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Abstract

We formulate a compartmental model considering behavioral changes of susceptible
individuals due to fear to assess the transmission dynamics of HIV/AIDS in mainland
China. Stability and uniform persistence are analyzed. Markov chain Monte Carlo
simulations and Latin hypercube sampling are used to estimate the basic reproduction
number and its sensitivity to parameter variations. The estimated mean reproduction
number is 1.2138 (95% CI 1.0834-1.3442). The basic reproduction numbers of aware
susceptible individuals and high-risk susceptible individuals are 5.6776 x 10710 (95%
CI4.7883x10719-6.7039x 1071%) and 1.2138 (95% CI 1.0834-1.3442), respectively.
Global sensitivity analysis shows that preventive measures are more effective than post-
infection measures in eliminating the epidemic. We incorporate 90-90-90 strategies
to predict the new HIV/AIDS cases in China in the next few decades, and the results
show that it takes at least 26 years to achieve the goal of zero new HIV/AIDS cases.

Keywords HIV/AIDS - Parameter estimation - Stability analysis - Uniform
persistence - Sensitivity analysis

1 Introduction

In June 1981, the Centers for Disease Control and Prevention (CDC) reported five
cases on Morbidity and Mortality Weekly. This is the first official record of AIDS in
the world. In 1982, this disease was named ‘acquired immune deficiency syndrome,’
that is, AIDS. At the same time, the AIDS epidemic has spread rapidly worldwide with
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increasing numbers of cases and deaths annually. According to the report released in
2020 by The Joint United Nations Programme on HIV/AIDS (UNAIDS) (Joint 2020),
there were about 1,700,000 new HIV infections, 38,000,000 individuals carrying HIV,
and 690,000 deaths in 2019. Moreover, the progress in mitigating the spread of AIDS
is not as ideal as expected. Reducing the incidence of HIV infection and ending
AIDS-related deaths are slowing down. Especially in terms of antiretroviral therapy,
12,600,000 out of the 38,000,000 HIV-infected individuals are unable to receive fun-
damental treatment (Joint 2020).

In 1985, a foreigner who traveled to China died of an illness and was later confirmed
as AIDS. This is the first time that AIDS has been found in China. From April 2005 to
June 2016, the first to fourth editions of the National Free AIDS Antiviral Treatment
Manual were issued by China (Chinese 2020). According to the joint assessment
by China CDC, UNAIDS, and WHO, about 850,000 those carrying HIV and 262,000
died of AIDS-related diseases in China by the end of September 2018 (National 2018).
Currently, sex transmission is the main way of spreading AIDS in China. There are
about 80,000 new infections annually, and the incidence rate is about nine per million,
which is low in China compared with those in other countries (National 2018).

In 2014, UNAIDS proposed the 90-90-90 targets for prevention and control of
HIV/AIDS, that is, by 2020, 90% infected people knew their infection status, 90% of
those diagnosed as HIV/AIDS received antiviral treatment, and the virus was under
control in 90% of the patients treated (People’s Daily Online 2014). On July 20,
2020, UNAIDS released the 2020 global AIDS prevention and control progress report
(Joint 2020). The report pointed out that only 14 countries have achieved the 90-90-90
targets. The report also warns that if no further actions are taken, the achievements
already obtained in the prevention and control of the HIV/AIDS epidemic will be
ruined by COVID-19, and the time to achieve the targets will be further delayed.
Further, UNAIDS suggests that in the next ten years, we need to take daily action to
end the AIDS epidemic by 2030.

Infectious diseases have a large impact on society, as they may cause morbidity,
mortality, unemployment, inequality, and other side effects. Behavioral change is one
of the most effective ways in reducing the spread of AIDS worldwide due to the lack of
an effective vaccine or other biomedical interventions (Ghosh et al 2018; Sharma and
Misra 2014; Samanta and Chattopadhyay 2014). Self-motivated behavioral changes
due to psychological fear may have a significant impact on the transmission of infec-
tious diseases. The number of effective contacts between a patient and susceptible
individuals per unit time is called adequate contact rate (Anderson and May 1982),
which reflects the patient’s activity, environmental conditions, and the virulence of
the virus. The concept of adequate contact can be extended to effective awareness of
infection. If a susceptible individual with awareness is afraid of being infected, then
the number of adequate contact between this individual and infected individuals will
be reduced (Ghosh et al 2018; Papst 2015; Wang et al 2016b).

Similarly, the reduction of disease transmission through externally imposed mea-
sures should be considered. AIDS has become one of the notifiable infectious diseases
in China, but not everyone knows the cause of the disease and the way it spreads, etc.
According to China CDC (Li et al 2019), the number of college students among new
diagnosed cases has increased by 30-50% annually in the past few years. Only 49.7%
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of sexually active college students use condoms in China (Song and Ji 2010). Sex edu-
cation failure or lack of sex education may lead to the emergence of some high-risk
groups, such as men who have sex with men (MSM), FRs (foreigner residents), FSWs
(female sex workers), and IDUs (injection drug users) (Wu and Zhao 2020, 2021).
Typically, this high-risk group are independent of the group that have become alert due
to sex education. A survey by UNAIDS found that effective sex education programs
delayed the onset of sexual activity, reduced the number of sex partners among sexually
active youth, and lowered the incidence of sexually transmitted diseases (Starkman
and Rajani 2002). Other factors, such as media coverage and reporting, vaccination,
population migration, stigmatization, discrimination, etc., also have great impacts on
disease transmission (Huo et al 2020; Jing et al 2020; Huo et al 2018; Cui et al 2008;
Xiang et al 2019; Wang et al 2019; Bhunu et al 2009; Levy et al 2021; Mukandavire
and Garira 2007; Hove-Musekwa et al 2011).

The main objective of our work is to understand the transmission dynamics of AIDS
in China and predict future epidemics accurately. Mathematical models are valuable
tools in understanding and describing the transmission dynamics of infectious diseases
(Ghosh et al 2018). Our model is fitted to the data on the number of new HIV/AIDS
cases in mainland China. Many important epidemiological parameters and the basic
reproduction number are estimated. Further, the model combines 90-90-90 strategies
to predict the new HIV/AIDS cases in the next few decades in China. In addition,
some dynamic behaviors of the model, such as local stability and uniform persistence,
are analyzed rigorously.

2 The Mathematical Model

To formulate the mathematical model of HIV/AIDS transmission, we assume that the
entire population (N) is divided into six mutually exclusive compartments, namely
pre-susceptible individuals (S,), aware susceptible individuals (S,), high-risk sus-
ceptible individuals (S},), infected but not yet diagnosed (7), diagnosed HIV-positive
individuals who have not yet progressed to AIDS (Dy), and those with clinical AIDS
(D4). We consider that there is a sex education period before a newborn becomes
susceptible, during which the education agency, parents, and health authorities need
to work together to develop HIV prevention and care policies (Li et al 2019). The indi-
vidual before becoming susceptible is called a pre-susceptible individual and enters
the pre-susceptible class at a rate A. Further, the existence of high-risk groups indi-
cates the possibility of sex education failure or lack of sex education. We use é to
represent the average education period. After this period, some newborns grow into
aware susceptible at the rate p, and the rest of them become high-risk susceptible
individuals.

Ghosh et al. in (Ghosh et al 2018) assumed that the number of unaware suscep-
tible individuals (S,) infected by all infected individuals (I, and 1) per unit time is
B W Su, where B represents the adequate contact rate. On the other hand, the num-
ber of aware susceptible individuals (S,) infected by all infected individuals per unit
time is %, where « represents the fear of infection. If « is large, the above
assumption is reasonable. However, if « is small, the probability of infection of an
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aware susceptible individual is likely to be greater than that of an unaware susceptible
individual.

Following (Ghosh et al 2018; Wang et al 2016b), we classify susceptible groups
according to their levels of awareness. We take the awareness of high-risk groups (Sy)
as the baseline, then individuals (S,;) who are aware of infectious diseases have a lower
probability of being infected (Joint 2007). The proportions of high-risk susceptible

individuals and aware susceptible individuals in the total population N are Sﬁh and

%, respectively. Some individuals who are diagnosed to be HIV-positive deliberately
infect others (Suprme 2018). Hence, we assume that the number of high-risk suscep-
tible individuals infected by all infected individuals (I, Dy, and D 4) per unit time is
Bici S—Nh (I + 61Dy + 02 Dy4), where B represents the probability of infection per con-
tact (sexual activity or needle sharing) between the infected individual and susceptible
individual, ¢ represents the number of contacts between an infected individual and
high-risk susceptible individuals per unit time, and 8; and 6, represent the modification
factors in adequate contact rate S1c1 of Dy and Dy, respectively. On the other hand,
the number of aware susceptible individuals (S,) infected by all infected individuals

per unit time is B WM SW“ (I + 61Dy + 62D 4), where k represents the fear

of infection. The number of contacts between the aware susceptible individuals and
all the infected individuals per unit time is affected by the following four factors,
namely the level of fear, the number of aware susceptible individuals, diagnosed as
HIV-positive individuals who have not yet progressed to AIDS, and those with clinical
AIDS. When the fear coefficient « is 0, the adequate contact rates of two susceptible
groups are the same, and when « > 0, the adequate contact rate of S, is greater than
that of S,.

As mentioned above, some students do not realize that they are at a high risk
of infection due to sex education failure or lack of sex education. In this regard,
health authorities have taken a series of measures, such as conducting open courses
on AIDS prevention in universities (Center 2020). We assume that high-risk groups
will refuse high-risk behaviors after knowing about the situation of people infected
with HIV/AIDS at the rate /82% f1 (Dr 4+ uDg), where B, represents the proportion
of high-risk susceptible individuals who become aware susceptible under each sex
education, fi (D7 + nD4) represents the number of sex education per unit time, f}
is the conversion coefficient from the number of diagnosed infected individuals to the
intensity of sex education, and u is the modification factor in conversion coefficient of
D 4. Sex education will be intensified with the increase in the number of individuals
diagnosed infected with HIV.

Further, we assume that all HIV carriers (/) will be identified by self-testing or
clinical symptoms (Williams and Anderson 1994),  denotes the diagnosis rate, and
n is the proportion of diagnosed individuals who have not yet progressed to AIDS.
Among all the HIV-positive individuals, the deterioration of the condition of diagnosed
HIV-positive individuals who have not yet progressed to AIDS (Dj) can only be
delayed and will progress to the stage of AIDS (D) at the rate w. We assume that all
individuals die at a constant rate d, and the mortality rates of Dy and D4 classes are
dj and dy, respectively.
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Fig.1 (Colour figure online) Schematic diagram of the model

Based on the above analysis, let Ay = ffv—h (D +uDy), Ay = ,B%
(I +61D; +0:D4), 23 = Treisiprrpn o (I + 01 D1 + 62D4), where B = Bici,
f = Bafi1, then the population flow among those compartments is shown in the

following diagram (Fig. 1), and the parameters are described in Table 1.
The dynamics of HIV/AIDS can be depicted by the following system of ordinary
differential equations:

ds,
dl”:A—(a+d)Su,
dS, S (Dr+uDa) Sy BU+01D;+6Dy) S,

:pasu+ - _dSa,
dt N N1+« (S;+ Dj+ D)l
ds, D D) S [ +6,D; +6,D4) S,
—hz(l—p)aSu—f( 1+uDa) Sy BU+6:1Dr+6:Da) h s,
dt N N
dIl B +61D;+6:Da)Sa  BU+61Dr+6:D4p) S _Gtd ]
dt ~ N[1+4k(Se+ D+ Dp)l N '
dD
d—t1=n81—(a)+d+d1)D1,
dDy
—- = =8l +wD;—(d+ds)Ds. M

It is worth noting that the feasible region for system (1) is given in the following
Theorem 1, which is stated without proof (Freedman and So 1985).

Theorem 1 The set
6 A
Q: (Suvsa1Sh717D19DA)ER_I,-:OSSM»S(J?S}UI’DI’DASE ’

where R'j_ is the nonnegative cone in R, and satisfies

(1) 2 is positively invariant,
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(ii) for all (S, (0), Sa (0), Sy (0), 1 (0), Dy (0), Da (0)) € RS,

Su @), Sa @), Sn(@),1(t),D;(t),Da(t)) > Q2 as t — oo.

3 Analysis of the Model
Since it is difficult to obtain the exact solutions of the nonlinear system (1), we study the

long-term behavior of the system by using the stability theory of differential equations.
In the following, we derive equilibrium points and analyze the stability.

3.1 Equilibrium Analysis

The system (1) has at least two nonnegative equilibria as follows:

(i) The disease-free equilibrium

A pa A 1-pa A
= ) ,0,0,0),
a+d doa+d d a+d )

Eo = (8405 Sa0s Shos 1os D10, Do) = (

which is always feasible.
(i) The endemic equilibrium Ey = (Syx, Saxs Shx, Ix, D1x, Dax). Feasibility of the
equilibrium E, is shown below.

From the first and last two equilibrium equations of system (1), we have S, = ﬁ =
ap, and

Dy = axly, Dpsy = azly, 2)
where
né (I—n)é néw
)= —"—79——, a3 = .
d+di+ow d+djy (d+dr +w)(d+dy)

From the second, third and fourth equilibrium equations of system (1), we have

1
Iy = aq a1 — d (Sax + Sps)], where aq = i1s 3)

When I, is positive, we obtain Sg + Spx < d(g—j\ﬂ), and the above region is defined
as follows

al
Q) = {(Sa*,sh*) 10 < Sgs + Spx < m}
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Fig.2 (Colour figure online) Schematic diagram of the existence of endemic equilibrium (S, Sp4), which
is the intersection of isoclines (4) and (5), where A = 100,d = =.dp = »5.dj = £, = 0.8, =
05,0 = %,K =10,0 = %,p =02,0=5,00 =05,00=0.1, f =0.5,6 =0.5

Using Egs. (2) and (3) in the second and third equilibrium equations of system (1),
we obtain the following two equations in S, and Sp.

fG (az + paz) Sp« BG S Sax
_ —dS,, =0, (4
pordr + N NIl +&Sux + 4G (a2 +a3)] % @)
G S Gcs
(1 - p)aa — 19 ) e _ P £ 45y =0, 5)

where N = a1 + Sasx + Shs + aslaro —d (Sas + Sp)] (1 + a2 +a3), G =
aglajoe — d (Sgs + Snx)]s ¢ = 1 + 01ay + 62a3. The isoclines (4) and (5) intersect
in the interior of the first quadrant, denoted by (S, Sh«). The existence of the point
(Sax, Sps) is shown in Fig. 2.

3.2 Basic Reproduction Number

We apply the next generation matrix approach (Van den Driessche and Watmough
2002) to determine R( for the system (1). In order to compute Ry, it is important
to identify new infections. Progression from S, and S, to I is considered as new
infections, while progression from  to Dy, I to D4, and Dj to D4 is considered as
the transfer of individuals among various compartments.

Letx = (I, Dy, Dy, Sy, Sa, Sh)T, then system (1) can be rewritten as

Z—j=f(x)+V+(X)—V_(x),
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where

BU+01D;+60:D4)Sa + BU+01D;+6:D4) S
N[+« (Sa+Di+Dy)) N

F(x) =

eoNeNeNeNe)

and

0
nél
1—n)él D
Yt (x) = (I—=mn) o +wDy ’
paS, + f(DI+AL;DA)Sh
(1 - ,O)OtSu
G+d1
(w+d+dj) Dy
) (d+da) Da
Vo) = (@+d)S, ;

BUA6,D1+0,D4)Sy
NiT+c(D; D] T 45

f(Dl+1</LDA)Sh + ﬁ(1+91D1]\7r92DA)5h +dS,

where F (x) is the rate of appearance of new infections, VT (x) represents the rate of
transfer of individuals into the compartment by all other means, and V™ (x) refers to
the rate of transfer of individuals out of the compartment.

Let V (x) = VT (x) + V™ (x) . The derivatives DF (Eg) and DV (Ey) are parti-
tioned as

Fix3 0 Vixs 0
Df(Eo)=< 3030),DV(E0)=( ?,fh),

where F' = Fs, + Fy,, and

BSa0 BO1Sa0 B2Sa0
(144 840) (Sa0+Su0+Sr0)  (14+x8420) (Sa0+Su0+Sr0) (14K S40) (Sao+Su0+Sko)
Fs, = 0 0 0 )
0 0 0
BSho B01 Sho B62Sho
Sa0+Su0+Sr0  Sa0+Su0+Sh0  Sa0+Su0+Sho
Fs, = 0 0 0 )
0 0 0
d+348 0 0
V= -8 w+d+d; 0
—(1=n3s —w d+dj
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Following (Diekmann et al 1990), we call FV~! the next generation matrix of
system (1), and the expression for the basic reproduction number is

Ro = Ry, + Ry, (6)
where
BSa0 BSho
Sa = XR, Ry =—c—Fc o
(I +«840) (Sa0 + Suo + Sho) Sa0 + Suo + Sho
and
1 01ns o 1=ndd+d+w)+néw

St T At @rdrd) PUdrdndrodtd @)

As is shown in (6), Ry is the sum of two quantities, namely the number of
secondary infected individuals in aware susceptible population and the number of
secondary infected individuals in high-risk susceptible population during an epi-
demic. Note that each term of the aforementioned expression for Ry, and Rj, has
clear epidemiological interpretation (Xiao et al 2013). An HIV-infected individ-
ual, with the controlled contact rate and mean duration dal-s’

Sa0 1
TreS o +KS(10 S0FSu0 TS 445 A proportion _d ; goes from [ to

_ B Sa0
the diagnosed class Dy, with the controlled contact rate 5 " m@l and
S0

ns
1+Ksa0 sao+suo+sho o1 (d+8)(w+d+d1)

A proportlon d '7)5 directly goes from I to the (diagnosed) AIDS class D4, with the

controlled contact rate

Sa0
T+6S20 Sa0+Su0+Sno’
gives a contribution of

mean duratlon W giving a contribution of

B Sa0 1 -
i +K S0 ST SuO TS0 ¢» and mean duration 7 dA , giving a con

(1-=m3s
1+KSa0 5a0+Suo+Sh0 2@+6)(d+da)”

goes from I to the (diagnosed) AIDS class D4 via class Dy, with the controlled
contact rate 1+ 6> and mean duration m, giving a contribution of

B Sa0 néw . .
TS0 Sa0F Su0Th0 X 6> @@ ) @TdT D The sum of the contribution by these

individuals is Ry,. The biological meaning of Ry, can be similarly explained.

. ndw ..
tribution of A proportion @0 otdtd) indirectly

Sa0
0+540+Sh0

3.3 Local Stability of the Disease-Free Equilibrium

Following (Van den Driessche and Watmough 2002), regarding the local stability of
the disease-free equilibrium Ej of the system (1), we propose the following theorem.

Theorem 2 For system (1), the disease-free equilibrium E is locally asymptotically
stable if Ry < 1.

Proof The Jacobian matrix of system (1) evaluated at the disease-free equilibrium Ej
can be written as

@ Springer
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BoSa0 BoSho _ Bo1 Sho Bo91 Sa0
(14K Sa0) (Sa0+Su0+S5h0) + 840+ Su0+5h0 d+39) $a0+Su0+Sho + (14K Sa0) (Sa0+Su0+5h0)
JEy = né —(d+d; +w)
1-=ms w

B0 Sho + Bob2Sa0
840+ Su0+Sho 14k Sa0) (Sa0+Su0+Sho)
0

—(d+da)

Three eigenvalues of the matrix Jg, are —d, —d, and — (d + o), while other three
are given by the roots of the following equation

A4 bial+ Al +b3 =0, (7
where
BoSa0 BoSho
by =(d+d +w)+(d+d)—< +
! ! A (1 +xS840) (Sa0 + Suo + Sho) ~ Sa0 + Suo + Sho
+(d+9),
S, S,
b2:[<d+a)—( FSa0 4 P )](d+d1+w)
(I 4 1840) (Sa0 + Suo + Sho) Sa0 + Suo + Sno
BSa0 BSno
+|d+8)+d+d +a))*< + (d+ds)
[ ! (1 +1840) (Sa0 + Su0 + Sho) ~ Sa0 + Suo + Sho 4
B 175( B61Sa0 B1Sho >
(I 4+ x840) (Sa0 + Suo + ShO) Sa0 + Suo + ShO
0, S, 6>,
—(1—n)8( B025a0 4 P%Sw )
(1 +x840) (S0 + Suo + Sho) ~ Sa0 + Suo + Sho
BSa0 BSho
by = (d+6)—( + (d+d;+w)(d+dy)
’ [ (I+ K520 (Sa0 + Su0 + S10)  Sa0 + S0 + Sho ! A
018, 018
—(d+dA)n5< BO1Sa0 BO1Sho )
(1 +x840) (Sa0 + Suo + Sho) ~ Sa0 + Suo + Sho
B r;sw( B92Sa0 B62Sho )
(1 +x840) (Sa0 + Suo + Sho) ~ Sa0 + Suo + Sho

—(1-méd+d +w) ( P025a0 BO25h0 )

+
(1 + «S40) (Sa0 + Suo + Sno) $a0 + Su0 + Sho
=(d+8)(d+dy)(d+d;+w)(1—Ry).

According to Routh—Hurtwitz criterion (Murray 1998), we have

by 1

H1=b1>O,Hz=‘b3b2

‘Zblbz—b3>0.

It is clear that both roots of the Eq. (7) are either negative or have negative real
parts if Ry < 1. Thus, the disease-free equilibrium Ej is locally asymptotically stable
if Rgp < 1. O

We choose the following set of hypothetical parameter values in the system (1)

I 1
—.dj = —,B=0.0003,n =08 a=

1
A=50,d=—,ds = —, )
30 35 20

= s K = 50,
50
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o 1000
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0 500 1000 1500 2000

Fig. 3 (Colour figure online) Local stability of the disease-free equilibrium Ej =
(714.2857,17.8571, 1767.9, 0, 0, 0) inside the region of attraction 2 in S, — S, spaces

p =001, 0=100 =056 =02, f =0.1,0 = 5=06. (8

| =

?a):

N =

The existence of the point Eq is shown in Fig. 3. With the above parameters, we
note that Ry = 0.0012 < 1. Therefore, the roots of Eq. (7) are either negative or have
negative real parts. Hence, the disease-free equilibrium Ej is locally asymptotically
stable with these parameter values.

3.4 Uniform Persistence of the Disease

In order to prove that system (1) is uniformly persistent, according to the uniform
persistence theorem (Wang and Zhao 2004; Zhao 2017), we define f : X — X be a
continuous map associated with system (1), and

X :={(Su, Sa» Sn, 1, D1, D4) : Sy 20,8, 20,8 >0,1>0,D; >0,D4 >0},
XO :Z{(SLHS(I’S]”hI’DIaDA)EX:I>07D1 >07DA >0}’
Xo = X\ Xp.

Suppose that there exists a maximal compact invariant set Ay of f in 9 Xy, that is,
Ajy is compact, invariant, possibly empty, and contains every compact invariant subset
of dXo (Wang and Zhao 2004).

Lemma 1 (See Theorem 1.3.1. in (Zhao 2017)) Assume that

(1) f (Xo) C Xo and f has a global attractor A;
(2) The maximal compact invariant set Ay = A N My of f in dX¢ is possibly empty,
and admits a Morse decomposition {M, ..., My} with the following properties:

(a) M; is isolated in X;
(b) WS (Eg) N Xo =@ foreach 1 <i < k.
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Then there exists § > O such that for any compact internally chain transitive set L
with L ¢ M; forall 1 <i <k, we have infycrd (x, 9Xo) > 6.

Theorem 3 When Ry > 1, system (1) is uniformly persistent.

Proof Obviously, both X and X are positively invariant, and d X is relatively closed
in X. Theorem 1 implies that the system is point dissipative. Thus, the solution of the
system admits a global attractor A.

Define

My ={(Su (0) , S (0),Sn (0),71(0),D;(0), Da(0)) € 9Xo :
(Su (t)a Sa (t)v Sh (t)a I(t)a D[ (t)’ DA (t)) € aXOth Z 0}

Next, we prove that
MBZ{(SmSa,ShyO’OvO)EX:SMZoysazo,shzo}« (9)
Note that {(S,, S4, $,,0,0,00 e X :S5,>0,S, >0,S, >0} € My. Hence, we
only need to prove that My < {(S,, S4, $1,0,0,0) e X : S, >0,S, >0, S, >0}

For any ¢ = (S, (0), S; (0), S, (0), 1 (0), Dy (0), D4 (0)) € My, we assume that
one of 1 (0), Dy (0), D4 (0) is nonzero, such as D4 (0), then we have

[ (1) e+ [,(0)+/’( BLI (s1) + 61Dy (s1) + 62D4 (1)1 S (s1)
0o \N(s1)[1+«[Sa(s1)+ Dy (s1) + Da (sl

n BII (s1) + 61Dy (s1) +62Da (s1)] Sy (‘Yl)) e(8+d)slds1:| S0 V>0

N (s1) ' -

t
Dy (1) =e~(@td+dnt [D, (0) +/ n61(s1)e(“’+d+d’)‘°‘ds1:| >0, V>0,
0
t
Dy (1) =e~@+da) [DA (0)+/ (1 =) 81 (s1) + @Dy (s1)) e<d+dA>~"ds1] >0, Vi>0.
0

For any

@0 = (Su (0), Sa (0), Sx (0), 1(0), Dy (0), D4 (0))
¢ {(Su, Sa> $1,0,0,00 e X :S5,>0,8,>0,5, >0},

we have (S, (t), S, (), S (t),1(t), Dy (t),Da (1)) ¢ 0Xp, t > 0 is sufficiently
small. This means that ¢9 = (S, (0), S, (0),S,(©0),1©0),D; (), D4 (0)) ¢
My, which contradicts with the assumption that @9 € Mjy. Hence, My <
{(Su, Sa5 81,0,0,0) e X : S, >0, S, >0, S, > 0}. This proves (9).

Let ¢o be aninitial value, then there is aunique equilibrium Eg (S,0, Sq0, Sko, 0, 0, 0)
in My, and Uy, ep, = Eg. Therefore, Ey is a compact and isolated invariant set for ¢
in set My, and Ay = {(S,0, Sa0, Sho, 0, 0, 0)} is the maximal compact invariant set of
f in 0 X).

In the following, we prove that Ej is isolated in set X and wS (Eg) N Xo = 0,
where WS (E() denotes the stable manifold of E. The above proposition is equivalent
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to claiming that there exists a positive constant § such that for any solution ®; (¢),
@0 € Xo,

tlim supd (®; (¢o) , Eo) > 6,
00

where d is a distant function in X(. Suppose that the claim is not true, then tlim supd
—00
(®; (¢o), Eg) < & for any §; namely, there exists a positive constant 7', such that
1—
65, (0= Ay By < S ()< Bl s ISP g <
Si(t) < SR +5.0<1() <€0<Dj(t) <§0<Da) <4 for
Vi > T, where & is a small constant to be determined. When t > T, we have

atd

al B (554 —§) U +61D1 +6:D0)
o > = - —+ad)l
p o po
<a+d+ Gavat a+d+6$) [1+K<d a+d+35)]
1—
! (4P b —€) (1 +61D; +6:D4)
A P (I=p) p)a
a+d + a-‘rd + Ol+d + 6%-
dDy;
= n8l — (w+d +dp) Dy,
dDy
Consider an auxiliary system
u'=ME)u, (10)
where vector u = (u1, us, u3)T and
1ﬂ<%ﬁis) + (o ‘Tﬁié) —G+d
M (&) (ﬁ+% anJr( :Jp)a aﬁd +6E)[1+K<% ﬁJrZE)] ﬁ+% anJr( :110)0( aﬁd +6:
1
(I=ms
9 (% ) (P )
| S (o] e e g
—(w+d+dp)
B4 hat B4 A
92|: A pa A (1—5)0‘5 mA+d ) P _A A po(t Ad (thz)a )
(FA7+5 A+ o Aver)1ee (2 A0 +36) | g+ 5 Ag+Uople A e
0
—(d+dp)

Recall that the stability modulus of a 3 x 3 matrix M is defined as
s (M) := max {ReA : A is an eigenvalue of M} .
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If Ry > 1, then s (M (0)) > 0 (Wang and Zhao 2004; Wang et al 2016a). Since
s (M (&)) is continuous for small &, there exists & small enough such that s (M (§)) >
0. Thus, there is a positive eigenvalue of M (£) with a positive eigenvector. Let u (t) =
(up (t),uz (t),us () be a solution of Eq. (10), which is strictly increasing u; (1) —
ocoast — 00,i = 1, 2, 3. Since the system (10) is a quasi-monotonic system, applying
the comparison principle (Lakshmikantham et al 1989) yields

lim I (1) = o0, lim D;(t) = o0, lim D4 (1) = o0,
—00 t—00 t—00

which contradicts with 0 < I (#) < £,0 < Dy(t) < &, and 0 < Dy (t) < &.

Hence, Ej is an isolated invariant set in X and WS (Ep) N Xo = @. By Lemma 1, f

is uniformly persistent with respect to (X, d Xo). Therefore, the system is uniformly

persistent if Ry > 1. O

4 Estimation of AIDS Epidemicin China

HIV/AIDS has been one of the most challenging health issues in China. It is necessary
to assess the situation accurately and evaluate the effectiveness of various prevention
and control measures. For simplicity, new HIV-positive cases are assumed to be new
diagnosed HIV-positive individuals who have not yet progressed to AIDS, and new
AIDS cases are assumed to be new individuals with clinical symptoms of AIDS.

We obtain data on the number of new HIV-positive and new AIDS cases in mainland
China from China CDC (Chinese 2021a). In 2012, China CDC revised the statistical
rules for new infection cases. In February 2020, UNAIDS claimed that it is not clear
how many infected people in China are affected by COVID-19 (Joint 2020). Thus, we
focus on the annual number of reported new cases from 2013 to 2018 to assess the
HIV/AIDS epidemic in China (see Fig. 4). The data indicate that HIV transmission
does not show obvious seasonality.

The initial values of state variables and fixed parameters are provided below:

(1) As of December 31, 2012, 240,174 diagnosed HIV-positive individuals and
145,643 AIDS patients had survived (Chinese 2020). Hence, we assume that
Dy (0) = 24.0174 x 10%, D4 (0) = 14.5643 x 10*.

(i) Based on the data given by the China Statistics Abstract (National Bureau of
Statistics of China 2021), it can be estimated that the average number of births
per year A and natural mortality d from 2013 to 2019 are 1600 x 10* and ﬁ,
respectively.

(iii) By calculation, the proportion of new AIDS cases (excluding previous Dy trans-
ferred into D4 this year) in new cases from 2013 to 2017 is 0.7046, 0.7154,
0.7075, 0.7046, and 0.7103, respectively. Hence, we assume that 7 is the average,
that is, n = 0.7085.

We estimate the unknown parameters 0= B, o, Kk, p, 1,01, f,8) by Markov chain
Monte Carlo (MCMC) simulation using the annual number of new HIV/AIDS cases
from 2013 to 2018 (see Table 2). Figure 5 A and C shows the fitting results of the
annual number of new HIV/AIDS cases. In addition, Fig. 5B and D shows the Pearson
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Fig. 4 (Colour figure online) Number of new diagnosed HIV-positive individuals and AIDS patients in
mainland China from 2013 to 2018
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Fig.5 (Colour figure online) A, C Fitting the annual number of new diagnosed HIV-positive cases and AIDS
cases (excluding previous Dj transformed into D4 this year) in China. The red and blue dots mark the
new cases, and the solid black line represents the model solution. Shaded regions indicate 95% confidence
interval; B, D Pearson coefficients between the fitting results and reported new cases. The larger the absolute
value of the coefficient, the better the fitting result, and the maximum value is one

coefficients between the fitting results and reported new cases, which indicates that
the fitting result is acceptable.

Based on the estimation of unknown parameters, the mean value of the basic
reproduction number is estimated as 1.2138, with a 95% confidence interval (1.0834—
1.3442) (see Fig. 6A). The basic reproduction numbers of S, and S}, are 5.6776 x 10~10
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Table 2 Estimated parameters and their mean values given in 95% CI

Parameter Mean value Std Source

d ﬁ year*1 - Estimation

d; 0.172 year™! - (Xiao et al 2013)
dy 0.318 year™! - (Xiao et al 2013)
A 1600 x 104 persons year*1 - Estimation

B 3.6871 0.1328 MCMC

n 0.7085 - Estimation

o 0.0761 year—! 0.0130 MCMC

K 34.866 2.9838 MCMC

w 0.116 year*1 — (Xiao et al 2013)
0 0.9405 0.0057 MCMC

m 32.575 1.4864 MCMC

6 0.7744 0.0146 MCMC

(%) 0 - (Xiao et al 2013)
f 0.3237 0.0148 MCMC

b 0.1951 year™! 0.0028 MCMC

Sy (0) 11036.4835 x 104 579.5651 x 104 MCMC

Sy (0) 116282.4307 x 10% 909.6915 x 104 Estimation!

Sp, (0) 8667.4895 x 10% 329.3112 x 104 MCMC

1(0) 47.0144 x 104 2055 MCMC

Dy (0) 24.0174 x 10* - Estimation

Dy (0) 14.5643 x 10% - Estimation

1 The initial value S, (0) is calculated by subtracting other initial values from the total population N in 2013

(4.7883 x 10719267039 x 107'9) and 1.2138 (1.0834—1.3442), respectively (see
Fig. 6B and C). The above analysis shows that if all susceptible individuals receive
sex education on prevention and become alert, then the epidemic will eventually die
out naturally. However, if all susceptible individuals perform high-risk behaviors, then
the epidemic will persist and become endemic.

5 Sensitivity Analysis

We perform global sensitivity analysis following the techniques presented in (Blower
and Dowlatabadi 1994; Marino et al 2008) to identify the most influential parameters
that have a significant impact on an important output variable. Since the parameters
with large partial rank correlation coefficient (PRCC) values and corresponding small
p values (p < 0.01) are generally considered to be the most influential parameters
on the output variable, we consider that the absolute values of PRCC> 0.4 repre-
sent a strong correlation between input parameters and output variables, while values
between 0.2 and 0.4 represent moderate correlation, and values between 0 and 0.2 rep-
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Fig. 6 (Colour figure online) Basic reproduction numbers A Rg, and Rg,; B Rs,; C Ry, calculated by

the last 10000 samples of the MCMC fitting results
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Fig. 7 (Colour figure online) Partial rank correlation coefficients illustrating the dependence of A Rg,; B
Rg, on model parameters, where B represents the adequate contact rate, « represents the rate of transition
from being pre-susceptible to being aware susceptible or being high-risk susceptible, « represents the fear
of infection, p represents the rate of individuals who receive sex education and become alert, 6] represents
the modification factor in adequate contact rate of diagnosed HIV-positive patients, § denotes the diagnosis
rate, and parameters with significant PRCCs are indicated as * (p < 0.01 and |[PRCC| > 0.2)

resent no correlation (Xiao et al 2013). The parameters of the model are set as input
variables, and Ry, and Ry, are the output variables. Keeping d = ﬁ, d; =0.172,
dsy = 0.318, A = 1600 x 10*, 6, = 0, n = 0.7085, w = 0.116 fixed while taking
the last 10000 sampling values of the remaining parameters from the MCMC fitting
results.

Figure 7 and Table 3 show the dependence of Ry, and Ry, on model parameters. The
sensitivity analysis suggests that the parameters significantly related to Ry, are B and
K, and the parameters that are strongly correlated to Ry, are 8, , and p. Specifically,
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Table 3 PRCCs of model parameter on R, and Rg, with corresponding values of p

Rs, Rs,
Parameter PRCC value p value PRCC value p value
B 0.3366 0.0000 0.3315 0.0000
o —0.0428 1.8390 x 1073 0.2861 0.0000
K —0.9208 0.0000 0.1052 0.0000
0 0.0999 0.0000 —0.9109 0.0000
6 0.0393 8.5380 x 107 —0.0445 8.6906 x 1075
s —0.1099 0.0000 —0.1037 0.0000

the adequate contact rate 8 has the strongest positive correlation with R, and Ry, . The
transition rate o has a great positive impact on Ry, . Typically, a long education period
helps to reduce the number of high-risk susceptible individuals, thereby reducing the
value of Ry,. Among the parameters that are negatively correlated with Ry, and Ry,
the PRCC values of fear coefficient ¥ and the rate of individuals who receive sex
education and become alert p are the largest. We define «, «, p as preventive measures
and § as post-infection measure. We can conclude that the PRCC values of these
preventive measures are much greater than those of post-infection measures, that is,
preventive measures are more effective than post-infection measures in eliminating the
AIDS epidemic. Hence, the health authorities should not only strengthen the diagnosis
of HIV carriers but also pay attention to the sex education of pre-susceptible and
susceptible individuals.

6 HIV Epidemic Estimated in the Future Considering 90-90-90
Strategies

As early as 2003, China launched a free antiviral treatment project. At the early stage
of the implementation of free antiviral treatment, the mortality of disease-related was
greatly reduced. However, the reduction of mortality and the extension of individual
survival time are also affected by gender, route of infection, medication compliance,
and other factors. Hence, as of 2018, the number of new HIV/AIDS cases has been
increasing annually.

On November 23, 2018, the National Health Commission of the People’s Republic
of China held a news conference to show the progress of AIDS prevention and control
in China (National 2018). For the first 90%, about 30% infected people have not been
found. The second target of treatment coverage is going smoothly, while the medical
resources in some regions are relatively insufficient. The third target has been basically
achieved in a short time with the current treatment approach. This target has not been
completely achieved so far due to some problems such as drug resistance.

Figure 5 shows that the number of new HIV/AIDS cases in China has been increas-
ing annually from 2013 to 2018. Figure 8 predicts that the number of new HIV/AIDS
cases will increase annually from 2019 to 2030. Therefore, AIDS cannot be eradicated
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Fig.8 (Colour figure online) Prediction for the annual number of new HIV/AIDS cases from 2019 to 2030
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Fig. 9 (Colour figure online) Quantifying the 90-90-90 targets mathematically. A 90% infected people
know their infection status; B 90% of those diagnosed with HIV/AIDS receive antiviral treatment, and the
virus is under control in 90% of the patients treated

in China by 2030 if the current surveillance, testing, and intervention strategies remain.
In addition, the 90-90-90 targets in 2020 have not been completed (Joint 2020). In May
2019, China promised to achieve the three zero goals, namely zero new HIV/AIDS
infection, zero discrimination, and zero AIDS-related deaths, and emphasized that
three zeroes are the key goal of epidemic prevention and control for China. It is neces-
sary to predict the spread of the epidemic so that relevant policies can be revised at any
time. Therefore, we re-predict the epidemic in the next few years. The objective of this
forecast is to estimate when the goal of zero new HIV/AIDS cases can be completed.

We quantify the 90-90-90 targets mathematically and add the quantization results
as a strategy to the model. The quantization process is shown in Fig. 9. As shown in
Fig. 9A, when 90% of HIV carriers are diagnosed, that is, after the testing period, 90%
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of HIV carriers (/) become HIV-positive individuals (Dy) or AIDS patients (D4). We
assume that 90% of HIV carriers are diagnosed in unit time. Therefore, the rate from

I to Dy can be expressed as n x 0.9 x I x and the rate from 7 to D4 can be

expressed as (1) x 0.9 x [ x g,

The quantification process of the second and third 90% targets is shown in Fig. 9B.
It is assumed that 90% of the diagnosed individuals receive antiviral treatment, and
the virus in 90% of treated individuals is under control regardless of drug resistance
(Wu and Zhao 2021), that is, they will no longer infect susceptible individuals. The
above analysis can be expressed as 0.9 x 0.9 x (Dj 4+ Dy) x m It is assumed
that the virus in 10% of the diagnosed individuals may keep reproducing due to many
factors such as drug resistance when receiving antiviral treatment, and their survival
times are the same as those diagnosed individuals who gave up treatment. Note that
we do not consider the mortality rate due to HIV (dy) in this case. The above process
can be expressed by 0.9 x 0.1 x D; X w,0.1 x D; x 0,0.9 x 0.1 x Dy X dy4, and
0.1 x Dy x da, respectively.

Based on the above assumptions, we consider whether China can achieve the goal
of zero new HIV/AIDS cases in 2030 when China realizes the 90-90-90 targets by the
end of 2022. We analyze the following three cases:

1
unit time ’

1. 90% infected individuals know their infection status;

2. 90% of those diagnosed with HIV/AIDS receive antiviral treatment, and the virus
is under control in 90% of the patients treated;

3. 90% HIV-infected individuals know their infection status, 90% of those diagnosed
with HIV/AIDS receive antiviral treatment, and the virus is under control in 90%
of the patients treated.

For the above cases, we carry out numerical simulations. Figure 10A and B is
based on the assumption that the first 90% target will be completed by the end of
2022. In this case, the number of new HIV/AIDS cases in 2030 will be greater than
one. Therefore, even if the diagnosis rate realizes 90% by the end of 2022, it will
be impossible to achieve the goal of zero new HIV/AIDS cases in 2030. Figure 10C
and D shows that even if the second and third 90% targets are completed by the end
of 2022, it will be impossible to achieve the goal of zero new HIV/AIDS cases by
2030. In the numerical simulations in Figure 10E and F, we assume that the 90-90-90
targets have been completed by the end of 2022, then the goal of zero new HIV/AIDS
cases will not be achieved by 2030. It is necessary to study when China can achieve
the goal of zero new HIV/AIDS cases. Figure 11A and B shows that if the targets of
90-90-90 are achieved by the end of 2022, zero new AIDS cases will be achieved by
2048. We assume that the year of achieving the 90-90-90 targets will be postponed
by a year, then the year for achieving the goal of zero new HIV/AIDS cases will have
to be postponed for one year. Under the above two assumptions, it takes 26 years to
achieve the same goal, and the peak of the new HIV/AIDS cases is higher in the latter.
The medical expenses of these patients are high.

The worldwide COVID-19 pandemic occurred in late 2019. In 2020, UNAIDS
reported that we cannot take the fund for a specific disease to treat another disease. If
we want to avoid massive deaths, we must provide adequate funding for the prevention
and treatment of HIV/AIDS and COVID-19 (Joint 2020). However, it is impossible to
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from 2013 to 2018, predicts the number of new HIV/AIDS cases each year from 2019 to 2030. The red
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@ Springer



Long-Term Forecast of HIV/AIDS Epidemic in China with Fear... Page230f28 132
5 A 4 B
@ 2 x10 8 x10
§ 95% Cl 8 95% CI
° Estimated cases & Estimated cases
£ 151 ¢ Reported cases £ 6 * Reported cases
a S|
2?- - 26 years R g B 26 years
T 1 k L4
> o
o) c
2 2 8 1
$05¢ 1 Se2 05
o 0 ‘% 0
= \ P
[
Z 0 0 \
2013 2022 2048 2013 2022 2048
Time (years) Time (years)
5 c 4 D)
é 5 X 10 g % 10
S 95% Cl @ 95% Cl
g Estimated cases @ Estimated cases
=157 * Reported cases PrCh ¢ Reported cases
o [a]
8 2
= 26 years < 26 years
= - o <
T 1 > Q45 - .
) 3
[ 2 c 1
3 \ g \
505+ 1 S 2f 0.5
8 = 0
S 0 ®
= . = N\
% (Ve . oL .
2013 2023 2049 2013 2023 2049
Time (years) Time (years)

Fig. 11 (Colour figure online) Numerical simulation of Case 3 using data from 2013 to 2018 predicts the
number of new HIV/AIDS cases each year from A, B 2019 to 2048; C, D 2019 to 2049. The red solid line
or blue solid line indicates that the 90% targets have been reached since the current year

exclude the possibility that China’s medical resources, such as drugs, equipments, and
health workers will be deployed to fight against COVID-19. Therefore, it is necessary
to assume that the time to achieve the 90-90-90 targets will be greatly delayed. Under
this assumption, we study how long it takes for China to achieve the goal of zero new
HIV/AIDS cases. When the time for completing the 90-90-90 targets is extended to
2029 and 2030, Fig. 12 shows an interesting phenomenon. The simulation results of
the above two assumptions show that it takes 26 years to achieve the goal of zero new
HIV/AIDS cases, which is the same as the above analysis.

From the above analysis, whether the time to achieve the 90-90-90 targets is the
end of 2022 or the end of 2030, it will take 26 years to achieve the goal of zero new
HIV/AIDS cases. However, the peak of new HIV/AIDS cases is significantly higher
when the latter is considered, and a higher peak indicates more medical funds have to
be invested. Hence, China can only achieve the targets of 90-90-90 as soon as possible
to avoid more infections, deaths, and medical costs.
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Fig. 12 (Colour figure online) Numerical simulation of Case 3 using data from 2013 to 2018 predicts the
number of new HIV/AIDS cases each year from A, B 2019 to 2055; C, D 2019 to 2056. The red solid line
or blue solid line indicates that the 90% targets have been reached since the current year

7 Discussion

Many years ago, an HIV patient who was recognized as the ‘Berlin patient’ was
cured (Brown 2015). In 2017, an adult who was infected with HIV was known as the
‘London patient.” Within 30 months after stopping antiretroviral treatment, the virus
in the patient was undetectable (Gupta et al 2019, 2020). These are two cases of cured
HIV that have been recorded so far. Notably, it is unclear which treatments or factors
determine the HIV elimination in these two individuals.

It has been more than 40 years since AIDS was first reported. Many methods have
been developed to prevent HIV infection, such as pre-exposure prophylaxis, which
is highly effective at reducing HIV acquisition through sex (The Lancet 2021). In
addition, the reproduction of the virus can be controlled by antiretroviral therapy,
even some infected individuals lose their infectivity after treatment. However, there
are still some limitations. The most difficult and urgent problem is to achieve universal
health coverage so that the needs of marginalized populations without judgment or
prejudice (The Lancet 2021). Moreover, ending AIDS cannot be achieved without
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targeted programs that are tailored to key populations such as high-risk susceptible
individuals (The Lancet 2021).

We proposed a mathematical model to estimate the AIDS epidemic in mainland
China on the basis of surveillance data, including estimation of the reproduction num-
ber, prediction of the AIDS epidemic, and evaluation of the effectiveness of various
strategies. We estimated that the mean reproduction numberis 1.2138 (95% CI 1.0834—
1.3442), where the basic reproduction numbers of aware susceptible individuals and
high-risk susceptible individuals are 5.6776 x 10710 (95% CI 4.7883 x 10~10—
6.7039 x 1071%) and 1.2138 (95% CI 1.0834—1.3442), respectively. The discrepancy
in the two estimates may be partly attributable to the fear effect. The estimation of Ry,
is less than those obtained through a metapopulation model (Xiao et al 2013), which
is 1.708 (95% CI 1.440-1.977). It shows that HIV/AIDS prevention and control in
China has obtained great success in recent years, but the basic reproduction number
is still greater than one. Therefore, it is necessary to strengthen HIV/AIDS prevention
and treatment. PRCC values of some important parameters for the basic reproduc-
tion numbers Rs, and Rg, suggest that reducing the effective contact (the number of
contacts and the probability of infection per contact) between susceptible individu-
als and infected individuals remain a priority for the health authorities. In addition,
we found that prevention interventions (such as sex education) are far more effective
in eliminating the epidemic than post-infection interventions (the diagnostic rate of
infected individuals). These findings not only support AIDS prevention education but
also affirm the role of psychological fear will effectively decrease the transmission
potential of the epidemic.

The results of our work indicate that sex education and improving the alertness of
susceptible people are essential to prevent the spread of AIDS. These measures may
enhance the fear of infection. Efforts should be made on radical behavioral changes
at both individual and group levels, in particular among those who perform high-risk
behaviors, to eradicate AIDS. Moreover, we should promote the use of condoms and
other protective measures before exposure to reduce the effective contact rate. Fur-
thermore, encouraging self-testing and providing services for those who are willing to
be tested after exposure can promote early detection and early diagnosis. The time of
achieving the targets of 90-90-90 may be delayed because of COVID-19. Every addi-
tional year of delay means that more susceptible people are infected. Therefore, we
must ensure that people affected by COVID-19 can receive fundamental AIDS preven-
tion and treatment, and we should enhance the surveillance to ensure that intervention
strategies are being implemented properly.

Our study still has several limitations. First, due to the change in statistical rules
and the impact of COVID-19, we can only get data from 2013 to 2018. In addition, we
cannot separate cases caused by mother-to-child transmission from the total number of
cases, which account for less than 1% of the total cases. Second, the first 90% strategy
should consider that the sum of the number of individuals diagnosed with HIV and
individuals diagnosed with clinical symptoms of AIDS (excluding those transformed
from HIV-positive individuals) accounts for 90% of all infected individuals, which is
more realistic, but it is difficult to obtain the data. Third, we cannot know whether
infected people who maliciously spread HIV are receiving treatment on time. Hence,
we assume that the infected individuals who receive treatment on time will not mali-
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ciously spread the virus when considering the second and third 90% strategies, then
the number of new cases based on this assumption is less than the actual number.
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