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Abstract: There are many challenges to constitute the linkage from the macroscale to the microscale
and analyze the multiscale model. We proposed a bidirectional coupling model with standard incidence
which includes the interaction of between-host transmission dynamics and within-host viral dynamics,
and investigated the dynamic behaviors of the multiscale system on two time-scales. We found that
the multiscale system exhibits more complex dynamics including backward bifurcation, which means
that the usual thresholds for infection control or virus elimination obtained from the epidemiological
model or virus dynamic model may not act as threshold parameter under a certain condition. There
may be multiple epidemic equilibriums, one of which is stable, although the basic reproduction number
is less than 1. We numerically examine the synergistic impact between the macro and micro dynamics.
In particular, increasing the drug efficacy can decrease the prevalence of disease. The contact rate
may affect the number and size of equilibria of viral dynamics model by inducing the occurrence of
backward bifurcation. The finding suggests that the effective control measures may include both the
reduction in contact rate or transmission rate at the population level and the increase in drug efficacy at
the individual level, and using these control measures together can effectively control the diseases.

Keywords: multiscale model; standard incidence; threshold dynamics; backward bifurcation

1. Introduction

A number of mathematical models of infectious diseases (e.g., human immunodeficiency virus
(HIV)) have been studied at a single microscale or macroscale [1-5]. The single-scale models are
proposed to either explore the within-host viral dynamics at the individual level and give guides for
treatment strategies, or the between-host transmission dynamics at the population level to predict the
future prevalence and suggest effective control measures. However, more evidence indicated that viral
load at the individual level affects the progression of infection [6, 7]. Laith J et al. found that a higher
circulating viral load was positively related to a higher rate of host-to-host transmission [8]. This
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means that the dynamics at different scales are not independent, but interrelated. Obviously, this also
complicates disease control. For example, implementing measures to change behavior patterns may
not only affect the disease transmission at the population level, but even the probability of an individual
receiving treatment, and further the within-host virus dynamics. Therefore, formulating a multiscale
model that can combine the within-host and between-host scales and study the macro-micro interaction
mechanism is significant for determining more effective strategies at different levels.

In recent years, many multiscale systems have been proposed in the area of mathematical biology
[9-13]. Initially, some researchers built nested models to consider the evolution of the host and parasite
by evolutionary dynamics [14, 15]. Further, researchers applied coupled models to study infectious
diseases. They integrated the within-host model into the epidemiological model by introducing the
viral load-dependent transmission rate or disease-induced mortality rate to explore the potential effect
of micro dynamics on the macro dynamics, design the coupled optimal scheme and provide the cost-
effectiveness analysis [16—18]. Later, Feng et al. formulated a multiscale model with an environment
compartment to investigate the effects of between-host dynamics on the viral progression within the
hosts [19,20]. Taking contaminated environment as a coupling link, Wang et al. coupled the age-
structured macro model and the micro within-host dynamics model through the bacteria-dependent
indirect transmission [21], Sun et al. proposed a multiscale model with threshold control strategy to
study the effect of threshold-dependent interventions on the spread of infectious disease [22], Xiao
et al. linked the macroscale to the microscale in a spatiotemporal context to examine effects of an
individual movement and spatial control measures on a disease outbreak [23].

It should be noted that most of the above-mentioned multiscale models were formulated by linking
viral dynamics to between-host transmission dynamics, which can not reflect the influence of transmis-
sion of disease on viral loads within the hosts. It is worth noting that for some environmentally-driven
infectious disease such as Toxoplasma gondii, there have been models successfully coupling the macro
level to the microscale [19-21]. However, for some infectious diseases such as HIV that the virus
can be spread by direct contact with infected individuals, how to construct a bridge which can couple
the epidemiological model to the virus dynamics model and study the interactions between macro and
micro level remain unclear and fall within the scope of our study.

The main purpose of this study is to propose a multiscale model which can bidirectionally couple
the within-host viral dynamics and between-host transmission dynamics, and then analyze the dynamic
behaviors of the full system. Note that most existing coupled models provided that between-host
transmission rate is bilinear incidence, which is inconsistent with the fact that one can only contact with
limited persons in a certain time. Hence, we include the standard incidence in our study. Specifically,
in this article, we first formulate a multiscale model with standard incidence in section 2. In section 3
and section 4, we analyze the dynamic behaviors of the fast subsystem and slow subsystem, which can
help us understand the dynamics of the full system. In section 5, we discuss the interactions of within-
host and between-host dynamics by a series of numerical simulations. Finally, the main conclusions
are highlighted.

2. Model formulation

Here, we take HIV viral dynamics and transmission dynamics as an example to illustrate how we
form the links on macro and micro levels. The micro system is embedded into the macro system by
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incorporating the viral load-dependent transmission and disease-induced mortality. The virus shed by
the contacted infections, depending on the contact rate and prevalence, enter into the within-host viral
system due to close contact and act as a bridge such that between-host system is coupled into the
within-host system, inspired by the ideas by Kostova [24], Bhattacharya and Maia Martcheva [25]. In
order to investigate the impact of macro epidemic dynamics on micro virus dynamics and vice verse,
we proposed a multiscale model, motivated by the sexual contact transmission of HIV [26]. The model
equations are as follows.

L = -\ B(NF = c2fa(V)3A — S,

4= BV + ofr(VSA = (u+ &+ ar (V)
G =&l - (u+ ar(V)A,

L — A — k(1 — )TV —dT,

L = k(1 -mTV - 6T,

av I A *
=GPy +C2p2ﬁ + No6T" — ¢V,

2.1)

where S (1), (), A(t) are the number of susceptibles, HIV-positive individuals without clinical mani-
festation and AIDS patients who have developed one or more opportunistic infections regardless of
their CD4 count, N(¢) = S(t) + I(t) + A(¢). T(1),T*(¢), V(¢r) denote the densities of healthy T cells,
infected T cells and viral load, respectively. A, k, d represent the recruitment, per-capita infection rate,
per-capital mortality of healthy cells, ¢ is the per-capital mortality of infected cells. 7 is the drug ef-
ficacy (0 < n < 1). For HIV infection, it represents the effectiveness of reverse transcriptase (RT)
inhibitors. N, is the virus production rate by an infected cell, ¢ is the clearance rate of virus within
host. ¢y, ¢, represent the average number of contacts with HIV-positive individuals and AIDS patients
who have developed clinical symptoms, p;, p, denote the amount of virus released by HIV infections
and AIDS patients at each contact. I1, u denote recruitment rate and natural death rate of hosts. £ is the
transfer rate from HIV-positive stage to the onset of opportunistic infections. 8,(V), 8,(V) are the trans-
mission probability of HIV-positive individuals and AIDS patients, «;(V), a2(V) are the corresponding
disease-related mortality. They are dependent on the viral loads, such as (V) = aV, or (V) = 1i>9/v’
or (V) =aVi, g <1 with

B(0) = 0,B(V) > 0,8 (V) >0, (V) <0.

Since the system (2.1) contains the dynamics on different time-scales, i.e., within-host dynamics on
a fast time-scale and between-host dynamics on a slow time-scale, it is a challenge to directly study
the multiscale system. For this problem, some studies analyzed the full system on two time-scales, i.e.,
fast system and slow system [27,28]. The fast system is obtained by assuming that the slow variables
are all constants and the slow system is defined by assuming that the fast system will tend to the stable
equilibrium very quickly. This methods allows us to derive the analytical results and reveal some
meaningful phenomena of the full system from the analyses of the fast and slow subsystems.

3. Dynamics of the fast subsystem

For the within-host system to have a meaningful couple with the between-host system, we focus on
the case I, A > 0 in the following analysis. We first introduce a slow time-scale 7 = ef with 0 < € < 1
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and let

1= €llu = ei,é = € a1(V) = ea;(V),an(V) = €a2(V),B1(V) = B1(V), Bo(V) = €B2(V).
Then the system (2.1) can be written as

L = e[l - 11 (V)] — coBo(V)SA - [iS ],

4 = eleipr(V)ST + coPr(V)SA = (i + E + @ (V)]
U = €l&] - (1 + ax(V))Al,

daL — A — k(1 — )TV —dT,

L = k(1 -mTV - 6T,
av I A *
E:Clplﬁ+c2p2N+N16T —cV.

Setting € = 0 and d% = -, we get the fast subsystem

T=A1-k(1-n)TV —-dT,
T = k(1 =TV —6T", 3.1
V= clplé + czpz% + N1oT* — ¢V,

where I, A are considered as constants. Let E} = (T*,V,T) denote a positive equilibrium of system
(3.1). It is obvious that for [ > 0, the fast subsystem (3.1) has no disease-free equilibrium. In addition,
we can get the following result.

Theorem 1 For / > 0, the fast subsystem (3.1) has unique positive equilibrium E*, which is globally
asymptotically stable.

Proof. Let the right sides of system (3.1) be equal to 0 and then we get 7% = dl =
(c1p1l/N+caprAJN)+Ny (A-dT)

and T satisfying
CIQTZ + a1T +a, =0,

where ay = k(1 — n)Nd,a; = —[k(1 — n)(N14 + clplf/N + czpzA/N) + cd],ar = cA.
Solving the above equation, we get

 —a+ GJal —dapay,  —ay — \Jal —4apa,
T] = Tz =
2610 ’ 261()

with a? — 4apa, > 0. Obviously, Ty > T, > 0. For a positive equilibrium, it should satisfy 7*, V > 0,
which corresponds to the condition 7 < 4. It is easy to verify 7, < 4 < 7). Hence, the system (3.1)
has unique positive equilibrium E; = (T*,V,T)with T = T),. This completes the proof.

In the following, we verify that E} is globally asymptotically stable. Formulating the following

Lyapunov function
* h ' T * Tk Tk TW 1 7 7/ V
wT,T°,vV)=(T-T-Tlh=)+(T"-T"-T"In—)+ —(V-V - Vin=),
T T* Ny %
then the derivative of W(¥) is
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dw T T+ 1 1% I A
— =(1 =) [A=k(1 =TV —dT]1+ (1 = =) [k(1 =TV = 6T*1 + —(1 — — ¥ ¥
7 ( T)[ (I-m I+( T*)[( m ] N1( V)(CIPIN 22y
N6T* = ¢V)
T T vrs TTV I/N + c,p,AJN vV v
—ﬂm————HﬁTG——— yapliNropA/N, VY,
T T Tv TVr N, vV v
<0

and for all 7,7*,V > 0, ”ii—‘?’ = 0 holds only at EL. By LaSalle’s invariant principle, E} is globally
asymptotically stable.

4. Dynamics of the slow subsystem

Writing system (2.1) with respect to the slow time-scale 7, we have

B =1 -capi(NF = (VXA - S,
L=\ Bi(V)ST+ fa(V)SA - (i + E+ar(V))I,
ﬁ = El — (i + @ (V)A,
=A—k(1-nTV —-dT,
e— =k(1-nTV —-06T",
edT = C1P1N + CzpzN + NoT* — cV.

Letting € = 0, % =’, and dropping the bar for convenience, we obtain the slow subsystem

S =M= (VS —cspo(V)pS —pS.
I'= apiVDES +eBa(IRS = o+ &+ an(V)L, (1)
= &1 = (u + ax(V)A,

where V(S,1,A) is the steady state of the fast subsystem. The initial condition for system (4.1) is
So > 0, Iy OI‘A() > 0.

By using the next generation method [29], we can calculate the basic reproduction number of the
slow system (4.1) as follows

_ (u+ ax(V(0))ciBi(V(0)) + caBa(V(0))

(u+ &+ a1 (V(0)(u + a2(V(0)))

where

V(0) = lim V(S,1,4) = N_1(1 - _)

with R, > 1. Here, Ry = M represents the basic reproduction number of isolated within-host
system.
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4.1. Stability of disease-free equilibrium

In the following, we first analyze the stability of disease-free equilibrium for the slow subsystem
(4.1).
Theorem 2 The disease-free equilibrium Ejj = (2,0, 0) of slow subsystem (4.1) is locally asymptomat-

ically stable (LAS) for R; < 1 and unstable for R, > 1.
Proof. The characteristic equation of Jacobian matrix at £ is

O+ 0 + 20 + € + a1 (V(0) + aa(V(0)) = e1fi(VO) Iy + [( + € + ar(V(0))(u + aa(V(0)))~
(1 + (V)1 Bi(V(0) = EcxBa(VO)]) = 0.

It is easy obtained

X1 = —M,
Xoxs = (u+ &+ a(VO0)(u + ax(V(0))(1 - Ry),

Yot = (et €+ an(PONR, - 1 - HLRTOD__ S UO)
p+é+a (V) (u+&+a(V(0)u + a2(V(0))
Obviously, for Ry < 1, x> + x3 < 0 and yox3 > 0, that is y» < 0,x3 < 0. Thus, the disease-free
equilibrium is locally asymptomatically stable. For R; > 1, y,x3 < 0, i.e., there is a positive solution
for above characteristic equation. This demonstrates the disease-free equilibrium is unstable. Hence,
we obtain the Theorem 2.

).

4.2. Existence and number of positive equilibrium

If there exists the equilibrium for the slow subsystem, we let E* = (S, I, A) denote a positive equi-
librium of system (4.1). For the existence and stability of the endemic equilibrium, it is always difficult
to be analyzed theoretically with viral load-dependent transmission rate, disease-induced mortality rate
and standard incidence, simultaneously. Hence, we provide partial analytic proofs for the case where
Bi(V) satisfies the properties as mentioned in the Section 2 and «;(V) = «; (i = 1,2). Then we extend
the results with numerical simulations.

LetX =cp 1% +c; pz%, then the equilibrium of the fast subsystem can be written as

Tx = A=dT

b
‘7 _ X +N{(A=dT)

b

C
7= (k(1=)F1 +k(1=p)Ny A+ed)— (k1= F1 +k(1-p)Ny A+cd)>—4N dk(1-m)Ae
- 2N dk(1-7) :

Let X, = 18 (\7)]%, + czﬁz(f/)é, then the equilibrium E of the slow subsystem can be written as

i % o el S_H—(u+§+a1)f
A Eta)u+ ) pra M ’
o =& Muta)u+é+a)u+ ) - [Ear + ar(u + @)%}
N=l+A+S= W+ @)+ € +an( + ©) |

Further, %, can be described by X, that is

% = [(u+ ar)cipr + EcaprluXs
Tt a)utEFa)(u+ B) - [Ean + g (u+ )]
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Thus, T = T(%,), T* = T*(%,), V = V(%,). Using the equation X, = clﬂl(f/% + czﬂz(f/)é, we obtain

o [(u + a2)c1B1 (V) + cafa (V) uzs
T et E+anu B) - [Eay + an(u+ a)]%

Let
pl(p + a2)e1Bi(V(x2)) + Ecafar(V(xa))]

-1,
(u+ @)+ & +an)p +x) = [far + o + a2)]x
then X, is the solution of equation H(x;) = 0. In the following, we only need to identify the number of
zeros of H(x,) for x, > 0 by examining the properties of the function H. It can be verified that

H(xy) = (4.2)

- ~ <0,forRy > 1,R, < 1,
H(O0) = [(u + a2)e1Bi(V(0) + B (VOD] I=R—1={>0forR >R, > 1,

U+ a)u+&+ap) —1,forR; < 1,

and H(c0) < 0.
The derivative of H(x,) is

H1G(x2)

H'(xy) = ,
) = Y e + £+ A + %) — € + (i + a)al

where

G(x2) = [(u + @)1 By (V) + EBs (VN + @) + € + a)(u + x2) — [Ean + a1 (u + @2)]x} V' (x2)
— [+ @)e1Bi(V) + £ (V) u(u + € + ). 4.3)

We find that the sign of H’(x;) can be determined by G(x;). So, we first analyze the properties of the

function G(x,).

G'(x2) = [(u+ @) By (V) + Eaaffy (VN + @)+ € + a) @ + x2) = [€an + ar(u + @)} V2 (x) +
[+ @2)ei By (V) + EaBy(VIN@ + an)(u + € + @) + x2) = [€ay + ar(u + a2)]x} V" (x2) < 0,

with
- 1 k(1 — + k(1 —n)N1A + cd
V() = 5+ Qo+ M- ¢ )> 0,
2¢ \/(k(l —nx; + k(1 =n)NiA + cd)? — 4N, dk(1 — n)Ac
&) 1 k(1-m)x1 +k(1=)Ni A+cd / (k(1=m)x1 +k(1=)Ny A+cd)?
V(%) = %{(1 T T X+ [1 - (k(l—n)x]+k(?—r]l)J]r\ll/l+c7~]d)21—4J;V1dk(1—71)/lc]

\/(k(l—n)xl +k(1-n)N1 A+cd)?~4N1dk(1-n)Ac
k(1-m)x 2

} <0,
\/(k(l—r])xl +k(1-n)N1 A+cd)?—4N1dk(1-n)Ac

P+ @)+ €+ a)leipi(u + az) + e paé]
{(u+ @)+ &+ a)+ x) = [Eay + a1(u + az)]x)?
=28 (p + & + ) + @) + € + a)lei pi(u + @) + crpré]

{(+a)(u+é&+a)(u+x) - [Ear + a1 (u+ ar)]x)?

The result indicates that the function G(x;) is a monotone decreasing function and G(co) < 0. Thus, if
G(0) > 0, then with x; increasing, the function H'(x,) > 0 firstly and then H'(x;) < 0, which means

> 0,

x1(x) =

< 0.

x{(xp) =

Mathematical Biosciences and Engineering Volume 17, Issue 6, 6720-6736.



6727

that the function H(x,) increases firstly and then decreases. In this case, if H(0) < 0 and H,,,, > 0, we

can obtain function H(x,) has two positive equilibriums; if H(0) < 0 and H,,,, = 0 or only H(0) > 0,

there is unique positive equilibrium. If G(0) < 0, then the function H(x,) always decreases. In this

case, if H(0) < 0, then there is no positive equilibrium; if H(0) > 0, then there is only one positive

equilibrium. In summary, we give the following results.

Theorem 3 Let H = H(x,), G = G(x,) be the function defined in (4.2) and (4.3), H,,,, = max H(x,),
X2

(I) For R, < 1,R; > 1;

(a) If G(0) > 0 and H,,,, > 0, there exists two positive equilibriums E!*, E>*;

(b) If G(0) > 0 and H,,,, = 0, there is only one positive equilibrium E7;

() If G(0) < 0 or H,4x < 0, there is no positive equilibrium;

(2) For R, > 1,R; > 1, there is only one positive equilibrium E7;
(3)ForR, < 1;

(a) If G(0) > 0 and H,,,, > 0, there exists two positive equilibriums E!*, E>*;

(b) If G(0) > 0 and H,,,, = O, there is only one positive equilibrium E7;

() If G(0) < 0 or H,ux < 0, there is no positive equilibrium.

To demonstrate that there are corresponding parameter values which can satisfy all conditions de-
scribed in Theorem 3, we plot the curve H(x,) for different parameter sets to show the three cases in
which H has 0, 1 or 2 zeros, that is the slow subsystem may have 0, 1 or 2 interior equilibriums. In
Figure 1(A), we fix most parameters and change R, by parameter ¢,. It shows for 0.5492 < R, < 1,
the function H(x;) has two zeros meaning there are two interior equilibriums for slow subsystem, but
for Ry < 0.5492, there is no positive equilibrium. This result demonstrates R; = 0.5492 is a threshold
which determines the number of positive equilibrium. In Figure 1(B), we discuss the case of Ry < 1.
Most parameters have the same values as those in Figure 1(A) except N;. We change R by parameter
N,. It shows Ry = 0.7995 is the lower bound such that the slow subsystem has two interior equilibri-
ums.

4.3. Local stability of the positive equilibrium

In the following analysis, we choose 5;(V) = a;V,a;(V) = «;,i = 1,2. Then, the Jacobian matrix of
the slow subsystem (4.1) at E; = (S,1,A)is

—(up +up) —pu —(uz + uy) —(us + ug)
J(E:): up + Uy u3+u4—(u+§+a1) Us + Ug s
0 & —(u+ ay)
where i
Uy +M2—(/l+§+a/1)1~(v +l— 1)
uz + uy = (/l+§+011)1(— - 1)+ C'alvs,
Us + g = (/l+§+al)1(— -3+ CMVS
Letj} — 1 + k(1-mX|+k(1-n)N1 A+cd then
V(1= +k(1=m)Ny A+cd)>—4N dk(1—=1)
-, 1 1
Vs = _ﬁ X1y, V = ﬁ(clpl 1)y, A = ﬁ(é’zpz - X)y.
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(A) (B)
——R_=1.0806 H(=O.9869
= = =R =0.6754 0.4 = = =R=0.9297 4

R =0.5492 -~ R=0.7995
..... R, =0.4593 0.2

(s \ =====R=0.7151|]

Figure 1. (A) The plot shows the H(x;) curves for different values of R; when all other
parameter values are fixed except for c; with Ry > 1. It shows that H(x;) has two intersections
with horizontal axis for 0.5492 < R, < 1. (B) The plot shows the H(x;) curves for different
values of R; when all other parameter values are fixed except for N; with Ry < 1. It shows
Ry = 0.7995 is a lower bond such that the slow system has two positive equilibriums. The
other parameters in this figure are IT = 4,4, = 2-107%a, = 10°,u = 4-1074,¢& =
2-10%a; = 107*, @, = 10%,d = 0.3,c = 0.02101,4 = 60.1,k = 1.5-10%,7 = 0.5,¢| =
30, p; =40, p, = 60.

Being similar to above description, I,S, N, % can be written as the functions of %,. The characteristic
equation of Jacobian matrix at E is

2+ g+ iz + jo =0,

where
Jo=W+&E+a)u+a)(u+u +up) — pu(u + ar)(us + uy) — pé(us + ug),
I =Qu+é+a +a)u+u+uy) — Qu+ ar)(uz +uy) — Eus + ug) + (u+ &+ a))(u+ ay),
Jp=3u+é+ar+ay+u +uy —uz— uy.

According to Routh-Hurwitz criterion, we need to identify the sign of jy,j; and j; j,» — jo. Specifi-
cally, if jo < 0, E7 is unstable, whereas if j, > 0 and j; > 0, j; j» — jo > 0, E7 is locally stability. It is
very difficult to theoretically judge the sign of j; (i = 1,2, 3), due to the complexity of these functions,
so we conduct a large number of numerical simulations. We discover that the Routh-Hurwitz criterion
is only satisfied at the larger equilibrium for R, < 1,R; > 1 and is always satisfied at the unique equi-
librium for R, > 1,R; > 1. We plot the equilibria and the corresponding stability for different cases in
Figure 2: blue dashed line represents unstable equilibriums and black solid line denotes stable equilib-
riums and give the following conjectures: (1) for R, < 1,R; > 1, if G(0) > 0 and H,,,, > 0, the larger
positive equilibrium is locally asymptotically stable, the other is unstable; (2) for R, > 1,R; > 1, the
unique positive equilibrium is locally asymptotically stable; (3) for Ry < 1, if G(0) > 0 and H,,,x > O,
the larger positive equilibrium is locally asymptotically stable, the other is unstable.
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Figure 2. The plots show the fraction of infected individuals at the equilibrium I/N as a
function of R, and R;. The solid line and dashed line correspond to stable and unstable
equilibrium. (A) Changing R, for the case Ry > 1, the backward bifurcation occurs at R, =
R,;. = 0.5492. 1f 0.5492 < R, < 1, there are two positive equilibriums, one stable, the other
unstable. (B) Changing R, the backward bifurcation occurs at Ry = Ry = 0.7995. There are
a stable positive equilibrium and an unstable equilibrium for Ry € (0.7995, 1).

4.4. Backward bifurcation

We note that the existence of multiple endemic states and their stability may indicate the possibility
of a backward bifurcation for our coupled system. In this section, we provide the detailed numerical
studies about the parameter regions in which the bifurcation may occur and simulations illustrating
the bistability of the disease-free equilibrium and endemic state. We plot the fraction of infected
individuals at the positive steady state I/N as a function of R, and R, where the solid and dashed line
correspond to the stable and unstable equilibrium, separately. Figure 2(A) shows when R; < 1, there is
a lower bound R, for R, above which the system has two positive equilibriums: one is stable, another
is unstable and below which the system has no positive equilibria. This denotes the threshold, which
governs the eradication of disease, is Ry = R, = 0.5492. In other words, the infectious disease can
only be controlled until R; < Ry. This highlights the challenges in the control of disease. Similar
to Figure 2(A), Figure 2(B) shows there exists a stable equilibria and an unstable equilibria for Ry €
(Ryc, 1), which demonstrates a backward bifurcation can occur for Ry < 1. This result suggests that
contact with infected individuals may cause the virus to persist in the population, although the virus
can be cleared in the isolated individuals.

In Section 3 and 4, we analyze the dynamics of fast and slow subsystems, which are useful to
obtain the theoretical results and reveal some meaningful phenomena of the full system. To confirm
the analytical results, particularly the threshold condition for various dynamic behaviors of the full
system, we plot the solution curve of the full system. Figure 3(A)—(B) show the time series of fraction
of infected individuals for the case R; < 1,R; > 1 and R; < 1, separately. We observe there exists
bistable attractors for these two cases. The solutions converge to the disease-free equilibrium with
lower initial values of 1(0), whereas the solutions converge to the interior equilibrium with higher
initial values of 1(0). Figure 3(C)—(D) plot the time series of fraction of infected individuals and viral
load for the case Ry, > 1,R; > 1, in which the system has a unique interior equilibrium. The result
shows the two time scales for the fast variable V and slow variable I/N. Specifically, the fast variable V
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quickly approaches the value around its equilibrium, followed by the convergence of the slow variable
I/N at a slow rate. What’s more, it should be noted that for the case a;(V) = o4V, (V) = a,V
with bilinear incidence, the system may appear richer dynamics except for the backward bifurcation.
Specifically, given suitable parameter values for the case R, > 1, Ry > 1, we plot the phase trajectories
of the between-host system and the within-host system as shown in Figure 4, in which we can observe
the appearance of a stable limit cycle for the full system.
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Figure 3. Solution curves of the full system. The time series of fraction of infected indi-
viduals I(#)/N(¢) for the case (A) R, < 1,R; > 1; (B) Ry < 1. It demonstrates that the
solutions converge to disease-free or positive equilibria depending on the initial value. (C)-
(D) The time series of fraction of infected individuals I(¢)/N(¢) and viral load V for the case

R, > 1,R; > 1. The solutions converge to the unique interior equilibrium.

5. The interactions of within-host and between-host systems

In the following, we will discuss the interactions of within-host and between-host dynamics. To
explore the influence of macro transmission dynamics on the micro virus dynamics, we plot the viral
load at the equilibrium V versus the fraction of infected individuals at equilibrium I/N, contact rate ¢,
and viral releasing rate per contact p,. Figure 5(A) shows that V is an increasing function of /N, which
demonstrates the more infected individuals in the population, the higher the viral loads. In addition, as
R; increases, V also increases. Figure 5(B) gives the variation in the number and the size of equilibrium
V with contact rate ¢, increasing. For the case Ry = 0.8582 < 1, there exists a critical level ¢, = 13.6
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Figure 4. The phase trajectory of the (A) between-host system and (B) the within-host
system for the case a(V) = a;V,a» = @,V with bilinear incidence. Setting parameters
IT = 4.545 % 10%/365, 1 = 0.0149/365, ¢ = 0.116/365, a; = 0.318/365, a, = 0.172/365,1 =
15,d =0.01,c =3,k =24%107%6 = 0.5, N, = 3500,c;, = 10,c, = 5.3, p; = 0.00004, p, =
0.00004,a; = 1.07 107", a, = 1.07% 107", = 0.756, which corresponds to R, = 1.0248 >
1,R, > 1.

for contact rate ¢, above which there are two positive equilibriums: one is stable, the other is unstable
and below which there is no positive equilibria. Further, for ¢, > ¢,, the larger the contact rate is, the
higher the stable equilibrium level of viral loads is. The results suggest that for the coupled within-host
dynamic model, Ry = 1 is not a threshold to govern the eradication of virus in the hosts. Contact
with infected individuals may cause the virus to persist in the population, even if the virus can not
be persistent in the isolated individuals. Note that for the case Ry = 1.1013 > 1, there is no positive
equilibrium V for ¢, < 5.3. This result implies that having fewer contacts with infected individuals,
the virus will eventually be eliminated at the population level even if there are some individuals who
carry virus for long time. Figure 5(C) shows that as viral releasing rate p, increases, the value of stable
equilibrium V also increases in the case R; > 1. This demonstrates that the final viral loads may tend to
high level if contacts occur with infected individuals whose virus replication is in the active period. The
results suggest that limiting contact with infected individuals by some protective measures, especially
with those whose virus replication is active, is effective to control virus at a low level.

To investigate the influence of micro parameters on the macro disease transmission, we plot the
prevalence at equilibrium I/N against drug efficacy 77 under two cases: case 1): p; = 40,p, = 50
and case 2): p; = p, = 0. In particular, the case 2) with p; = p, = 0 means decoupling the macro
dynamics from micro model. With assumption «;(V) = «;, Figure 5(D) shows that increasing treatment
efficacy 1 leads to the decline of the prevalence I/N. Specifically, I/N declines relatively slow when
increasing the drug effectiveness initially until a critical level above which the prevalence begins to
decline quickly. This indicates that relatively low treatment efficacy is not enough to effectively control
the infectious disease. Compared with case 1) p; = 40, p, = 50, the same drug efficacy leads to a lower
disease prevalence for the case 2). Furthermore, the threshold of disease elimination for drug efficacy
also reduces from 7 = 0.55 to n = 0.47 in the absence of macro to micro coupling. This demonstrates
that ignoring the impact of macro transmission dynamics on micro virus dynamics may underestimate
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Figure 5. The interactions between macro dynamics and micro dynamics. The plot shows
the variation of equilibrium V against (A) the macro equilibrium I/N; (B) the contacts rate
¢, under two cases: Ry > 1 and Ry < 1; (C) the viral releasing rate per contact p, under two
cases: Ry > 1,R; < 1 and Ry > 1,R, > 1; (D) the variation of prevalence at equilibrium I/N
versus effectiveness of treatment 77 under two cases: p; = 40, p, = 50 (macro dynamics is

coupled to micro model) and p; = p, = 0 (macro dynamics is decoupled from micro model)
with fixed parameter values and initial values.

the transmission of diseases in the population and consequently the requirement of drug effectiveness.
Generally, for controlling infectious disease, we should implement measures to reduce the basic
reproduction number and consequently the new infections. In this model, we can easily observe that
R decreases with the value of macro parameters a;, ¢; (i = 1,2) decreasing and the value of micro
parameter 7 increasing . However, the existence of backward bifurcation makes the control and elim-
ination of infectious diseases more complicated. To explore the interactions between microscale and
macroscale with R; < Ry, we plot the trends of contact rate c,, transmission coefficient a; and drug
effectiveness 7 at surface R; = R, in Figure 6. If the values of these three parameters are below this
surface (i.e., R; < R,.), then there is no positive equilibrium and the disease can die out. Otherwise,
the disease may be persistent. Furthermore, Figure 6 shows that as n increases, the parameter region
of (ay, c;) in which disease doesn’t outbreak enlarges. This demonstrates with high drug efficacy, the
control measures with relatively low intensity can still eliminate the disease. However, for small drug

effectiveness 7, in order to eliminate the disease, we should not only reduce the infection rate, but also
keep the contact rate at a low level.
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Figure 6. The 3-D plot shows the surface R; = R, against the contact rate c,, transmission
coeflicient a@; and drug effectiveness 7. If these three parameters are below this surface, then
R; < R,., which means there is no positive equilibrium and the disease can be eradicated;
Otherwise R, > Ry, the disease may be persistent.

6. Discussion

Multiscale systems can simultaneously describe the virus dynamics at the individual level and the
transmission dynamics at the population level and have become a research focus in recent years. How-
ever, there are many challenges to constitute the linkage from the macroscale to the microscale. In
this study, we formulate a multiscale model which can link the slow dynamics for disease transmis-
sion to the fast dynamics for viral progression, in order to examine the interactions of between-host
dynamics and within-host viral dynamics. In fact, coupling the macro dynamics to micro models has
been successfully proposed in environmentally driven infections. But, for some infectious disease such
as HIV, the virus can be transmitted by direct contact with infected individuals, which may affect the
generation rate of virus in microscopic level. Hence, in our model, the influx of viruses from infected
individuals to the within-host system, depending on the contact rate and prevalence, becomes a bridge
such that between-host dynamics is coupled to the within-host viral dynamics. What’s more, the micro
system is embedded into the macro system by introducing the viral load-dependent transmission rate
and disease-induced mortality rate.

It is worth noting that the factors such as drug efficacy, individual differences and person-to-person
contact influence the within-host dynamics, thereby affecting the value of viral load at the equilibrium,
which in turn affects the spread of the disease at the population level. Therefore, it is extremely
necessary to formulate a coupled model to reflect this feedback mechanism. Moreover, due to the
fact that one can only contact a limited number of individuals per unit time, we choose the standard
incidence instead of mass action in the model, which is a advantage compared with most existing
coupled models. Of course, this also increases the difficulty of theoretical analysis.

We analyze the formulated model by studying the dynamics of the system on different time-scales,
1.e., fast subsystem and slow subsystem. We prove that if / > 0, the within-host system globally
converges to the unique positive equilibrium, which is independent on the threshold R, obtained from
the isolated microscopic model. For the slow subsystem, we find that the system can have zero, one or

Mathematical Biosciences and Engineering Volume 17, Issue 6, 6720-6736.



6734

two interior equilibria, which depends on the magnitudes of R, and R;. Specifically, for Ry < 1,Ry > 1
or R; < 1, there exists a locally stable positive equilibrium and an unstable positive equilibrium. For
R, > 1,R; > 1, there is only one locally stable interior equilibria. This demonstrates that the backward
bifurcation may occur for the coupled system and R; = 1 can not act as the threshold for infection
control. Numerical simulations suggest that the full system exhibits the similar dynamic behaviors to
the slow subsystem. For R, < 1,R; > 1 or R; < 1, whether the disease dies out or persists depends on
the initial condition.

We numerically examine the synergistic impact between the viral dynamics at the individual level
and transmission dynamics at the population level. On the one hand, we observe increasing the drug
effectiveness can decrease the prevalence of disease. Previous multiscale models that did not con-
sider the impact of macroscale on microscale may overestimate the control effect of drug treatment on
disease transmission. On the other hand, the contact rate may induce the occurrence of backward bifur-
cation and then affect the number and size of equilibria of viral dynamic model. Contact with infected
individuals may cause the virus to persist in the population, even if the virus can not be persistent
in the isolated individuals. This emphasizes limiting contact with infected individuals is effective in
eliminating virus or controlling virus at a low level at the population level. The existence of backward
bifurcation also illustrates the coupled system has more complicated dynamics, and consequently re-
sults in the elimination of disease more complex. The suggested control measures may include both the
reduction in contact rates or transmission rate at the population level and the increase in drug efficacy
at the individual level, and using these control measures together can effectively control the diseases.

In summary, we developed a novel bidirectional coupled model with standard incidence and inves-
tigated the synergistic impact between the macro transmission dynamics and micro virus dynamics,
which is a advantage compared to most existing multiscale models. We derived some interesting re-
sults from this model. The coupled system may appear the backward bifurcation and Hopf bifurcation
under certain conditions. Especially, contact rate or drug efficacy is essential to induce these complex
dynamic behaviors. The conclusions improve our understanding for prevention and control of infec-
tious disease, which can not be obtained from the pure between-host transmission or within-host viral
dynamic models. However, due to the complexity of coupled system, it is challenging to include all
progression and transmission routes of infection in the model while providing a complete theoretical
analysis.

Although this article is mainly discussed in the context of HIV, the approaches we used are able to
be applied more generally in other infectious diseases. Moreover, it should be noted we study the rich
dynamics that may occur in our proposed model by theoretical analysis and numerical simulations.
However, due to the lack of reliable information on parameter values such as p;, p,, our simulations
remain more qualitative. For example, the critical level of contact rate ¢, with two positive equilibria
may be larger than the real situation. Hence, it is necessary to further discuss the possible dynamic phe-
nomena and the corresponding parameter region in practical application. We leave it for future work.
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