesis in rats, Cell and Tissue Kinetics, 12 (1979), 551-567.


http://www.ams.org/mathscinet-getitem?mr=MR1168471&return=pdf
http://dx.doi.org/10.1086/418288
http://dx.doi.org/10.1086/418288
http://www.ams.org/mathscinet-getitem?mr=MR1880262&return=pdf
http://dx.doi.org/10.1016/S0362-546X(00)00232-7
http://www.ams.org/mathscinet-getitem?mr=MR1243878&return=pdf
http://dx.doi.org/10.1007/978-1-4612-4342-7
http://www.ams.org/mathscinet-getitem?mr=MR2065278&return=pdf
http://dx.doi.org/10.1007/s00332-015-9267-4
http://dx.doi.org/10.1172/JCI26674
http://dx.doi.org/10.1172/JCI26674
http://dx.doi.org/10.1038/369568a0
http://www.ams.org/mathscinet-getitem?mr=MR1218880&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR1883462&return=pdf
http://dx.doi.org/10.1016/S0895-7177(01)00166-2
http://www.ams.org/mathscinet-getitem?mr=MR0921128&return=pdf
http://dx.doi.org/10.1016/S0092-8240(87)90005-X
http://dx.doi.org/10.1016/S0092-8240(87)90005-X
http://www.ams.org/mathscinet-getitem?mr=MR3712318&return=pdf
http://dx.doi.org/10.1007/s00285-017-1125-6
http://dx.doi.org/10.1007/s00285-017-1125-6
http://dx.doi.org/10.1016/j.camwa.2010.01.043
http://dx.doi.org/10.1126/science.267326
http://www.ams.org/mathscinet-getitem?mr=MR0932368&return=pdf
http://dx.doi.org/10.1016/0022-0396(88)90157-X
http://dx.doi.org/10.1016/0022-0396(88)90157-X
http://www.ams.org/mathscinet-getitem?mr=MR3768409&return=pdf
http://dx.doi.org/10.1172/JCI26720
http://dx.doi.org/10.1172/JCI26720
http://dx.doi.org/10.1172/JCI26891
http://dx.doi.org/10.1172/JCI26891
http://dx.doi.org/10.1006/jtbi.2000.2149
http://dx.doi.org/10.1006/jtbi.2000.2149
http://dx.doi.org/10.1016/S0301-472X(01)00733-0
http://dx.doi.org/10.1080/10273660008833039
http://www.ams.org/mathscinet-getitem?mr=MR1230775&return=pdf
http://dx.doi.org/10.1090/memo/0544
http://dx.doi.org/10.1090/memo/0544
http://www.ams.org/mathscinet-getitem?mr=MR0682081&return=pdf
http://dx.doi.org/10.1017/S1462399411002043
http://dx.doi.org/10.1017/S1462399411002043
http://dx.doi.org/10.1111/j.1365-2184.1979.tb00176.x

OSCILLATIONS AND CONVERGENCE FOR A MODEL OF PLATELET PRODUCTION 27

[37] M. Yu and A. B. Cantor, Megakaryopoiesis and Thrombopoiesis: An Update on Cytokines
and Lineage Surface Markers, in Platelets and Megakaryocytes (eds. J. M. Gibbins and M. P.
Mahaut-Smith), vol. 788, Springer New York, 2012, 291-303.

[38] A. Zaghrout, A. Ammar and M. M. A. El-Sheikh, Oscillations and global attractivity in delay
differential equations of population dynamics, Applied Mathematics and Computation, T7
(1996), 195-204.

E-mail address: lois.boullu@inria.fr
E-mail address: mostafa.adimy@inria.fr
E-mail address: crauste@math.univ-lyonl.fr
E-mail address: pujo@math.univ-1lyonl.fr


http://dx.doi.org/10.1007/978-1-61779-307-3_20
http://www.ams.org/mathscinet-getitem?mr=MR1392300&return=pdf
http://dx.doi.org/10.1016/S0096-3003(95)00213-8
mailto:lois.boullu@inria.fr
mailto:mostafa.adimy@inria.fr
mailto:crauste@math.univ-lyon1.fr
mailto:pujo@math.univ-lyon1.fr

	1. Introduction
	2. An Age-Structured Model of Megakaryopoiesis
	2.1. Megakaryocytic progenitor dynamics
	2.2. Megakaryocyte dynamics
	2.3. Platelet dynamics
	2.4. Circulating TPO regulation

	3. A delay differential equation describing platelet dynamics
	4. Oscillating Solutions
	5. Asymptotic convergence
	6. Influence of initial conditions on the appearance of fast initial oscillations
	6.1. A simplified model to study P for t [0, r]
	6.2. Sufficient conditions for low initial slope

	7. Conclusion
	REFERENCES

