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Abstract Diagnostic delay for TB infected individuals and the lack of TB vaccines
for adults are the main challenges to achieve the goals of WHO by 2050. In order to
evaluate the impacts of diagnostic delay and vaccination for adults on prevalence of
TB, we propose an age-structured model with latent age and infection age, and we
incorporate Mycobacterium TB in the environment and vaccination into the model.
Diagnostic delay is indicated by the age of infection before receiving treatment. The
threshold dynamics are established in terms of the basic reproduction number Ry.
When Ry < 1, the disease-free equilibrium is globally asymptotically stable, which
means that TB epidemic will die out; When Ry = 1, the disease-free equilibrium is
globally attractive; there exists a unique endemic equilibrium and the endemic equi-
librium is globally attractive when R, > 1. We estimate that the basic reproduction
number Ry = 0.5320 (95%CI : (0.3060, 0.7556)) in Jiangsu Province, which mean-
s that TB epidemic will die out. However, we find that the annual number of new
TB cases by 2050 is 1,151 (95%CI: (138, 8,014)), which means that it is challeng-
ing to achieve the goal of WHO by 2050. To this end, we evaluate the possibility of
achieving the goals of WHO if we start vaccinating adults and reduce diagnostic de-
lay in 2025. Our results demonstrate that when the diagnostic delay is reduced from
longer than four months to four months, or 20% adults are vaccinated, the goal of
WHO in 2050 can be achieved, and 73,137 (95%CI: (23906, 234,086)) and 54,828
(95%CI: (15,811, 206,468)) individuals will be prevented from being infected from
2025 to 2050, respectively. The modeling approaches and simulation results used in
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this work can help policymakers design control measures to reduce the prevalence of
TB.

Keywords Age-structured model - Latent age - Infection age - Parameter estimation -
Sensitivity analysis

1 Introduction

Tuberculosis (TB) is a chronic infectious disease caused by infection with Mycobac-
terium TB (Wikipedia, 2022). In 2020, approximately ten million people worldwide
developed TB, including 5.6 million men, 3.3 million women and 1.1 million chil-
dren, and 1.5 million people died from TB. Globally, TB ranks the 13th among all
leading causes of deaths, and becomes the second leading infectious killer among all
infectious diseases since COVID-19 (World Health Organization, 2022b). In recent
two decades, China has made great progress in the prevention and mitigation of TB
(Wang et al., 2014). During this period, the incidence rate of TB is reduced by 42%,
and the mortality rate of TB is reduced by more than 90%. However, China still had
833,000 TB infections and 38,800 TB deaths in 2019 (World Health Organization,
2022a). Globally, the incidence rate of TB reduced about 2% per year and the cumu-
lative reduction between 2015 and 2020 was 11%, which is more than half of 20%
reduction milestone of the End TB Strategy (World Health Organization, 2022b).
However, the speed is not fast enough to achieve the goals of World Health Organi-
zation (WHO), which is to reduce the incidence rate of TB by 50%, 80%, and 90% in
2025, 2030, and 2035, respectively, compared with that in 2015, and there will be less
than one case per million individuals per year in 2050 in China (Dye and Williams,
2008; Harris et al., 2019, 2020; Houben et al., 2016; Huynh et al., 2015; Lin et al.,
2015; Xu et al., 2017).

According to the current findings and predictions through mathematical models
(Abu-Raddad et al., 2009; Feng et al., 2001, 2002; Guo et al., 2021; Harris et al.,
2019, 2020; Sreeramareddy et al., 2009), the effectiveness of TB control strategies
depends on several factors. First, many symptoms of TB are similar to those of other
diseases. Hence, it is easy to diagnose TB as other diseases by mistakes so that di-
agnostic delay occurs. Diagnostic delay may increase the risk of deaths and facilitate
the transmission of TB in the community (Sreeramareddy et al., 2009). The inci-
dence data in Jiangsu Province show that the average diagnosis delay is 44 days (see
Fig. 2(A)). Consequently, the age of infection (the time from being infected to be-
ing treated) is an important factor in disease progression (Feng et al., 2002). Second,
there are no effective vaccines against TB for adults except the bacille Calmette-
Guérin (BCG) vaccine. In the past few years, the development of new TB vaccines is
rapid, with 14 candidates entering clinical trials, including four in phase 2B/3 (Harris
et al., 2019, 2020). Therefore, vaccination strategy is essential in disease progression
when adult vaccines are introduced. Third, Mycobacterium TB is resistant to dry,
cold, acidic and alkaline environments. In particular, Mycobacterium TB adheres to
dust and remains infectious for 8-10 days, can survive for 6-8 months in dry sputum,
and can survive for 4-5 years when the temperature is minus 6°C or above, indicat-
ing that Mycobacterium TB can widely spread through the air, and everyone who is
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exposed to the air with Mycobacterium TB may be infected (Chinese Center for Dis-
ease Control and Prevention, 2022). Thus, Mycobacterium TB in the environment is
non-neglectable in TB transmission.

During the spread of TB, approximately 5% to 10% of people infected with My-
cobacterium TB will develop active TB during their lifetime (World Health Organi-
zation, 2022a). Some of these people develop TB very soon (within a few weeks)
after being infected, while others may get sick several years later (Guo et al., 2021).
In addition, the timings of diagnosis delays vary among countries, regions, and T-
B patients. The average diagnostic delays in high-income countries and low-income
countries are 47 days and 60 days (Sreeramareddy et al., 2009), respectively. The du-
rations of diagnostic delay reach hundreds of days (see Fig. 2(A)). Age structure is
essential when modeling long-term disease (Magal et al., 2010; Qiu and Feng, 2010;
Shen et al., 2017; Wu and Zhao, 2021; Yang and Wang, 2019; Zhang and Liu, 2020;
Zou et al., 2010), because the time it takes for latent individuals to become infec-
tious differs and the chances of receiving treatment for infectious individuals varies
considerably (Iannelli and Milner, 2017).

Many mathematical models have been used to study the dynamics of TB, includ-
ing ordinary differential equation (ODE) models (Cai et al., 2021; Choi and Jung,
2014; Huo and Zou, 2016; Liu et al., 2010; Song et al., 2002), delay differential e-
quation (DDE) models (Feng et al., 2001, 2007; Okuonghae, 2015), age-structured
models (Ainseba et al., 2017; Castillo-Chavez and Feng, 1998; Feng et al., 2002;
Guo et al., 2021; Harris et al., 2019, 2020; Li et al., 2020; Liu et al., 2022; Mu et al.,
2022; Wang et al., 2017; Xu et al., 2019; Xue et al., 2022; Yang et al., 2011), and
reaction-diffusion models (Catala et al., 2020; Wang et al., 2022; Zhang et al., 2021).
Motivated by the above work, we propose an age-structured model with latent age
and infection age. Mycobacterium TB can survive in dry, cold, acidic, and alkaline
environments (Chinese Center for Disease Control and Prevention, 2022), especial-
ly in some special environments, Mycobacterium TB can survive for several years,
which means that Mycobacterium TB can spread widely through air. Therefore, we
incorporate Mycobacterium TB in the environment into our model. Since the vac-
cines for adults are under development and will be applied once they are available,
we include vaccination for adults in the model, besides BCG-vaccination for chil-
dren. In addition, we also consider the age of infection before receiving treatment
to represent diagnostic delay, and the treated class is also introduced into the model.
Our goals are to study the dynamic properties of the model, calibrate the transmission
model according to the demographic and epidemiological data classified by the age
of infection, as well as to evaluate the possibility of achieving the goals of WHO in
Jiangsu Province, China.

The remaining sections of our work are structured as follows. In Sect. 2, we pro-
pose a TB model that takes into account various factors such as latent age, infection
age, vaccination, treatment, and both indirect and direct transmission. We analyze the
model to derive the basic reproduction number, Ry, and study the boundedness and
uniform persistence of the model, as well as the existence and stability of equilibrium
solutions. In Sect. 3, we employ Markov Chain Monte Carlo (MCMC) to estimate the
unknown parameters and initial values of the model. Through this estimation, we can
also determine the value of the basic reproduction number, Ry. In Sect. 4, we uti-
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lize Latin Hypercube Sampling (LHS) and the Partial Rank Correlation Coefficient
(PRCC) to explore the uncertainty and sensitivity of the parameters. Additionally, we
evaluate the possibility of achieving the goals of WHO in Jiangsu Province, China.
In Sect. 5, we summarize and discuss the findings from our research.

2 The TB model with latent age and infection age

The total population is divided into six classes, namely, susceptible, vaccinated, la-

d«—R(t)

Fig. 1 Schematic diagram of the mathematical model.

tent, infected, treated, and recovered individuals. S (¢), V(¢), T (), and R(¢) represent
the number of susceptible, vaccinated, treated, and recovered individuals, respective-
ly. e(t, b) represents the density of latent individuals with latent age b. i(¢, a) represents
the density of infected individuals with infection age a. W(¢) represents the density
of Mycobacterium TB in environment, such as door handles, towels, handkerchiefs,
toys, utensils, and beds, etc. The total population at time 7 is denoted by

Nty=S®)+V@e)+ T +R()+ f ) e(t,b)db + f N i(t,a)da.
0 0

The total population, N(¢), is born and dies at the rates A and dN(), respectively,
where d represents the natural mortality rate. The baseline infection probability of
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susceptible and vaccinated individuals is defined as

A1) =f0 Bi(@)i(t, a)da + B2 T (1) + g(W(0), (D

where 3 (a) denotes the direct transmission rate of infected individuals at stage a; 8,
denotes the direct transmission rate of treated individuals. The function g(W(r)) rep-
resents the probability that a susceptible individual becomes infected through indirect
contact with Mycobacterium TB in the environment. Obviously, higher Mycobacteri-
um TB density increases the chance that a susceptible individual becomes infected.
Thus, the transmittability of the disease, g(W(¢)), is an increasing function of W(r)
(Kong et al., 2014a,b; Posny and Wang, 2014). In general, we assume that the func-
tion g(W(¢)) satisfies the following conditions for all 7 > O:

g(0)=0, g(W)>0, and g"(W) <0, for W > 0.

Susceptible individuals become exposed and active TB at the rates (1 — ¢)A(t)S (¢)
and gA(1)S (¢), respectively, where g denotes the proportion of new infections that
directly develop into active TB. Similarly, Vaccinated individuals become exposed
and active TB at the rates (1 — g)nA(#)V(¢) and gnA(¢)V(z), respectively, where 1 — 7
denotes the reduction in susceptibility to infection due to vaccination. Susceptible
individuals, including children and adults who transfer to the vaccinated class at the
rate «S (), where « is the vaccination rate. Once the vaccine protection is lost, the
vaccinated individuals transfer to the susceptible class at the rate 7V(¢), where 1/t
denotes the duration of vaccine protection. Exposed individuals can become infected
at the rate p f()+°° a(b)e(t, b)db, where o(b) denotes the progression rate of the latent
individuals at stage b, and p denotes the proportion of new infections that develop
into active TB from latent individuals. Infected individuals can be treated at the rate
fo+m 0(a)i(t, a)da, where 6(a) denotes the the diagnosis rate of the infected individu-
als at stage a. All cases in 7'(f) will either recover or die at the rates y7'(¢) and dT (¢),
where y represents the recovery rate. Recovered individuals can also transfer to the
susceptible class at the rate dR(¢), where § is the rate at which a recovered individual
loses immunity (becoming susceptible again). Note that we don’t consider relapse
of the recovered individuals in this work. Eventually, &;(a) and &, are the virions
of Mycobacterium TB released into the environment per unit time by infected indi-
viduals with infection age a and treated individuals, respectively; and c is the rate
at which Mycobacterium TB is eliminated from the environment by any means (Li
et al., 2009). The population flow among those compartments is shown in Fig. 1. We
formulate the following system mixed with ordinary differential equations and partial
differential equations:

dfl Et) = A+7V(@) + 6R(1) = ADS (1) — (@ + d)S (2),
d_‘;f) =aS ) —nAOV() - (t+d)V(),
@ = f“’" 8(a)i(t,a)da — (y + AT (¥),

dr 0
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dR

% =yT(®) - (6 + DR(),

dw()
dr

Oe(t, b) N de(t,b)
ot o

0i(t,a) 0i(t,a) _ .
" + e (6(a) + d)i(t, a).

—(po(b) + d)e(t, ),

2

fm &1(@)i(t,a)da + £T(1) - cW(),
0

The boundary and initial conditions for System (2) is as follows

e(t,0) = (1 = A(D(S (@) + nV(D),

i(t,0) = gA(A)(S () + V(D) + p f ) o (b)e(t, b)db,
0

3)

S(0) = S0, V(0) = Vo, T(0) = To, R(0) = Ro, W(0) = W,

e(0,D) = e(D), (0, a) = ip(a),

where ey(b), ip(a) € L!(0,+o0), and Sg, Vo, Ty, Ry, Wy € R,. The definitions of all

parameters are shown in Table 1.

Table 1 The parameter description of System (2).

Parameters ~ Description Units
A The recruitment rate of susceptible individuals number/month
d The natural mortality rate 1/month
Bi(a) The direct transmission rate of infected individuals at |/number-month
stage a
B The direct transmission rate of treated individuals 1/number-month
B3 The indirect transmission rate of Mycobacterium TB 1/virions-month
0(a) The diagnosis rate of infected individuals at stage a 1/month
o(b) The progression rate of latent individuals at stage b 1/month
b% The recovery rate of treated individuals 1/month
The proportion of new infections that develop into dimensionless
p active TB from latent individuals o
The proportion of new infections that directly develop . .
. f dimensionless
into active TB
a The vaccination rate of susceptible individuals 1/month
The level of protection for vaccinated individuals . .
1-7 . . dimensionless
due to immunity
1/t The duration of vaccine protection month
The rate at which a recovered individual loses
) . . . . R 1/month
immunity (becoming susceptible again)
The Mycobacterium TB shedding rate from infected ..
&1(a) o virions/number-month
; individuals at stage a
The Mycobacterium TB shedding rate from treated ..
& . virions/number-month
individuals
The clearance rate of the Mycobacterium TB in the
c . 1/month
environments

Throughout this work, we make the following assumptions on the coefficients of

System (2).
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(AL: A, 7.6, B2, B, & d. 1., &2, €., Br(@), (@), E4(@). oB) > 05

(A2): Bi(a), 6(a), £1(a), o(b) € LTY(0, +o00) with essential upper bounds Sy, 6, &1,
a > 0, respectively;

(A3): Bi(a), 8(a), &£1(a), and o (b) are Lipschitz continuous on R, with Lipschitz
coeflicients Mpg,, Mg, M, , and M, respectively;

(A4): The stability analysis for general expressions of g(W(¥)) is tedious. For
simplicity, we assume that g(W(¢)) = B3 W(r), where B5 is the indirect transmission
rate of Mycobacterium TB.

We define the phase space for System (2) by Y = R3 x (L1(0, +0))?, with the
norm

5

+00 =00
I v vas sy = Yl + [ leids+ [ bo@ida. )
- 0 0

i=1

In the following analysis, we assume that both (A1)-(A4) are valid.

2.1 Well-posedness
The continuous solution semiflow @ : R, X Y — VY is defined as
D(t, x0) := (S (@), V(1), T(0),R(t), W(1), e(t, ), i(t,")), t ERy, x0 € Y,

where @(t, xp) is the solution to System (2) with @(0, xp) = xo.
Fora,b > 0, let

ki(b)=¢e" J(‘)”(po‘(s)+d)ds’ ky(a) = e fl)['(()(s)-#d)ds’
too +00
K :f a(b)ky(b)db, ¥ :f B1(a@)ks(a)da,
0 0
oo +00
K= f 0(a)ky(a)da, Ky = f & (a)ka(a)da.
0 0

Integrating the equations for e(t, b) and i(¢, a) in System (2) along the characteristic
lines, t — b = const and ¢ — a = const, respectively, we obtain

e(t — b,0)k1 (D), 0<b<i, i(t — a,0)ky(a), 0<ac<t,
e(t,b) = k1 (b) i(t,a) =4 ky(a)
eO(b_t)kl(b—t)’ 0<t<h, lo(a—t)kz(a_t), 0<t<a.
(5)

In what follows, we prove that the solution of System (2) is bounded.

Theorem 1. The solution of System (2) is bounded, that is,

A + &)

N(t) < max {NO, %}, W(t) < max {WO, 7c

}, for teR,.

Moreover, the upper bounds are eventually uniform,

A A
limsup N(f) < 7 limsup W(r) < @
c

—00 —o0
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Proof. See Appendix A.
Hence, the trajectories of System (2) are ultimately bounded. Then we have the
following proposition.

Proposition 1. Define

D= {(S @), V@), T@),R(@),W(),e(t,b),i(t,a) € Y : 0 < N(t) <
A + fz)}
dc

&l

(6)
0<W(@® <

is positively invariant for System (2).

2.2 Equilibria and the basic reproduction number

We assume that (S°, V0, T% R%, WO, 0(-),i%(+)) is disease-free equilibrium. We take
7O = RO = WO = ¢%0) = ) = 0, then ®(») = 0 and @) = 0 can be
obtained by €°(b) = €°(0)k;(b) and i®(a) = i°(0)ky(a), respectively, where 0 €
L} (0, +00) is the zero function. Let the disease-free equilibrium be given by P =

(5°,v°,0,0,0, 071(0.+00)5 0L1(0.+00))- Using % = % = 0, we obtain

o:( At +d) Aa

, 10,0,0,0110 100 0110500 )
d@+1+d) da+1+d) L0+ BLHO04)

In order to derive endemic equilibria, we first determine the basic reproduction num-
ber Rp using the next generation operator approach (Diekmann et al., 1990; Van den
Driessche and Watmough, 2002). We obtain

Ry = (S° + nVO)(’Kg N 527(3 N Bsl(y + Ky + £,K5]

)[q +p(1 — K]

+d c(y +d) -
_Ama+1+d) BKs | Bal(y + Ky + £,5G] B
C da+Tt+d) ( 2t a” oy +d) )[q+P(1 DKl

An endemic equilibrium P* = (§*, V*, T*, R*, W*, ¢* (), i*(a)) satisfies the following
equations:

A+TV +6R* = AU'S" - (a+d)S™ =0,

aS* -’V —(t+d)V* =0,

f+°° 0(a)i*(a)da — (y + d)T* =0,

y;* —(+dR =0,

f+°° & (@)i*(@)da + ET — W =0, (8)
e*o(b) =€ (0)ki(b),

i"(a) = " (0)kz(a),
€'(0) = (1 =" (S* +nV"),
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i"(0) = gA*(S™ + nV™) +pf N o(b)e*(b)db,
0

where

A= f Bi(a)i*(a)da + B, T* + Bz W™. 9)
0
From Eq. (8), we have
. TO)G
T = vrd’ (10)
. TOKs
k= G +d)(y+d) (i
. TOy + DKy + £KG]
W= cly +d) (12)
- Bi" (K5 B3 (0)[(y + YKy + £,K5]
A =0 + — o+ d) (13)
V= a[A(0 + d)(y + d) + 1" (0)6yK5] (14)
B O+ )y + dD[A* + DA* + T+ d) + a(@d* +d)]’
. MA* + 1+ [AG + d)(y + d) + i*(0)6yK3] (15)

T O+ + DA+ D@ + T +d) + a@l + )]
Substituting Eqgs. (10)-(15) into the last two equations of Eq. (8) gives
Bai" (0)7G N B3t (O)[(y + YKy + §27<3]}
Y

i*(0) =(S*+nV*){i*(O)‘K2+ +d 0+ d

x[q+p(1 - g%
By calculation, we obtain the following equation satisfied by the endemic equilibrium

. . BKs By + DKy + £,K5]
(s +77V){7(2+y+d+ ot d

}m+m1—@wu—1=0 (16)

The above equation can be expressed as

az(i*(()))2 +aii"(0) +ag =0, (17
where
BKs  Bil(y + DK + E:K5]\
ap = 17(7(2 + J+d + o+ d) ) {[q + p(1 — @)K 1530y
~6+d)(y +d)},
_ BKs By + DKy + E:KG]
a = (‘Kz + yrd + o+ d) ){An((S +d)(y+d)
B¥G By + DKy + £,K5]
x(7(2+ y+d - cly+d) )[q+p(1 -akil

g+ p(1 — I IKsy(d + 7+ am) — (6 +d)(y + d)pd +d + 7 + a/n)},
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ap =0 +d)(y+d)(Ro-1).

Note that K < e ——and K3 < 7 d < 1. Thus, we have

% DK + TG\
ap = 77(7(2 + €2+ ; + Billy +c(; +4d-; &2 3]) {[q +p(1 = 9K 11%Goy
—(6+d)(y +d)
B | Bslly + YKy + £,5G]\?
<n(7<2+7+d+ oD )[y—(6+d)(y+d)]
< 0.

According to the basic properties of the quadratic equation, Eq. (17) has a unique
positive root if Ry > 1. Then, System (2) has a unique positive endemic equilibrium
P*. When R, < 1, according to Egs. (7) and (16), we notice that

S +npve 1

—_— = >,
SO+17V0 Ro

which contradicts with S* + nV* < SO 4+ nVO. Hence, when Ry < 1, the endemic
equilibrium of System (2) does not exist.

2.3 Local stability of the disease-free equilibrium

In this section, we prove the local stability of the equilibria of System (2). We consider

the linearized system of System (2) at an equilibrium P = (S,V,T,R, W,e(b), z(a))
Let

SH=S®) -8, Voo=v-V, T&)=T@&)-T, Rt =R -R,
W) = W) - W, &@t,b) = e(t,b) —eb), it a)=ita)-ia),

we then drop “~" of §(r), V(1), T(1), R(t), W(?), &(t, b), and i(t, a) for simplicity, the
linearized system becomes

ds (t)
Tdr
dV([)
Tdr
dT (1)
Cdr
dR(t)
Sdr
dW(t)

V(1) + 6R(t) — AS (1) — ADS — (a + d)S (1),
asS(t) — 17/1V(t) n/l(t)V T+a)V(),

= f ) O(a)i(t,ayda — (y + )T (1),
0

=yT () = (6 + AR(1), (18)

f &1(a)i(t,a)da + ET () — cW (),

6e(t, b) N Oe(t, b)
ot ob

= —(po(b) + d)e(t, b),
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dilta) _ di(r,a)
ot Oa

= —(0(a) + d)i(t, ),
where .
A= f Bi(@i(a)da + BT + W, (19)
0

and A(r) is given by Eq. (1). System (18) with boundary and initial conditions is as
follows

e(t,0) = (1 = QA(S (1) + nV(») + (1 = PANNS +7V),
i(1,0) = gA(S (1) + nV (D)) + gA)(S + V) +p f N a(b)e(t, b)db,
0

§(0) = S0, V(0) = Vo, T(0) = Ty, R(0) = Ry, W(0) = Wy,
e(0,b) = ey(b),i(0,a) = iy(a).

(20)

To study System (18), we seek the solutions in the form

S() =S8e, V(t)=Ve', T(t)=Te", R(t)=Re",
W(t) = We', e(t,b) =eb)e", i(t,a)=ila)e",

Where S,V, T,R, W, e(b), z(a) and ¢ have to be determined in such a way that S V
T R W e(b), z(a) are not all zeros. Substituting the constitutive form of the solutions
into System (18), we obtain

S =7V +6R-1S - A8 - (a/+d)§,

V=aS —nlV-naV - (t+4d)V,

(T = j:m H(a)’i\(a)da —-(y+ d)?,

(R =T — (6 + )R, Q21
W = f0+°° & (a)/z\'(a)da + fzf— CW,

de(b)

“db

di(a)
da

where A = fom ﬁ(a)?(a)da + ,827: + B3W and A is given by Eq. (19). The initial
conditions of System (21) are as follows

= —(por(b) + d + vje(b),

= —(0(a) + d + V)i(a),

@0) = (1 = AES +nV) + (1 = YAS +1V),

— _— = —_—— +oo 22

i(0) = gA(S + nV) + gA(S + V) + pf o (b)e(b)db. 22
0

Let

7_{1 o= f O'(b)kl(b)eﬂbdb, 7‘{2(L) = f ,Bl(a)kz(a)e’“’da,
o e 23)
Hs () = L )k (a)e™da, Hi() = L &1(@ka(a)e™“da.
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According to Systems (21) and (22), we have

BaH3 (1) . Bl +y + dYHa(w) + EH3 (0] }
t+y+d t+o)t+y+d)

0 =7<0>{7{2<L) ¥ =T, 24)
0 SYHs O +ndl+t+d) - L) +6+d)t+y +d)
1 —_ —_ —_

X[tV+@+nl+71+d)S]

:STZ — — — B
C+o0+d)+y+D+A+dD(+nl+7+d)+a(t +nl+d))]

_i0fadyH:0) - L@@+ 6+ ) +y + d)aS +n+ A+ a+d)V]}
V =

(+6+du+y+ D[+ A+ D +nd+T+d) +a(t+nd +d)]

and
i(0) = [A(S +nV) + S +nV)|lg + p(1 - PHIO)].

By calculation, we obtain the characteristic equation at an equilibrium ®, which is

_GiWlg +p(1 - gyHi W]
G>(1)

GQ) + 4O + Vg +p(1 —Hi W] -1,  (25)

where
G1(0) =AYy H;()(+ A+ T+ d + ) — A O+ S+ D) +y + d)
X[tV + PV +A+a+d)+ St +nl+7+d+na),
G =(t+6+D+y+ D+ A+ D+l +T7+d) + @+ 7l +d)].
Thus, we establish the following result.

Theorem 2. If Ry < 1, then the disease-free equilibrium P° of System (2) is locally
asymptotically stable. If Ry > 1, it is unstable.

Proof. The local asymptotic stability of P is determined by the sign of the eigenval-
ues. More details can be found in Appendix B.

2.4 Asymptotic smoothness

Lemma 1. (see Theorem 2.46 in Smith and Thieme (2011)) The semiflow @ is asymp-
totically smooth if there are maps ¥, 0 : R, X Y — Y such that

D(t,x) = O(t,x) + P(t,x)

and the following hold for any bounded closed set B that is forward invariant under
D :
(i) lim diam O(t, B) = 0;
f—oo
(ii) there exists tg € R, such that V(t, B) has a compact closure forallt e R, t > tg.
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Lemma 2. (see Theorem B.2 in Smith and Thieme (2011)) Let A be a subset of
L (0, 00). Then A has a compact closure if and only if the following four conditions
hold:

(i) sup [ 1f(s)lds < oo;
feA
(ii) }}im fhoo [f(s)|ds = O uniformly in f € A;
(iii) ]lir(r)1+ fom lf(s+ h) — f($)lds — O uniformly in f € A;
(iv) lim P 1f(lds — O uniformly in f € A.

We now prove that the semiflow {@(¢, -)},>0 generated by System (2) is asymptot-
ically smooth.

Theorem 3. The semiflow {D(t, )}»0 generated by System (2) is asymptotically s-
mooth.

Proof. According to Lemmas 1 and 2, we prove that each forward invariant bounded
closed set under {@(t, -)} >0 is attracted by a non-empty compact set. More details can
be found in Appendix C.

According to Theorem 2.6 in Magal and Zhao (2005) and Theorem 2.4 in D’ Agata
et al. (2006), we know that {@(z, -)},»0 has a global attractor.

2.5 Uniform persistence

In this section, we demonstrate that System (2) is uniformly persistent when Ry > 1.
To this end, we define the following symbols.

+00 +00
Do = {(X[,Xz, X3,)C4,X5,x6,)€7) ey X3+ X5 + f )C(,(b)db + f X7(a)da > 0},
0 0

and 0Dy = Y\Dy.

Theorem 4. The sets Dy and 0Dy are positively invariant under the semiflow {D(t, -)} 0.
Besides, the disease-free equilibrium P° of System (2) is globally asymptotically sta-
ble for the semiflow {D(t, -)};s0 restricted to 0D.

Proof. We use the comparison principle to prove that the sets Dy and 0Dy are posi-
tively invariant under the semiflow {®(z, -)};>0. For the global asymptotic stability of
PO, we first prove the local asymptotic stability of ?, then prove the global attractiv-
ity of Y. More details can be found in Appendix D.

By applying the results in Hale and Waltman (1989) and Magal and Zhao (2005),
we obtain the following theorem.

Theorem 5. If Ry > 1, the semiflow {D(t,-)},»0 is uniformly persistent with respect
to (Do, 0Dy); that is, there exists v > 0 such that

1itm inf d(D(t, x),0Dg) > v for any x € Dy.
—+00
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Proof. Since the disease-free equilibrium PV is globally asymptotically stable re-
stricted to 0Dy. Applying Theorem 4.2 in Hale and Waltman (1989), the semiflow
{D(t, -)}0 1s uniformly persistent if and only if

WP N Dy =0, (26)

where W¥(PP) = {x €Y : lim &(t,x) = PO}. More details can be found in Ap-
t—+0c0
pendix E.

2.6 Global stablility of the disease-free equilibrium

In this section, we prove the global asymptotic stability of the disease-free equilibri-
um P° when 6 = 0.

Theorem 6. If Ry < 1, then the disease-free equilibrium P° of System (2) is globally
asymptotically stable, and if Ry = 1, then the disease-free equilibrium P° of System
(2) is globally attractive.

Proof. We prove Theorem 6 by constructing the Lyapunov function (see Appendix F).

2.7 Global attractivity of the endemic equilibrium
According to Eq. (25), the characteristic equation corresponding to £* is

_GiWlg +p(1 - 9H V)]

G0 + LS +7V)g+pd —HW] -1, 27

GQ)

where

Gi) =U6yH:()( + A" + T+ d + na) - X400 +6+d)+ v+d)
X[tV + V' @+ A +a+d)+ S @ +nd" +7+d +na)),
GW=(+5+Dt+y+ D+ +dD+nl" +7+d)+al+nd" +d),

A* and 2, (1) are given by Egs. (9) and (24), respectively. We only need to prove that
all the eigenvalues of the characteristic equation (27) have negative real parts when
Ro > 1. However, it is difficult to confirm it. In the following, we only prove that the
endemic equilibrium #* is globally attractive when ¢ = 0.

Theorem 7. The endemic equilibrium P* of System (2) is globally attractive if Ry >
1.

Proof. We also prove Theorem 7 by constructing the Lyapunov function (see Ap-
pendix G).
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3 Fitting the model to the TB data of Jiangsu Province

In this section, we estimate the unknown parameters and initial values of System (2)
using the number of new TB cases with infection age from 2009 to 2018 in Jiangsu
Province, and we obtain the mean value and confidence interval of the basic repro-
duction number, R.

3.1 Data collection

To parameterize the mathematical model for the transmission dynamics of TB in
Jiangsu Province, we collect 351,401 data points from January 2009 to December
2018 in Jiangsu Province. The data was collected from the Jiangsu Provincial Center
for Disease Control and Prevention, including symptom-onset date, confirmed date,
and diagnostic result, etc. (see Table 2). We set the age of infection as the difference
between the symptom-onset date and confirmed date (see Fig. 2(A)). The number of
new TB cases varying with infection age and time is shown in Fig. 2(B).

le4d (A) (B)

5

Frequency distribution of delay time

0  E— T T T
0 4 8 12 16 20

Delay time (months)

Fig. 2 (A) Frequency distribution of delay time. (B) The number of new TB cases in Jiangsu Province
from January 2009 to December 2018 changing with infection age and time.

It can be seen from Fig. 2(A) that the mean age of infection is 44.3 days, ranging
from 0 to 24726 days. We find 220,399 infected individuals with an infection age of
less than one month, accounting for 66% of the total infected individuals, and 10,532
infected individuals with an infection age of more than six months, accounting for
3% of the total infected individuals.

3.2 Parameter estimation

To simulate the number of new TB cases in Jiangsu Province, the feasibility of the
model is verified by the actual number of newly infected cases. System (2) is solved
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Table 2 The incidence data of TB in Jiangsu Province from January 2009 to December 2018.

Symptom-onset Date ~ Confirmed Date  Diagnostic Result

2008-12-23 2009-07-09 Positive
2008-11-26 2009-01-02 Positive
2009-02-08 2009-02-13 Positive
2009-01-21 2009-02-01 Positive
2009-01-21 2009-02-01 Positive
2008-12-11 2009-02-01 Negative
2009-01-14 2009-02-01 Positive
2009-01-15 2009-01-24 Negative
2009-01-24 2009-01-24 Positive
2009-01-24 2009-01-24 Positive

numerically using the forward/backward finite difference method for time and age
(see Appendix H) (implemented by the Python Programming Language). Next, we
estimate all the parameters and initial values of System (2).

(I) The recruitment rate of the population (i.e., A): According to the statistics
of the Jiangsu Statistical Yearbook (2022), we obtain that the annual numbers of
births from 2009 to 2018 was 743600, 763100, 756100, 746700, 748600, 751300,
721100, 779600, 778200, and 749300, respectively. Therefore, we can obtain that
the monthly average number of newborns of Jiangsu Province is about 62813, that is,
A = 62813 number/month.

(IT) The natural mortality rate (i.e., d): According to the statistics of the National
Bureau of Statistics of China (2022), we conclude that the monthly natural mortality
rate of the population in Jiangsu Province in 2020 is approximately d = 1/(79 x
12) per month, where the constant 79 represents the average life expectancy of the
population in Jiangsu Province.

(IIT) The proportion of new infections that develop into active TB (i.e., g): S-
ince approximately 10% of infected individuals will develop active TB during their
lifetime (World Health Organization, 2022b), and around 5% of these infected in-
dividuals will develop active TB during the first two years of infection (Ziv et al.,
2001). Therefore, we choose g = 0.05.

(IV) The proportion of new infections that develop into active TB from latent
individuals (i.e., p): According to the statement in (III), we know that approximately
10% of infected individuals will develop active TB during their lifetime. Hence, we
estimate the parameter p to be 0.1.

(V) The recovery rate (i.e., y): TB patients can be cured after six months of drug
treatment (World Health Organization, 2022b). Thus, we choose y = 1/6 per month.

(VD) The rate at which a recovered individual loses immunity (i.e., 6): Since TB
antibodies in the human body last for more than ten years (Aronson et al., 2004).
Therefore, we choose 6 = 1/(12 x 10) per month.

(VII) The clearance rate of the Mycobacterium TB in the environments (i.e., ¢):
Mycobacterium TB can survive for several months or years in dry environments.
Thus, we assume that the average survival time of TB is six months, then ¢ = 1/6 per
month.
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(VIII) The vaccination rate of the susceptible individuals (i.e., @): In addition
to BCG vaccine, there are no effective vaccines against TB for adults. Therefore,
we only consider the scenario of BCG vaccination. According to the statistics of the
Jiangsu Statistical Yearbook (2022), we obtain that the proportion of people under ten
years old is 0.084 in Jiangsu Province, then we let V(¢)/(S () + V(¢)) approximately
equal to 0.084 by changing the parameter @ when the disease becomes extinct. At
this time, we have a = 0.00086.

(IX) The level of protection for vaccinated individuals due to immunity (i.e., 1 —
n): BCG has 60%-80% protective efficacy against severe forms of TB in children
(Roy et al., 2014). Thus, we assume 1 — = 0.8.

(X) The duration of vaccine protection (i.e., 1/7): As part of the childhood im-
munization program, BCG vaccine has a high protection rate and remains effective
for about ten years (Aronson et al., 2004; Xue et al., 2022). Therefore, we choose
7 = 1/(12 X 10) per month.

(XI) The progression rate of the latent individuals at stage b (i.e., o(b)): Ac-
cording to the estimates from previous literature (Borgdorff et al., 2011; Yan and
Cao, 2019), we obtain that the progression rate of latent individuals gradually de-
creases with the increase of latent age. Therefore, we choose exponential function
o(b) = o1e™72" as the progression rate of the latent individuals, where 0| and o, are
parameters to be estimated.

(XII) The diagnosis rate of the infected individuals at stage a (i.e., 68(a)): We
approximate the diagnosis rate of the infected individuals by Erlang-distributed diag-
nostic period using the frequency distribution of delay time (Champredon et al., 2018)
(see Fig. 2(A)). We assume that the maximum delay time is 72 months and divide the
infected compartment into 7 sub-compartments. Let A denote the total number of
cases from January 2009 to December 2018. B; represents the total number of cases
with delay that is no longer than i months. Then the diagnostic rate of the infected
individuals in the i-th month can be expressed as

B; 1
X’l:, i=1,
A n
0, =1 "~ .
Bl_Bi—lA] .
— =, i>1,
A-Bi n

which is shown in Fig. 3(A). The diagnosis rate of the infected individuals is a de-
creasing function. Hence, we choose the exponential function 6(a) = 6,e~%¢ to ap-
proximate the discretized data (@i), where ) and 6, are parameters to be estimated.
The fitting result of the diagnosis rate of the infected individuals is shown in Fig.
3(A).

(XTIII) The transmission rate of infected individuals at stage a (i.e., 8;(a)): Since
it is difficult to characterize the transmission rate that depends on the age of infection
(Ainseba et al., 2017; Feng et al., 2002), we assume that 81(a) is a constant, that is,
B1(a) = B1, where B, is derived by fitting the actual incidence.

(XIV) The transmission rate of treated individuals (i.e., 5,): TB patients have
reduced transmission rates due to treatment, and we assume 8, = wf;, where w €
(0, 1) is the coefficient that reduces the transmission rate due to treatment. According
to the estimation of Guo et al. (2021), we choose w = 0.4387.
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(XV) The Mycobacterium TB shedding rates from infected and treated individ-
uals at stage a (i.e., £;(a) and &): In order to reduce the complexity of estimating
parameters, we assume that &(a) is a constant, that is, &;(a) = &;. Since the W(r)
variable is of a different order of magnitude compared with the population variable,
we let £ = 1, which means that an infected individual releases one unit of Mycobac-
terium TB per month (Cai et al., 2021). In general, the Mycobacterium TB shedding
rate from treated individuals at stage a is & < & due to treatment.

(XVI) The initial values of System (2): According to the relevant data reported
by the Jiangsu Statistical Yearbook (2022), we choose the initial value of the total
population as N(0) = 85,000, 000. We also obtain that the proportion of people under
ten years old is 0.084 in Jiangsu Province, then V(0) = 0.084N(0) = 7, 140, 000.
According to recent estimation, approximately 350 million people are infected with
Mycobacterium TB in China (Cui et al., 2020), we approximate that the initial value
of the latent individuals is

+00
f e(0,b)db = % x N(0) = 21250000,
0

where 14 means that average total population is 1.4 billion in China. Hence, we
choose

e(0, b) = 212500004, e7%1°

to satisfy f()+°° e(0,b)db = 21250000, where ¢ is the parameter to be estimated. The
initial value i(0, a) of the density of the infected individuals, the initial value of treated
individuals 7°(0), the initial value of recovered individuals R(0), and the initial value
of the density of Mycobacterium TB in the environment W(0) are obtained by fitting
the data. For the functional form of i(0, a), we choose i(0, @) as an exponential func-
tion through Fig. 2(B), that is, i(0, @) = @ e, where @, and @, are parameters to
be estimated. The initial value of susceptible individuals is estimated as

+00 +00
S(0) =N(©O) - V() - f e(0,b)db - f i(0,a)da — T(0) — R(0).
0 0
The set of unknown parameters and initial values is

X = (01,02, 81,83, &2, 41, T(0), R(0), W(0)).

The density of new TB cases with infection age a at time 7 is
Zi(t,a) = 0(a)i(t, a),

where the time step and age step are 0.5 and 1 in the simulation, respectively. We
choose the maximum time, maximum latent age and maximum infection age in the
simulation to be 120, 120 and 24 months, respectively. Since the monthly number of
new TB cases shows seasonality, we fit the model using the annual number of new
TB cases. The annual number of new TB cases is an annual integral in the form

Z(jya) = f Aa)i(t, a)dt.
year
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In order to simplify our simulation, we first use MCMC method to fit Z;(0, a) to
the TB data at the initial time, which allows us to estimate the parameters @, and w>,
as shown in Fig. 3(B). Z,(0, @) is represented as follows

Z1(0,a) = 0(a)i(0, a) = 61e " e ™,

We then use the MCMC method (Haario et al., 2006) to fit System (2) for 200000
iterations with a burn-in of 180000 iterations. We estimate the unknown parameters
and initial conditions for System (2), using the MCMC package provided by Miles
(2019). More details on MCMC method can be found in Appendix I.

The mean and standard deviation of the parameters, and initial values are shown
in Table 3. Fig. 4(A) shows the 3D graph of the fitting results of the annual number
of new TB cases from 2009 to 2018. Fig. 4(B) shows the fitting results of the annual
number of new TB cases accumulated by age of infection from 2009 to 2018. The
simulated data is quite similar to the corresponding reported TB data.

(A) (B)
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Fig. 3 (A) The fitting result of the diagnosis rate of the infected individuals. (B) The fitting result of initial
reported data. The solid red lines denote simulation median. Black circles represent actual data. The 95%
confidence and prediction intervals are shown in light green and blue, respectively.

4 Results

In this section, we aim to explore the possibility of achieving the goals of WHO
if we start diagnostic strategies and vaccinations for adults in 2025, as well as the
significance of incorporating age into the model.

4.1 Basic reproduction number and sensitivity analysis
Based on the estimated parameter values in the previous section, we calculate the

mean values of the basic reproduction number, Ry, is 0.5320 (95%CI : (0.3060,
0.7556)). Since Ry < 1, the disease-free equilibrium P° of System (2) is globally
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Fig. 4 (A) 3D graph of the fitting results of the annual numbers of new TB cases from 2009 to 2018.
The colored surface represents the simulation median. The black plus signs represent actual data. (B) The
fitting result of the annual number of new TB cases. The solid red lines denote the simulation median.
Black circles represent actual data. The 95% confidence and prediction intervals are shown in light green
and blue, respectively.

Table 3 The unknown parameters and initial values of System (2).

Parameters Mean value Std 95% CI Resource
[ 0.6180 0.01460 [0.5891, 0.6468] MCMC
6 0.6653 0.03175 [0.6049, 0.7306] MCMC
@) 2696 22 [2652,2740] MCMC
@ 0.5092 0.02300 [0.4652,0.5556] MCMC
o 0.5213 0.4300 [0.09105, 1.6490] MCMC
o 8.3267 1.2636 [5.8606, 10.2709] MCMC
Bi 9.1334x 107 57626 x 1070 [4.5205 % 10719,2.0965 x 1078]  MCMC
B3 89380 x 10710 75513 x 10710 [2.5203 x 107!1,2.5065 x 10°]  MCMC
& 0.7718 0.1047 [0.6135,0.9794] MCMC
bl 399 270 [46,956] MCMC

T(0) 35481 10075 [14587,49285] MCMC
R(0) 5974730 2129618 [2324195,9764701] MCMC
W(0) 67618 24349 [14842,99373] MCMC

asymptotically stable, which indicates that TB will die out in Jiangsu Province. How-
ever, according to the fitting results, we find that the annual number of new TB cases
by 2050 will be 1151 (95%CI: (138, 8014)), which means that it is challenging to
achieve the goal of WHO by 2050. Next, to investigate how the parameters affect the
dynamics of System (2), we use the PRCC (Marino et al., 2008) to evaluate the impact
of ten main parameters on the basic reproduction number (Rp). The input parameters
are 01, 0, B1, B2, B3, &1, &2, @, 1, and ¢, and the output is the basic reproduction num-
ber (Rp). We take 2000 samples for each parameter to conduct sensitivity analysis,
and repeat 1000 times to get 1000 sets of PRCCs for each parameter, then take the
average. All input parameters are normally distributed, with the mean and standard
deviation of 8y, 6,, 81, B3, and &, given in Table 3, and the mean and standard devia-
tion of B, and &) are consistent with §; and &,. We also assume that the mean values
of a, i, and ¢ are 0.00086, 0.2 and 1/6, respectively, and their standard deviations
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are 1/5 times of the means. The results of the sensitivity analysis of parameters are
shown in Table 4.

Table 4 The PRCCs of the parameters with respect to the basic reproduction number (Rp).

Parameters | PRCC  pvalue | Parameters | PRCC  p value
01 -0.11 p<0.01 & 0.26 p <0.01
6> 0.20 p <0.01 & 0.10 p <0.01
Bi 0.94 p <0.01 a -0.11  p<0.01
B2 0.62 p <0.01 n 0.03 p =030
B3 0.93 p <0.01 c -0.57 p<0.01

Table 4 shows the sensitivity of the parameters 6, 6, B1, 52, B3, &1, &2, @, 17, and
¢ with respect to the basic reproduction number (Ry). Firstly, our results show that
the direct transmission rate of infected and treated individuals (8; and ;) and the
indirect transmission rate of Mycobacterium TB (83) are highly positively correlat-
ed with the basic reproduction number (Ry). In particular, the correlation coefficient
between the indirect transmission rate of Mycobacterium TB (83) and the basic re-
production number (Ry) is more than 0.9, which means that Mycobacterium TB in
the environment has a great influence on the TB epidemic. Next, we find that both
parameters 6, and & are moderately positively correlated with the basic reproduction
number (Rp), which indicates that the diagnosis rate of the infected individuals and
the Mycobacterium TB shedding rate from infected individuals also have an impact
on the TB epidemic. Moreover, the clearance rate of the Mycobacterium TB in the
environments (c) is highly negatively correlated with the basic reproduction number
(Ro). In particular, « has a lower correlation with the basic reproduction number (Ry)
than those of 81, >, B3, ¢ , 6>, and &, but improving the vaccination rate will also
effectively control the TB epidemic.

4.2 The impact of diagnostic strategies

Diagnostic delay of TB results in increasing cases, mortality, infection time and trans-
mission (Sreeramareddy et al., 2009). In order to shorten the duration of infectious-
ness to decrease the annual number of new TB cases. We reduce the annual number
of new TB cases by decreasing the diagnostic delay. To this end, we redefine the

diagnostic rate as
8@ 6re™™,  a<T,
a) =
Gle_HZT“, a>T,.

The above equation indicates that when the diagnostic delay time is greater than 7,
the diagnosis rate of infected individuals remains consistent with the diagnosis rate
at T,, which means that the diagnosis rate has been increased. We set T, to 5 and 4
to estimate the annual number of new TB cases, respectively. Using these estimated
parameters, our simulations show that the annual number of new TB cases will be
274 (95%CI: (22, 3000)) and 52 (95%CI: (2, 932)) by 2050, respectively, which
means that the goal of WHO in 2050 can be achieved when T, = 4. In particular,
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we find that setting 7, to 5 and 4 can reduce the annual number of new TB cases
by 74.88% (95%CIl: (47.42%, 86.77%)) and 95.28% (95%CI: (77.55%, 98.79%)) by
2050, respectively (see Fig. 5(A)), and can prevent 45351 (95%CI: (13997, 150655))
and 73137 (95%CI: (23906, 234086)) individuals from being infected from 2025 to
2050, respectively (see Fig. 5(B)), which indicates that reducing the diagnostic delay
can shorten the duration of infection, thereby reducing the number of new TB cases.
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Fig. 5 (A) The impact of improved diagnostic strategies starting from 2025 on the annual number of new
TB cases by year up to 2050. (B) The number of TB cases averted per year under improved diagnostic
strategies.

4.3 The impact of vaccinations for adults

Currently, there are no effective vaccines against TB for adults. In the simulations, we
assume that TB vaccinations for adults will start in 2025. We assume that the level
and duration of TB vaccine protection for adults vaccines and BCG vaccines are the
same, that is, we set the level of vaccine protection to be 80% (i.e., 1 —n = 0.8) and
the duration of vaccine protection to be ten years (i.e., 1/7 = 10 x 12), and assume
that the vaccine coverage of susceptible individuals is V/(S + V) by changing the vac-
cination rate @. We set the vaccine coverage of susceptible individuals over ten years
old to 10% and 20% to estimate the annual number of new TB cases, respectively.
Using these estimated parameters, our simulations find that the annual number of new
TB cases will be 262 (95%CI: (25, 2602)) and 46 (95%CI: (3, 590)) by 2050, respec-
tively, which means that the goal of WHO in 2050 can be achieved when vaccine
coverage is 20%. In particular, we further predict that increasing vaccine coverage
of susceptible individuals over ten years old to 10% and 20% can reduce the an-
nual number of new TB cases by 77.34% (95%CI: (67.42%, 83.36%)) and 95.97%
(95%CI: (91.58%, 97.88%)) by 2050, respectively (see Fig. 6(A)), and can prevent
33931 (95%CI: (9140, 130171)) and 54828 (95%CI: (15811, 206468)) individuals
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from being infected from 2025 to 2050, respectively (see Fig. 6(B)), which indicates
that vaccinating susceptible individuals over ten years old can effectively reduce the
annual number of new TB cases.
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Fig. 6 (A) The impact of adult vaccinations starting from 2025 on the annual number of new TB cases by
year up to 2050. (B) The number of TB cases averted per year when adults are vaccinated.

4.4 The significance of incorporating age into the model

The class-age is an important factor in the prevention and control of infectious dis-
eases when modeling long-term diseases (Iannelli and Milner, 2017). Firstly, the
symptoms of TB are atypical, that is, the early symptoms of TB are not obvious and
can resemble other illnesses such as colds and pneumonia, leading to missed diag-
noses and misdiagnoses (Sreeramareddy et al., 2009). Especially in Jiangsu Province,
the duration of diagnosis delay range from a few days to several hundred days. There-
fore, the diagnosis rate of TB individuals varies from person to person, and this phe-
nomenon can be characterized by an age structure model. Secondly, the duration of
the latent period of TB varies greatly depending on the individual physical condition,
immune response, the route and level of exposure to Mycobacterium TB. Some of
these people can remain in a latent state after infection for their entire lives and may
never develop active disease, while others may develop TB disease shortly after in-
fection, which means that progression rate of the latent individuals depends on the
latent age (Wikipedia, 2022). During modeling, we captured the age of infection be-
fore receiving treatment and latent age. Our model is very consistent with the TB data
in Jiangsu Province, which varies with the infection age and time (see Fig. 4(A)). In
Section 4.2, we evaluate the possibility of achieving the goals of WHO in Jiangsu
Province by changing the diagnostic rate function (6(a)), which can not be studied
with a standard model that has no diagnostic delay. Our model not only allows more
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detailed grouping of latent individuals and infected individuals to obtain more accu-
rate transmission models, but also introduces the class-age in the modeling process
to predict the trend of epidemics at different infection ages, providing guidance for
formulating prevention and control policies.

5 Discussion

The effectiveness of TB control strategies depends on many factors, of which the
most important ones are diagnostic delay, adult vaccination, and the survival time
of Mycobacterium TB in the environment, etc., (Chinese Center for Disease Control
and Prevention, 2022; Harris et al., 2019, 2020; Sreeramareddy et al., 2009), which
presents a challenge for achieving the goal of WHO by 2050. In this work, we pro-
pose an age-structured model with latent age and infection age, and we incorporate
Mycobacterium TB in the environment into the model. Since the development of new
TB vaccines is rapid, we also introduce vaccination into the model. In particular, we
consider the age of infection before receiving treatment to represent diagnostic delay.
To start with, we derive the basic reproduction number (Ry) of the System (2), which
is a very important threshold parameter for the persistence and extinction of the dis-
ease. Using the theories of infinite-dimensional systems and Lyapunov functions, we
have obtained a threshold for the global stability of the System (2) with respect to Ry,
that is, when Ry is less than 1, the disease-free equilibrium is globally asymptotically
stable and the disease eventually dies out; when Ry is equal to 1, the disease-free
equilibrium is globally attractive; there exists a unique endemic equilibrium and the
endemic equilibrium is globally attractive when R, is greater than 1. Besides, we con-
duct a case study based on the epidemiological data stratified by the age of infection
in Jiangsu Province and evaluate the possibility of achieving the goals of WHO in
Jiangsu Province.

The study consists of 351,401 TB cases from January 2009 to December 2018 in
Jiangsu Province. The data include symptom-onset date, confirmed date, and diagnos-
tic result, etc. We set the age of infection as the difference between the symptom-onset
date and confirmed date, allowing us to obtain the epidemiological data classified by
the age of infection. We also find an average delay of 44 (95%CI: (1, 189)) days in
Jiangsu Province, which means that the risk of TB transmission in the community is
high.

According to the estimated parameter values, we calculate that the basic repro-
duction number, Ry, is estimated to be 0.5320 (95%CI : (0.3060, 0.7556)), which
indicates that TB will die out in Jiangsu Province. Regrettably, we obtain that the
annual number of new TB cases by 2050 is 1151 (95%CI: (138, 8014)), which means
that it is challenging to achieve the goal of WHO by 2050. Our sensitivity analy-
sis indicates that the parameter 6, is moderately positively correlated with the basic
reproduction number (R), which indicates that the diagnosis rate of the infected in-
dividuals also has an impact on the TB epidemic, and the parameter @ has a lower
correlation with the basic reproduction number (Rp) than 8y, B2, B3, ¢ , 62, and &1,
but improving the vaccination rate will also effectively control the TB epidemic. Ac-
cording to the results of sensitivity analysis, we find that the correlation between the
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diagnosis rate or vaccination rate and the basic reproduction number (Ry) is not the
highest. Because other non-pharmaceutical interventions other than surgery are not
feasible for TB, we can only mitigate TB transmission by varying diagnostic rate and
vaccination coverage (NEWTON, 1912; Riquelme-Miralles et al., 2019).

Furthermore, we also evaluate the possibility of achieving the goals of WHO if
we start diagnostic strategies and adult vaccinations in 2025. We find that when the
diagnostic delay is reduced from longer than four months to four months, the annual
number of new TB cases will be 52 (95%CI: (2, 932)) by 2050, and 73137 (95%CT:
(23906, 234086)) individuals will be prevented from being infected from 2025 to
2050, which means that the goal of WHO by 2050 can be achieved. In addition, we
also find that the goal of WHO in 2050 can be achieved and 54828 (95%CI: (15811,
206468)) individuals will be prevented from being infected from 2025 to 2050 when
20% adults are vaccinated.

Our work provides a framework for determining how to quickly diagnose pop-
ulations with prolonged infections and better vaccinate adults when more advanced
diagnostic strategies and more effective vaccines for adults are available. Our re-
search results utilize a wide range of datasets. Specifically, we extract the diagnostic
rate from the dataset and fit the diagnostic rate function, which provided convenience
for us to study the impact of diagnostic strategies in Jiangsu Province. We discuss the
effectiveness of the diagnostic strategies and vaccinations for adults on the prevalence
of TB. Both the diagnosis strategy and vaccination for adults are likely to achieve the
goal of WHO in Jiangsu Province. In summary, reducing the delayed diagnosis time
can shorten the infection time of infected individuals, and vaccinating adults can pro-
tect susceptible individuals from infection, thereby reducing the number of new TB
cases, which is of great significance for reducing the prevalence of TB.

Our study still has several limitations. First, in the modeling, we don’t consider
relapses in recovered individuals in order to obtain the completed mathematical the-
oretical results. Second, we assume that the global attractivity of the equilibria are
obtained when the average period of immunity 6 = 0. Third, since there is not e-
nough data to fit the progression rate of the latent individuals (o (b)), we assume the
progression rate of the latent individuals to be o(b) = o-1e™2", which will be studied
in future work when relevant data become publicly available.
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Appendix A Proof of Theorem 1

Note that the total population size N(¢) satisfies

dN(t) dS(r) dV() dT(r) dR(r) d f +oo d f roo
— = —+ — 4 — + — b)db + — da. 28
dt dt * dt * dt * dt * dr Jy e(t, bydb + dr J i(t, a)da @8

According to Eq. (5), we have

oo 4 +00
f e(t.b)db = f et = b, 0)ky (b)db + f eolb—)—2)_g,
0 0 4

ki(b—-1)
! +00
- f e(t1, 00k (t = 71)d7y +f eo(T2 )klk(tJrTZ) )
0 0 (12)
Then
+00
%j(; e(t,b)db = —f e(t1,0)k(t — T)dr) + 7f klk(t(-:r)z)dT
B +f E(Tl’o)ikl(t_ﬁ)dﬁ +f cor2) Ek (1 + 12)d7.

o ki(r2) ds

Note that k1(0) = 1 and %kl (b) = —(po(b) + d)k; (b) for almost all b > 0. Thus, we have

+00

!
E e(t,b)db = e(t,0) — f e(t1,0)(po(t — 71) + Ak (t — T1)d7)
0 0

dr

oo
_ f rolra) (oo (t + 12) + Ak (t + T2)d72
o ki(m2)

e(t,0) - f +w(p0'(b) + d)e(t, b)db.
0

Similarly, we obtain
d +00 +00
— f i(t,a)da = i(t,0) - f (6(a) + d)i(t, a)da.
dr 0 0

We deduce that N(7) satisfies the following equation

dN()
—5 =A-dNG.

Solving the above equation, we have N(7) = /g‘ —edt (% — Np) and lim sup N(7) < 4 for t € Ry, where Ny
—o00

represents the total population at time ¢ = 0.
Through the fifth equation of System (2), we obtain

dw(z)

AG +6)
d

= f N &1(@)i(t,a)da + ET(H — cW(r) < —cW().
0

Solving the above equation, we have that W(r) = W —e ¢ (% - WO) and lim sup W(z) < %
t—00

for t € Ry, where Wy indicates the density of Mycobacterium TB at time # = 0. This completes the proof.
m]

Appendix B Proof of Theorem 2

The characteristic equation corresponding to P° is

_(q0 0 BoH3 () Bsl(t+y + DHa() + EH3 ()]
G =(S"+nV ){Wz(L)+L+'y+d+ t+o)t+y+d

Ha+p(1 - @] - 1.
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‘When ¢ is real, we can acquire some basic properties of G(¢) as follows
G0)=Ro—-1, G'(1) <0, lim G(t) = +oo, li{rn G() =-1.
1——00 —+00

Hence, when Ry > 1, the characteristic equation G(¢) = 0 has a real positive root. Then, the disease-free
equilibrium is unstable. When Ry < 1, the characteristic equation G(¢) = 0 does not have a solution with
non-negative real part. Otherwise, G(¢) = 0 has at least one root (g = @ + ifp satistying g > 0. Then, we
have

0=1G@)l <Ro -1,

which contradicts with Ry < 1. Hence, when Ry < 1, the disease-free equilibrium is locally asymptotically
stable. This completes the proof. O

Appendix C Proof of Theorem 3

Fort > 0, let
P(t,x) = (S@), VO, T, RQ), W), &, ), it, ),
and
O(1,x) = (0,0,0,0,0,¢.(1, ), ¢i(t, ),
where
e(t—b,0ki(b), 0<b<t, . i(t—a,0)ky(a@), 0<ac<t,
e, b) = i(t,a) =
0, 0<t<b, 0, 0<t<a,
0, 0<b<t, 0, 0<ac<t,
@e(t,b) = k1(b) pi(t,a) =1 ko (a)
— < —
eo(b t)kl(h—t)’ 0<t<b, io(a t)kz(a—t)’ 0<t<a,

for x = (5(0), V(0), T(0), R(0), W(0), eg(b), ip(a)). Clearly, we have D(1, x) = O(t,x) + P(t,x). Let Bbe a
bounded subset of Y, M is constants greater than max {No, %, Wo, %], for each x € B. Hence, we

can derive

||@(t,x)||y:fweo(b—t) ki) db+fwi0(a—t) ka(@)

ki(b-1 ky(a—1)
_ oo ki(ty +1) oo ka(ty + 1)
= j{; 60(71)71(1(‘”) dr +f0 10(71)71(2(‘”) dry

—+00 _ Tl+f L dd +00 _ T1+l (s dd
f eo(t1)e k" oty dry +f io(T1)e Iy "dry
0 0

+00 +00
e-d’( f eo(ri)dry + f io(T|)dT|)£Me'd’.
0 0

This implies tlim diam O(t, B8) = 0. In the following, we will show that ¥(z, x) has a compact closure for
each ¢t > 0. We know that S (¢), V(¢), T(t), R(f), and W(¢) remain in the compact set [0, M] for all ¢ > 0.
Thus, we only need to prove that &(¢, b) and i(t, a) remain in a pre-compact subset of Li_ (0, +00), which is
independent of x € 8. According to

IA

e(t— b0 (b), 0<b<t,

0<é(b) =
0, 0<t<b,

and assumption (A2), it is easy to show that

0 <&(t,b) < (1 - g)(1 +)B1 + B2 + B3)MPe™ ™.
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Therefore, the conditions (i), (ii) and (iv) of Lemma 2 are satisfied. Next, we verify that condition (iii) of
Lemma 2 is satisfied.

+00 t—h !
f |8(1, b + h) — &(t, b)|db = f e(t, b + h) — &(t, b)|db + f |&(t, b)ldb
0 0 t=h
t—h
Sf le(t — b — h,0)|lk1 (b + h) — ki (b)|db
0

—h
+ f le(t —b — h,0) — e(t — b,0)||k; (b)|db
0
+ (1= )1 +m(B1 + 2+ BIMh,
where

t—h
f le(t — b — h,0)|lky (b + h) — ki (b)|dD
0
_ 1—h t—h
<A - +m@Bi+p2 +ﬁ3)M2(f0 ki(b)db - fo ki (b + h)db)

h h t
= (1= )1+ (@1 + B2+ BN fo ki (b)db — f o (b)db — fh ki(s)ds)

t—h

h !
= (L= g)(1 +(B1 + B + M fo ki (b)db - f e
-
< (1= )1+ m)(B1 + B + B)MP.

According to System (2), the following inequalities,

’dS(t) SA+[t+8+a+d+ (B + B2 +BIMIM

‘dV() < [a+ 3B + B2 +BsIM+ 1 +dIM,

‘@| <@+y+dM,

dlfl() <(y+6+dM,

0| <@+ v oM

can be obtained. Next, we prove that f(;m Pi(a)i(t, a)da is Lipschitz continuous.

+00 +00
‘ f (@it + h,a)da - f B1(@)i(t. ada
0 0

v +00 +00
= ‘ f Bi1(a)i(t + h,a)da + f Bi(a)i(t + h,a)da — f B1(a)i(t, a)da
0 h 0

h +00 +00
= ‘ f Bi1(a)i(t + h — a,0)ky(a)da + f Bi(@)i(t + h,a)da — f Bi(a)i(t, a)da
0 h 0
< g1 + @1 + B2 + BIM+ p& B M
+‘ f+wﬂ1(71 + h)i(t + h, T + h)dr| — f+wﬂl(a)i(t, a)da
0 0

= a1+ mB1 + B2 + BIM +pc‘r]BIMh
k;
‘ f Bi(r1 + h)it, 7)) ———— 2(r + f B1(a)i(t, a)dal.
ky(t )
According to assumption (A3), we note that

‘ f " Buta + it a) 29 g, f " B @i, a)da
0 ka(a) 0




Global analysis of an age-structured tuberculosis model with... 29

e koath)
= ‘ fo (Bita+h @ B1(@)i(t. a)da

- ‘ f " Buta + it a)(kZ(” th_ 1)da + f " Bita+ 1y - Br(@)itt.arda
o ka(a) 0

- ‘ f b Bi(a+ hi(t,a)(e” [ ssads _ 1)da + f m(ﬁl (a+h) - B1(@)i(t, a)da
0 0

+00
< B1@+dMh + ‘ f (Bi(a + h) — B1(a))i(t, a)da
0

<Bi1@+dMh + fo 81(a + h) - B1(@)||i(t, a)|da
< [Bi(0 +d) + Mg, IJMh.

Hence, we obtain

‘ f+m,61 (a)i(t + h,a)da — f+mﬁ1(a)i(t, a)da
0 0
< {[gt+mB1 + B2 + BIM+ p|Br + B1(@ + d) + Mg, }Mh.
According to the above inequality, we have
et = b — h,0) — e(t - b,0)|
= (1= @At —b-h)(S@t—b—h)+qV(e—b—h)— At - b)(S(t - b) + nV(t - b))|
<(1- q)(‘S(t -b- h)f " B @it = b hya)da - S(t - b)f " B @it - b,a)da'
0 0
+B2|S(t = b—WT(t—b—h)—S(t - b)T(t - b)|
+ﬁ3‘S(t bWt —b—h)—S(t - byW(t - b)‘

+n‘V(t —b-h) fo " @it — b - hayda - V(i - b) fo " @i - b,a)da'
+nBa|V(t —b—WT(t—b—h)— V(- bT(t - b)|
+n,83|V(t —b—W(t—b—h)— V(i — B)W(t — b)') <Th,
where
T = (1= M{[q(1 + D)B1 + B2 + BIM+ p&|B1 +B1 (@ + d) + M, |
+(1 —q),B]M{A+ [r+6+a+d+ B +pa +,33)M]M}
+(1 —q),BzM[A+[é+y+d+r+6+a+d+(ﬁl +p2 +,B3)M]M}
+(1 —q),83M{A+ [E1+é&+c+T+6+a+d+ B+ B +ﬂ3)M]M}
+(1 = gmM?{[q(1 + m(B1 + B2 + BIM+ pi |B1 + B1(@ + d) + M, |
+(1 - q)r]Ble{a +0B1 + B2 +PIM+T+ d}
+(1 = MO +y+d+a+nQB1 + B +BIM+1+d)
+(1 = qmBs M{E + & + e+ a+n(Br + B2 + BIM+ 7+ d.
Then, we obtain

f—h —h rh
f le(t — b — h,0) — e(t — b,0)|lk; (B)|db < T'h f e dp < R
0 0

Hence,

j(; i 2(t, b + h) = &(1, b)ldb <[2(1 = g)(1 + (B1 + 2 + BIM? + g]h
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We have verified that &(z, b) satisfies the conditions of Lemma 2. In a similar way, i(f,a) also satisfies
the conditions of Lemma 2. As a result, &(t, b) and (¢, a) remain in pre-compact subsets Jﬂjw and ‘ﬂiv( of
L}r(O, +00), respectively. Therefore, ¥(t, B) C [0, M] x [0, M] x [0, M] X [0, M] x [0, M] X f(jw X fﬂiw
which has a compact closure in Y. This implies that ?(z, 8) has a compact closure, satisfying the second
condition of Lemma 1. Therefore, we conclude that {@(z, -)};>0 is asymptotically smooth. This completes
the proof. O

Appendix D Proof of Theorem 4

Let
+00 +00
JO)y =T+ W)+ f e(t,b)db + f i(t, a)da. (29)
0 0

For any @(0, xo) € Dy, we have

? = -(y+d)T(®+ f * &1(a)i(t, a)da + ET () — cW ()
0
—d f*“’“ e(t,b)db + A(N(S (@) +nV() —d f+m I
0 0
> —(y+d)T(t) —cW(@) - df © e(t,bydb — df « i(t, a)da
0 0
> —al(),

where @ = max{y + d, c}. Then, we obtain J(r) > J(0)e™# > 0. This implies that (¢, Dy) € Dy, i.e., Dy is
positively invariant under the semiflow {@(z, )}s>0.
In addition, for any @(0, xo) € 0Dy, we consider the following system

@ _ f o0 0(a)i(t, a)da — (y + d)T (),
dr o
dv:i]:t) = f ) é1(a)i(t, a)da + ET (1) — cW(1),
0

de(t,b)  de(t,b) _

S+ S = (pa(b) + et b),
% + ‘7’;2“) = —(0(a) + d)i(t, @), 0)

e(t,0) = (1 — QAD)(S (1) + nV (1)),
i(t,0) = gA((S () + V(D) + p f B o(b)e(t, b)db,
0

T(0) =0,W(0) = 0,e(0,b) = en(b),i(0,a) = iy(a),

where A(7) is given by Eq. (1). Since S(7) + nV(f) < max [No, %} := N, then we set up the following
comparison system

E0 = [ waiana - v+ T,
dr 0
dvgf” = f " @it ada + £T0) - W),
0

de(t,b)  Fe(t,b)

S+ S = —(po(b) + )Rt D),
6i(;,ta) . 6ig;a) @)+ DD, @1

(1,0) = (1 = AN,
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i(1,0) = gA(ON + p f - o(b)e(t, b)db,
0
T(0) = 0, W(0) = 0,2(0, b) = eo(b), i(0, a) = ip(a),

where A1) = [* B1(@)i(t.a)da + BT (1) + B3 W(1).
Integrating the equations for e(z, b) and i(t,a)in System (31) along the characteristic lines, t—b = const
and t — a = const, respectively, we obtain

ki(b) ka(a) O<i<a (32)

e()(b—l‘)kl(b_t), < <t<

<b,

e(t — b, 0)ky (D), 0<b<t, i(t — a,0)kz(a), 0<ac<t,
et b) = i(t,a) =
iola—1)

kaa-1)’

Substituting Eq. (32) into System (31), we obtain

d? t a +0o k _
% = j(; 0(a)i(t — a, 0)ky(a)da + I O(a)ig(a — 1) kz(iz(a—)t) da — (y + d)T(1),
T/ 3 +00
e _ f £1(@)i(t — a, 0a(a)da + f a@iota-—2D_ a1+ &T(0 - T, (33)
dr 0 t kz((l - t)

T(0) =0, W(0) = 0.

According to assumption (A2), one can obtain

+00 +00
f Baiola — 1) kzlz(i)t)da <@ fo io(a)da,

+o0 & e
[ a@ita-nZZsda<a [ i,

+00 kl (b) B +00
ft o(b)eo(b - t)k1 b-0 db < UL eo(b)db,

+00 k _ +00
f Pri@ina =0 da < By fo io(a)da.

For any @(0, x9) € Dy, we have

f . oot - —2Y_ga =0, f . a@iola—1—2Y_gq = 0,
t t

ky(a—1) ky(a—1)
oo ki) | oo . kya)
j; a(b)eg(b —1) -1 db =0, j; Bi(a)ip(a —1) @1 da =0.

Let

Le(1) = 2(1,0) = (1 = g)A(ON,

Li(t) = i(1,0) = AN + p f h o(b)e(t, b)db,

0

we have

Lo = (1 - ) fO B - ao(@da + BT + BTN,

_ 1 _ _ . t o

Li(t) = Q[ j; Bi(@)Li(t — a)ka(a)da + B2 T (1) + B3 W(t)]N +p fo a(b)L.(t — b)ki(b)db.
Then, System (33) can be rewritten as

— u — p— —
L) =(1- q)[fo Bi@Li(t — a)ka(@)da + BT (1) +ﬂ3W(t)]N,
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_ t _ _ . t o
Li(n = Q[ fo Bi(@Li(t — a)kz(a)da + BT (1) + B3 W(t)]N +p fo (D)L (t — b)k1(b)db,

? = f 8(a)Li(t — aYka(a)da — (y + d)T (1), 34
0
d‘/(lj/[(l) _ fo £1(@)Li(t — a)ky(a)da + ET (1) — cW (),

L.(0) = 0,L;i(0) = 0,T(0) =0, W(0) = 0.

It is easy to show that System (34) has a unique solution L,(f) = 0, Li(t)=0,T(r) = 0, and W(r) = 0.
From System (31) and Eq. (32), we obtain that e(z,7) = 0 and i(r,7) = 0 for 0 < 7 < t. Hence,

ki(b)
ki(b—1)

+00
(el = [ eolb =) 1 < lea(Ply = .
t

Similarly, we can also obtain [[i(z, @l = 0. Since T(r) < T(n), W) < W(®), e(t,b) < e(t,b), and
i(t,a) < i(t, a), we have
T(t) =0, W(t) =0, lle(t.b)ll,1 =0, llit a)ll;; = 0.

This implies that Dy is positively invariant under the semiflow {@(t, -)}1>0.
Next, we prove that the disease-free equilibrium P° of System (2) is globally asymptotically stable
for the semiflow {D(t, -)};>0 restricted to dDy. Obviously, System (2) can be represented as

% = A+ 7V + 6R(t) — (@ + d)S(2),

? =aS(t) - (t + V), 35)
dR()

5 = @+ AR

Obviously, the unique equilibrium (S°, V0, 0) of System (35) is locally asymptotically stable. By solving
System (35), we obtain

S@t) = _&e—(dw)t . AT +d) + a6Cs (o
a+T da+t+d) (@+1)a-06+71)
_Cjetartrdr _ ¢y e,
o
5 )
V) = Coe=d 1+ Cye-@tT+di _ @ o (d+o)
0=0C : (@+D@-06+1)
_aG o-(d+ox Aa
a+T dla+t+d)’

R() = C3e—(d+5)t’

where C1, C,, C3 are constants. Thus, lim;_, S (1) = d(}iiﬁl{) = 89, lim, V() = m = V9 and

lim,—co R(£) = 0. Then, the disease-free equilibrium P is globally asymptotically stable restricted to dDy.
This completes the proof. O

Appendix E Proof of Theorem 5

We assume by contradiction that there exists xp € W*(®") N Dyp. In this case, one can find a sequence
{x,} € Dy such that
1
@G, %) - P°||,, < =, 1 =0.
n

Here, &(t, xn) := (Sn(0), Va(0), Tu(8), R (1), W (D), €n(t, ), in (. ).
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Now, we choose 1 > 0 large enough to ensure S° — % >0and V0 - % > 0. For the above given n > 0,
there exists a #; > 0 such that for ¢ > 1,

1 1 1 1
SO 2 <85, <SS+, V- Z <V, < VO 4 =,
n n n n

Then, System (2) can be written as

@ > f*"" 6(a)i(t,a)da — (y + )T (1),
dr 0
d‘:t(t) > f h &1(@)it,a)da + ET () — cW(1),
o
Ode(t,b)  de(t,b)
o + b > —(po(b) + d)e(t, b),
a’((;’[“) + 6’(82“) > —(0(a) + d)i(t, a),

.02 (1= A -+ + (V" = )
n n
i1,0) > q/i(t)(SO - % (V0 - %)) +p f o (b)e(t, b)db,
0
T(0) = To, W(0) = Wy, e(0,b) = eo(b), i(0,a) = ip(a),

where A(?) is given by Eq. (1). We consider the following auxiliary system

4z = f N 0(@)i(t,a)da — (y + )T (1),

dr 0

dW +00

;f’) - fo &1(@)i(t ada + ET(1) - W),

Oe(t,b)  Oe(t,b)

o+ i = ~(po(b) + de(t. b)
dita) dia) o 56
S+ e = =(0(a) + Dt a), (36)

1 1
e(t,0) = (1 = AD(S° =~ +7(V° - -},

i(t,0) = qg(t)(so — % + 7](\/0 _ %)) +pj(; h o(b)e(t, b)db,

T(0) = To, W(0) = Wo, e(0,b) = eo(D), (0, a) = ip(a),

where A(f) = fom Bi(a)i(t,a)da + 2T (1) + B3 W(t). By Volterra formulation (5), we have

e(t — b,0)k; (), 0<b<t, i(t — a,0)kz(a), 0<ac<t,
e(t,b) = ki(b) it,a) =4 ka(a) 37
eo(b—t)kl(b_t), <t<b, lo(a—t)kz(a_t), <t<La.

By direct calculation, the characteristic equation of System (36) at P is

BoHz () | B3l +y + dYHa() + £2H3(0)] _
L+7+d+ t+o)t+y+d) }[q+p(l_q)(Hl(L)]_l’

(SO - % +(V0 - %)){WQ(L) +

where H (1), Ha(v), H3(t), and Hy(e) are given by Eq. (23). Let

BH3(0) B3l +y + dYHa) + HH30)]
Cry+d (+oety+d }[q+p(1_‘1)7{1(‘)]'

fo=(s°- % (V0 - %)){(HZ(L) +

Clearly, we have f’(:) < 0 and lian f(¢t) = 0. Furthermore, we also have f(0) > 1 for sufficiently large
- —+00— -

n. Hence, when Ry > 1, the characteristic equation of System (36) has a real positive root. This implies
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that the solution (7'(¢), W(?), e(t, -), i(t, )) of System (36) is unbounded. Since T'(r) > T(¢), W(t) > W(z),
e(t,") > e(t,-), and i(t,-) > i(t,-), by comparison principle, we obtain that (7'(¢), W(¢), e(t, ), i(t, -)) is un-
bounded, which contradicts with Proposition 1. Therefore, W*(#%) N Dy = 0. By Theorem 4.2 in Hale and

Waltman (1989), we conclude that semiflow {@(t, -)};>0 generated by System (2) is uniformly persistent.
This completes the proof.

O
Appendix F Proof of Theorem 6
Define a Lyapunov function
L) = L) + L) + L) + Li(0) + L) + L) (38)

where
L o I P
L) = 550 =5, L) = 5V =V,
+00 +00
Lo(t) = Fp f Fob)e(t, b)db, Li(r) = (S +7V0) f Filai(t, a)da,
0 0

_(c0 oN[ B2 B3é&2 _e0 0\ B3
L) =" +nV )(y—Jr i id d))T(t), L0 =(S"+7V") - W ().

The nonnegative function £(?) is defined with respect to the disease-free equilibrium #°, which is a global
minimum. We choose

+

_ (0 0 BKs | BTa | B3& %G
Fo=( +nv)((K2+y+d c +c(y+d)’

+00 w
7= [ potwre Koronideg,,
b

e Br0)  BsE) . BrEa0)\ _ [iomardo
Fi(a) —fa (/31(v)+ R ek C(y+d))e du.

By direct calculations, one obtains that

+00 v
Fe(0) = f pa()e b @ ddegy = prcy,
0

N Babw) | Ba&1(v) | B3&20())  [V(eio)rarde
ﬁ(@—fo (ﬁl<v)+ 2 B c(y+d))e Fooradeg,

B . B3 K N B3& %G

=(Kz*—y+d c cty+d)’
% = —po(b) + (po () + d)F(b),
dfi(a) _ B2b(a) | B3éi(a) | Bs&6(a) ,
s —(ﬂ|(a) + y+d + B + oy +d) ) + (0(a) + d)Fi(a).

Calculating the derivative of L(r), £,(2), L(t), Li(t), Li(¢), and L,,(¢) along solutions of System (2),
respectively. We can obtain

AL 1 s 1
= o= S")T = 0= SO(A+TV() = ADS (1) = (@ + d)S (1)

= %(S(r) =SO[ = (@+d)(S @) =5 +7(V(5) = VO) = a0)(S (1) - §°) - A)S°]

d 1
= - “;0 S-S5+ %(S 0 =SOV@) =V = GADES 0 =) = ADS @) + AWS°,
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where A(?) is given by Eq. (1).

dL(1)
dt

1 dvi 1
= 75V - VO)ﬁ 75 (V@ = V(@S ) = ndV@) - (7 + V()

= %(vo) —VOa(S () = %) = (r + V() = V) = A (V(5) = VO) = na)V° |

d
= S5O =50V0) - V) = TEW@) = VP = TLAOW @) = V0P = naV) + ndwV,

+00 +00
O g [ e a7 [ Rofeoe e+ 52 |
dr 0 dr 0

ob

= 7(- fo " () per(b) + dyett, bydb - fo " e, )
- fo " )by + dyett, bydb — Fabetr b+ fo ™ et b »)
- ,,( - fo " () por(b) + dye(t, bydb + Fol0)e(t, 0)
; fo et B) - pord) + (oo ) + dF (b)ld |
- T,,(Tg(O)e(t, 0) - fo [ h)db)
- ﬂ(p‘](le(t, 0)—p fo " b, b)db)

= ﬂ(p'Kl(l =S @) +nV(D))A() —pj(; o(be(t, b)db),

BKs | BsKa  B36aTs
y+d c cly +d)

_(q0 0 B3 B3Ky ,33527(3
(80 + Vv )(7<2+7+d+ - C(7+d))pf a(be(t, b)db,

= (s0+ nvﬂ)(w N2 )pw. (1= g)(S (@) + pVO)AD)

dL;(1)
dr

dz(t a)

=%+ nVO)f Fila)

= (50 +pV°) f sf,-(a) (e(a) +d)it,a) + aig;“) da
0

=0+ nvo)( - f h Fi(a)((a) + d)i(t, a)da — f ) Fi(a)di(t, a))
0 0

— (504 r]VU)( _ f " F(@)6@) + dyict, aydb - F@jict, a)‘;m + f h i(z,a)dff,-(a))
0 0

=%+ nv"){ - f N Fi(a)(O(a) + d)i(t, a)db + Fi(0)i(z, 0)

+ f i, a)[ (,3 (a) + ﬁ 0@ B&i@ | B 3529(”)) + (6@ +d)‘}‘,—(a)]da}
d c c(y +d)

(S0 + nVO)(T(O)t(t 0) - f Bi(a)i(t,a)da — P f h 0(a)i(t,a)da
Y+ d 0
Bé2 e
cy+d) Jo

B Ks N B3Ky N B3&r K5
y+d c c(y+d)

- f &1(a)i(r, a)da - e(a)i(t,a)da)
¢ Jo

=(s%+ UVO)('Kz + )q(s ®) + nV(©)A@)
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0 0 PRz B3 | B33 oo
8" +nV )(7<z+ yrd o * c(7+d))p£ o (be(t, bYdb

(S0 + nVO)( fo - Bi(@)i(t,a)da + yﬂj v j; - 8(a)i(t, a)da

B&a e
cty+d) Jo

+ﬁ73 f " 6 @it ayda + B(a)i(t,a)da),
0

dLit) 0 B3é&r \dT (D)
a =80V )(y+d * c(y+d)) dr

0 0 B3&2 e
= (S04 Vv )(y+d . C(y+d))(f0 9(a)z(t,a)da—(y+d)T(t))

=(s0+ VO)(y Tt 5 352 d)) fo 0a)i(t, a)da — (S° + nVO)(ﬁzT(t) + @T(n)

- (504 nvo)%( fo ™ @it ayda+ HT@) - cW(t))
=(s0+ ;7\/0)573 fo - &1()it, a)da + (S° + nVO)’B 362 ey (SO + VOB W().
Therefore,
L d(S(r) SO + (i T ORERIORAE
S d(V( 0= V07 - —A(r)(sm §O = ZH AV =V

—m)(sm +nV() + A(z)(SO +7V0) + RoA(D(S (1) + V(1) — A + V),

where A(?) is given by Eq. (1). To confirm that dﬁ(t)

is a negative semidefinite function, we obtain

d
=502+ (5 + 15 JS @ = SOV - V0 = TEW@) - V07

V0 +as0 0 0, , @+d)S°
- W(S(t) -SHV@O -V + @+d)Vo
02 V0 +as?
{(S(t) S G aw
(TVO +aS°)? 0 @V +as%? 02 . @+d)S°
dararor VOV T T apop VOV v

__a+d _g0y2 _TV0+aSO 0 2

_ {[(su) O]
LAa+d@+ds Oy0 — (zV0 + 0592
4o+ d)2(VO)?

= -2l -s0 V- V7]

a+d

(M-S -V

(V@) - vo)z}

V@) - V")Z}. (39)

Substituting §0 = % V0 into Eq. (39), we have

{[(S(r)— SO - ;(ZW(V@)—V")]

4(7 +d)a+d)S°V0 - xV0 + S0y 02
Xa + POy VO -vH }
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- _af _sop_TV0ras® o Lo
=205 e IU(UR )
ad(4‘r +3d) + 4d(t + d)? 0
4a(a + d)? Vo=V } =0
Hence, we obtain
d d VO 4+ SO 2 ad(4t + 3d) + 4d(t + d)?

—@m)(sm -5%?% - %A(z)(vm = V92 + (R = DS (@) + nVO)A®),

where A(?) is given by Eq. (1). Notice that if Ry < 1, then % < 0, and the equality holds only for S(7) =
SO V(@) = VO, er,b) = 0, i(r,a) = 0, T®) = 0, R(¥) = 0, and W(r) = 0. LaSalle’s Invariance Principle
(LaSalle, 1960) implies that the bounded solutions of System (2) converges to the largest compact invariant
set of {(S (1), V(t), T(1), R(t), W(¢), e(t, b), i(t,a)) € D : dL(r)/dr = 0}. Since the disease-free equilibrium
PV is the only invariant set of System (2) contained entirely in {(S (¢), V(1), T(¢), R(t), W(1), e(t, D), i(t, a)) €
D : dL(r)/dr = 0}. Hence, the disease-free equilibrium P is globally attractive. By Theorem 2, we obtain
that the disease-free equilibrium P° is globally asymptotically stable when Ry < 1, and the disease-free
equilibrium P is globally attractive when Ry = 1. This completes the proof. O

Appendix G Proof of Theorem 7

Let p(x) = x — 1 — Inx, note that p(x) is non-negative and continuous in (0, +c0) with a unique root at
x = 1. Define a Lyapunov function

G(1) = Gs(1) + Gv(D) + Ge(1) + Gi(D) + G1 (1) + Gw (D), (40)

where

6,0 =502 6o =vp(42)

b
Golt) = (8™ + V)T, f 7 (bye’ | e(,f(b)) Ja,
Gilt) = (5" + V") f Fii @p( e Jia.

G = (5" +v* )( fusz )T* (%2),

y+d c(y+d) T*
w
Gu( = (5" + v 2 wep( T2

The nonnegative function G(r) is defined with respect to the endemic equilibrium #*, which is a global
minimum. We choose

BXs | BKa | B36aTs
y+d c oy +d)’

+00 v
Fe(b) = f po(v)e b er@rddeg,,
b

D B26w) | B3&1(v) | B3620()\ _ [Yao)+ardo
ﬁ(a)—fa (ﬁl(v)+ S+d = C(y+d))e 2 dv.

Fa =90+

Calculating the derivative of G4(1), Gv(1), G.(t), Gi(1), G:(1), and G,,(1) along solutions of System (2),
respectively, we can obtain

o0 (-3

)dS 6]

S/ dt
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S S§*
S* 8@

= A(z— Vst _V'iS@ | v*)

)”(V(’) TS s

- f mﬁl (a)(S Di(t,a) - S™i(t,a) — S ()i*(a) + S i (a))da
0

—Bo(TOS@) - TOS* = T*S (1) + T*S*)
—B3(WDS () = WS ™ = W*S (1) + W*S™). @1

G0 _ (Va0

SOV S*V(@) N
dt TV dr - +S§ )

V() Vv

a(S " -

+00
- f Bi@(V@itt.a) = V'ilt,a) = V' (@) + V'i* (@)da
0

B (TOV(t) = T(OV* = T*V(t) + T*V*)
—nBs(WOV (1) = WOV* = W*V() + W*V*). 42)

‘We note that

a%p(i(*téf))) - e*ib) (] - :(*zfi)) )( 6622;17) * (o7 (d) + d)ett, b))’
(%p( ii(*tE:)) ) T (la) (] - f:ffff) )( m(at;a) + (@) + i, “))'

Thus, we obtain

AG)  or e [ &b \delt,b)
S )ﬁfo 7:"(17)(] e(t,b)) ot
_ e+ N oo : e*(b) \( de(t, b)
= (5" + VI F fo ﬁ(b)(l o b))( - +(po-(b)+d)e(t,h))db
e [T 9 felt,b)
= (ST + V)T, fo Folb)e (b)abp(e*(b) Jao
. . . e(t,0) e . e(t,b)
= (87 + V)7 Fe0re O e*(O))_p fo (b Gy e Ja |
= (8" + 1V )Fup i [(1 — S @+ v fo Br(@)i(t, a)da + BT (1)
W) = (1= S+ v fo @) (@0a+ o + W)
e N (e,0)
~(1 =)+ v fo Bi(@)i (@)da + B T* + B3 W )ln(e*(m )]
N et b)
~(S" + V") Fup fo o(be )| s Ja.
A6l v e [P i*(a) \di(t, @)
w -6 +77V)j(; ?’(a)(l_i(t,a)) a9
= (ST 40V f " Fita1 - F@) )(ai(t’“) + (@) + e, @) Jda
b ! itt,a))\" da J
a0 (i1 @)
= (8" 40V fO Tl (@ 5-p( o Jaa
= 5 e o on( ) - [ o @p( 2 Jia
! i*(0) 0 i*(a)

_(yﬁfd * c(izfzd) ) f0+°° by (“)p( igé:)) )da - [? 0+°° & (”)i*(a)p( ii(:EZ)) )d“]

=(S"+ UV*)T,,{CI(S )+ r]V(t))(j(; Bi(a)i(t,a)da + BT (1) + B3 W(t))
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+p fm’ o(b)e(t,b)db — [q(S* +11V*)(\f0

+p f sb)e* (b)db] [q(S V) f B1(@)i*(@)da + BT + B3 W
i(t,0) .

+p f ob)e* (b)db]ln( o) )} (S* +7v7) f B1(a)i* (a)p(

Jip B3& e (t a)
+(y+d+ c(y+d))f0 ta)i’(a )P ) d +*f &' )p

+00

Bi1(@i"*(a)da + B T" + B3 W*

)) ‘)

3

dg.(n) B3é2
T )(y+a’ * c(y+d))(1 Q)
T*i(t, a)

BE | [ g 00 _ T
-5y i) [ worel g - T - v + e

=@ )(y+ at cgfzd))fom o @|p (l(*t<:))) (TTol)(zt(‘;)) o
ﬁ3é"z T p( T(f))

R Y i) B O e

) dW(r)

dgw(® _ s B, W
——= = (8" +nV") (1 p”

dr W)
B B3 z(t, a W@ Wit a)
=(S"+npv* ) f &1 (a)i* (a) ) W Wora) + l]da

H(S* 4V )&%[T(l‘) W@ W'T() +1]

T* w wnT*

_ (s*+nV*)ﬁ*3 f g.(a)i*(a)[p(ii(fg:)) )‘ (Wull(zl)(zt((;)))]da

B o T2) 5 o

W) )

+(S" + V)

From the first two equations of System (2) and Eq. (16), we obtain
(S™ +nV)Falg +p(1 - ¥l = 1,
+00
="+ nV*)(f Bi(@)i*(a)da + B, T* +,83W*) +dS* +dV*,
0

V(" Bi@i*@da+ BoT" + B3 W) + (x+ )V
s* :

Substituting the expressions of A and « into Eq. (41) and Eq. (42), respectively, we have

dg(t)y dgy(n dG.(1) = dG.() N dgi(t) N dg:(1) N dG, (1)
dr ~ dt dr dr dr dr dr
_ fn S*V(t) B NOIA w(a i B m _ SHOV*

= (2 S@Vv* S*V(t)) +dv (3 S (1) V* S *V(Z))

S s* oo
+d5*(2 - S(f) _ S(t)) +(S*+ r]V*)(fO B1()i(t,a)da + BT (1) +,83W(z))
S*S*STVEY [P L * *
_(W +"W)(f0 Bi(@)i*(@)da + BoT* + B3W )
(v - SV V* (fo " (@it @da -+ BT -

N0)
—(S* + nV*)['Fap'Kl(l -q ln(ee(fég))) + T"qln(ii(*té(()))) )]
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X(S™ + nV*)(L Bi(a)i*(a)da + BT +ﬂ3W*)

)
(5" + V) Fup fo obre ol e

X[ f*‘” a(b)e(t, b)db — f N o(b)e*(b)db — f N o(b)e*(b)db1In ( it,0) )]
0 0

(0)
(t a)

)db+(S VY Fap

(8" +qv* )[f s @p( " Yia +—f & @p( L2
+(7ﬂ+2d * c(fffzd))f e (a)p( @ )) )d J
STV )(7+d * ¢(ﬁysfzd))f oo )[ ('(IE;))‘P(TT;(;}Z)) )Jd“

(8" +nV)BT" (TT(I)) (S*+ v)ﬁ*ﬁr p(TT(t))

+H(S" + nv*)[E f £1(a)i* (a)[p(’.(t 4) ) - p( W"ilt, a) )Jda

i*(a) W(t)i*(a)
+(S* +nV* )@T [ (T(t)) (xzz;t))J (S* +nV )BswW* p(V“jV(t))

For simplicity, we let

dg(t)  dG(1n  dG,(1)  dG.()  dGi(H)  dG.(1) dG.(1)
@~ Ta TTa e o TTa T Ta
=G1+Gr+G3 + G4+ Gs + G,

where
s STV S@V* a ST VO SOV
G =1V (2 SOV* S*V(t)) ( SO v S*V(t))
S S*
+ds* (2—?—%)@

G = (S*+nv*)ﬂq{f " si@s it@)| D S 1n(i(t’0))Jda
0

i*(a) S (0)
B NI I LTS
+n fo +wﬁl(a)V*i*(a) ilitgf)) - % - ln(i,-(*tEg)) )]d“
| (SO (1)
= (s +nv*>ﬁ‘1{ fomﬁl(a)s*i*(a)[p( i,-(fij)))‘ (%)_ (Ss(tzl(([a;)(lzg) )]da
G ERR )
s w55 ) o5 S )
o [ v rafo ) -p{ ) o S O,
0 1 o 72)-sly) - o ooy )

sV w[o( 52 - p(%) - Vv(t)vVVV(,t(); (()(;) )]}
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i*(0)

w0 Jo o(b)e(t, b)db,

+00
+(S* + nV*)ﬂpf a(b)e*(b)db — (S* + nV*)Fup
0

Gs = (5" + V) Fup(l —q)VG{ fo pr@s i@ D - 3 (LD oo

@ S® \eo
w572 i (g | o w [ - 5 (55 )
T R
B v 32 )

= (8" + VI Fap(l - K { [ " pi@s o (3:2)-8(55)
A o 52) {5 )L
w5 o5 ol ) oS )
on [ prav i @fp(22) - bl ) - pf S O ),
v (o 72 ) ol 5) - )|
s w o2 ) o{5 ) ol oo I}
Ga = 77(1 % - % - i(t‘)/‘(/l) fomﬁl (@V*i*(@)da + BV T* + B3 v*w*)

= [p (%)—P(%)—P(iit‘)/g)](L+wﬂ1(a)V*i*(G)da+ﬁ2V*T* LBVW)

e(t,b)
e*(b)

Gs = (§* +77V*)Tap[ fn o (b)e(t, bydb — fo U(b)e*(b)p(

oo . +00 . i(t,0)
_ fo a(b)e*(b)db — fo o(be (")dbl“( *(0) )]

)db

l

s e [ o
+(le+2d * c£3fzd))f+m b (a)p( ((a))) J’

Ge = (S* +nV* )(7 +d c(f,{zd)) f +eo a)i*(a )[p( il(té 5))) - p( ;(*tt)(li(z)) )Jda
—(S* + VB T* (T( )) (S* + v’ )ﬂ3§2 p(TT(:))

. W*i(t,
HE" "V*)& f s@r (“)[P( li(*t(;l))) - p( W(tl)(lt (i?)) da

e PR A o)
Note that
(5™ + nV*)ﬁp[ fo " o (byett, bydb - fo - (r(b)e*(b)p( "e(’( :)) )dh
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- f By Bydb f ™ ) B)db 1n(i,(t’ O))
0 0

i*(0)
oo . i(0)
+ fo o) ()b~ o o—(b)e(t,b)db]
e " e . i*(0)e(t, b) i*(0)e(t, b)
= (8" +nV)Fap fo T®e® )[_ w0ed) ! +ln(i(t, 0)e*(b) )]

i*(0)e(t, b) )

= —(S*+qV )7",,/)\[0 o(b)e (b)P( i.0)e"(b)

Hence, we have

SOi(t, a)i*(0) )
S (@)i(r, 0)
ST (®)i*(0) S(OW®)i*(0)

S*T*i(1,0) ) BsS"W p( S*Wi(r,0) )
V(©)i(t, a)i*(0) -

V@i, 0) )d“ TV T p(
VOW©)i*(0)
VWi, 0)

e s - (SOi(t,a)e"(0) s (SOT(De”(0)
fo Bi@sS t(a)p(m)d‘”ﬁzs T p(m)

SOW(t)e* (0) ook V(@®)i(t, a)e*(0)
S Wrelt, 0) f Pr@Vvi(a) ( Vi (@)e(t,0) )d“

V()T (1)e*(0) V(OW(t)e* (O))
V*T*e(t,0) VEW*e(t,0)

M-
Q@

=-(5"+ TIV*)TaQ[fO ﬂl(a)S*i*(a)P(

+ﬁ2S*T*p(

V(T (1)i*(0) )

n fo B@Vi*@p( Ty

AR )] — (S +VIFap(l — K

X

+53S WP (
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We find that all terms in Eq. (43) have the property of the function p(x) = x — 1 — Inx. This means
that positive-definite function G(¢) has negative derivative dG(¢)/dt. Furthermore, the equality dG(r)/dt =
0 holds if and only if S(r) = S*, V() = V*, e(t,b) = e*(b), i(t,a) = i"(a), T(t) = T*, Rt) =

and W(r) = W*. LaSalle’s Invariance Principle (LaSalle, 1960) implies that the bounded solutions of
System (2) converge to the largest compact invariant set of {(S (1), V (1), T (1), R(t), W(t), e(t, D), i(t,a)) € D :
dG(r)/dt = 0}. Since the endemic equilibrium #* is the only invariant set of System (2) contained entirely
in {(S (), V(1), T(1), R(t), W(1), e(t, b), i(t,a)) € D : dG(¢)/dr = 0}. Hence, every solution of System (2) in
set D\ (P} tends to the endemic equilibrium $*, which is globally attractive when it exists. This completes
the proof. O

Appendix H Numerical method for System (2)

To compute the numerical solution, we use the forward/backward finite difference method for time and age
to discretize System (2) (Kenne et al., 2021; Martcheva, 2015). We define the finite domain with respect
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to time and age as follows
D={(tab):0<t<T,0<a<K, 0<b <Ky}

To discretize the model, we divide the time interval (0, T) into 7 subintervals (¢,, t,,+1) with a time step
At = tye) — ty, forn = 0,1,2,---,7 — 1. Similarly, we also divide the latent age interval (0,K}) and
the infected age interval (0,K,) into K}, subintervals (bk, bx+1) with a time step 4b = by — by and
K, subintervals (aj,aj;1) with a time step 4a = a1 — aj, respectively, for k = 0,1,2,--- ,K;, — 1,
j=0,1,2,---, K, — 1. We define the symbol substitution rules as follows

Sp =8, Vo =V(ty), Ty = T(ty), Ry = R(ty), W, = W(1,), lﬁ, = i(ty, aj)»
ek =elty, by), Bl = Bi(a)), ¢/ = 8(a)), & = &1(ay), & = a(by).
Next, we use the trapezoidal rule to approximate several integral expressions in System (2), that is,

Boit, ap) + B it ak,-1) Ke?

fo B1(@)it, a)da ~ Aa( ! )+Aa Z; plit,a)),
£

+o0 60i(t, ag) + 0% i(t, ag — B2
f @i, ayda zAa( it ao) 1 ax, 1))+Aa > dict,ap),
0 2 =

oo 0; Ko-1; K2
fo (@it a)da ~ Aa(fll(t, ap) +§12 it, llKa—l)) +Aa Z &li(t,aj),
=

+0o0 Oe(t, bo) + oK=L e(t, by, - Kp=2
f rr(b)e(z,b)dbwb( t.50) .0k, l))+Ab > orett. by,
! 2 k=1
Hence, the discrete form of System (2) can be expressed as
Spe1 =S,
% =A+7Vy +6R, — 2,8, — (@ +d)Sy,
Vi1 =V,
S TSV, = (T,
Tpe1 — T, 0 4 gKa—1Ka~1 K2
Y :A“( S )”’“; iy = (v + )Ty,
Ry — R
00 a—1.Ks—1 K,—2
Wor1 — W, ip +& i as o
n+l no_ Aa(§1 nTS) n )+Aa f{lf, +&T, — Wy, (44)
At 2 -
ko ok k _ k-1
e e -
T g =t
Y N Y
bt T b T i i
T T e T @ + diy,
e = (1= D(Sn +1V2),
0,0 o +Kp—1,Kp=1 Kp—2
—+ b
ig = qAn(Sn +1Vn) +PAI7(W) + pA4b Z (rke’y‘l,
k=1

k N
e = eo(bi), i) = io(ay),

ﬁ0i0+ﬂk“_lika_l K2 i
where A, = Aa(%) +Aa Y Biin + B2Ty + B3W,. After some algebraic manipulation, the
first seven equations of System (44) can be rewritten as

Sust =S+ At[A + TV, + 6Ry — Sy — (@ + d)S 4],
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Vael =V + Al[asn =, Ve — (t+ d)ans

00i0+0K”_1iK“_1 =2 o
Tpir =T +A1[Aa(%) +da Y Oi -y + d)T,l],
=

Ry1 = Ry + At[yT, — (6 + d)R,],
K,— lKa 1 K,-2
+
& )+Aa Z il + 6T, —cW,,],

Wir1 =W, +AI[A (
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2

At At
k k—
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: 41 A1
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_1 Kp-1
000 + Kol

ig = qAn(Sn +1Vn) +PAb(%) + pdb Z o’keﬁ
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The explicit expressions for i and €0 are as follows
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Appendix I MCMC method for parameter estimation

Let ¢ be the fitting error, and ¢ follows the additive independent Gaussian distribution with mean zero and
unknown variance 52, which is based on the result of the Central Limit Theorem. Then, the observations y
can be expressed as follows

y=f) +& €~ NO, I, (45)

where f(x,Y) is the nonlinear model (6(a), Z1(0,a), or Z»(j,a)); x are the independent variables; ) are
the unknown parameters and initial values.

For ¥ independent identically distributed observations, the likelihood function p(y|¢,&?) from Eq.
(45) with a Gaussian error model is

b2 ~
o] wl52)
2né? 282

where SS(y) represents the sum of squares function

POIE.EM) =

'
SS() = Y |0 = f0’]
i=1

For simplicity, we assume that the unknown parameters ¢ are an independent Gaussian prior specifi-
cation, that is,
o . N
~Nj,ep, j=1..M.
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where M is the number of unknown parameters. For £~2, a Gamma distribution is used as a prior, that is,

2 ng no .o
~ 15283,
pE™) ( ) 0)
where § S and ng are the prior mean and prior accuracy of variance £2, respectively.
The conditional distribution p(¢~2[y, {) can be expressed as follows

SS(p) + nosg]

Pn
e

Using the conditional conjugacy property of the Gamma distribution, the conditional distribution p(£ 2|y, {)
is also a Gamma distribution with

P ¥ +ny SS() +noS2
p(leym:r( s 0),

according to which we sample and update £=2 for other parameters within each run of Metropolis Hastings
simulations. Since we assume independent Gaussian prior specification for parameters y, the prior sum of
squares for the given parameters y can be calculated as follows

M - 2
SSpri(h) = Z[T} :
i=1 !

Then the posterior for the unknown parameters p can be estimated as

1

o 22 SS(¥)
PR E) exp[ -5(

§:2

+ sspﬂ@))].

In the simulation, we use Delayed Rejection Adaptive Metropolis (DRAM) algorithm to generate
efficient chains of estimated parameters (Haario et al., 2006). The variance of measured components 6(a),
Z1(0,a), and Z>(j, a) are given by inverse gamma distribution with hyper-parameters (0.01, 0.04), where
0.01 is the initial error variance, which is updated by inverse gamma distribution (Tang et al., 2018).
Prior information of unknown parameters is given by 6; € (0, 1000), 6, € (0, 1000), @; € (0, 10000),
@, € (0,1000), o1 € (0,10), oo € (0,1000), B; € (0,1 x 1077), B3 € (0,1 x 1077), & € (0.6,1),
&1 € (0,1000), T(0) € (10000, 50000), R(0) € (2 x 105,1 x 107), W(0) € (1 x 10,1 x 10%), and the
proposal density follows a multivariate normal distribution.
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