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Abstract

Although great progress has been made in the prevention and mitigation of TB in the
past 20 years, China is still the third largest contributor to the global burden of new
TB cases, accounting for 833,000 new cases in 2019. Improved mitigation strategies,
such as vaccines, diagnostics, and treatment, are needed to meet goals of WHO. Given
the huge variability in the prevalence of TB across age-groups in China, the vaccina-
tion, diagnostic techniques, and treatment for different age-groups may have different
effects. Moreover, the statistics data of TB cases show significant seasonal fluctua-
tions in China. In view of the above facts, we propose a non-autonomous differential
equation model with age structure and seasonal transmission rate. We derive the basic
reproduction number, Ro, and prove that the unique disease-free periodic solution,
Po is globally asymptotically stable when Rog < 1, while the disease is uniformly
persistent and at least one positive periodic solution exists when Rg > 1. We esti-
mate that the basic reproduction number Ry = 1.3935 (95%CI : (1.3729, 1.4087)),
which means that TB is uniformly persistent. Our results demonstrate that vaccinating
susceptible individuals whose ages are over 65 and between 20 and 24 is much more
effective in reducing the prevalence of TB, and each of the improved vaccination strat-
egy, diagnostic strategy, and treatment strategy leads to substantial reductions in the
prevalence of TB per 100,000 individuals compared with current approaches, and the
combination of the three strategies is more effective. Scenario A (i.e., coverage rate
85%, diagnosis rate 56y, relapse rate 0.1 i) is the best and can reduce the prevalence
of TB per 100,000 individuals by 98.91% and 99.07% in 2035 and 2050, respectively.
Although the improved strategies will significantly reduce the incidence rate of TB, it
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is challenging to achieve the goal of WHO in 2050. Our findings can provide guidance
for public health authorities in projecting effective mitigation strategies of TB.

Keywords Seasonal age-structured model - Basic reproduction number - Sensitivity
analysis - Improved strategies

1 Introduction

Tuberculosis (TB) is a chronic infectious disease caused by Mycobacterium TB infec-
tion (Wikipedia 2021). Mycobacterium TB may invade various organs of the body,
but mainly invade the lungs, which is called pulmonary TB (Grange et al. 2001;
World Health Organization 2021b). TB is one of the top ten causes of death worldwide
and the leading cause of death from a single infectious agent, ranking above HIV/AIDS
as a cause of death (Grange et al. 2001; Ren et al. 2020). In 2019, about 8.9—11 million
individuals developed TB in the world (World Health Organization 2021a). Globally,
an average of 130 per 100,000 individuals developed into TB patients, and the annual
incidence rate is 5 to 500 per 100,000 individuals in 2019 (World Health Organization
2021a). A total of 1.4 million individuals died from TB in 2019, including 208,000
individuals infected by HIV (Grange et al. 2001; World Health Organization 2021b).
Among the people suffering from TB in 2019, 30 countries with a high burden of TB
accounted for 87% of global cases, of which eight countries accounted for two-thirds
of the global total number of TB cases: India (26%), Indonesia (8.5%), China (8.4%),
Philippines (6.0%), Pakistan (5.7%), Nigeria (4.4%), Bangladesh (3.6%), and South
Africa (3.6%) (World Health Organization 2021a; Ren et al. 2020).

Although great progress has been made in the prevention and mitigation of TB
in the past 20 years (Wang et al. 2014), China is still the third largest contributor to
the global burden of new TB cases, accounting for 833,000 new cases in 2019 and
the incidence rate of 58 per 100,000 individuals (World Health Organization 2021a).
Globally, the incidence rate of TB is declining, but the speed is not fast enough to
achieve the goals of WHO, which is to reduce the incidence rate of TB by 50%, 80%,
and 90% in 2025, 2030, and 2035, respectively, compared with 2015, and less than one
case per million individuals per year in 2050 compared with 2015 in China (Dye and
Williams 2008; Harris et al. 2019, 2020; Houben et al. 2016; Huynh et al. 2015; Lin
etal. 2015; Xu et al. 2017). From the results of the current research and the prediction
of mathematical models (Abu-Raddad et al. 2009; Guo et al. 2021; Harris et al. 2019,
2020), it is impossible to control TB further from the existing nursing and preventive
measures. Therefore, improved vaccination, diagnostics, and treatment drugs will be
the key of achieving the goals of WHO (Harris et al. 2019, 2020; Huynh et al. 2015;
Lin et al. 2015). 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). The improved vaccination can effectively prevent infection in susceptible
individuals and reinfection in latent individuals and recovered individuals to replace
neonatal BCG (Skeiky and Sadoff 2006). The improved diagnostics can shorten the
duration of infection and increase the probability of case detection before death from
TB disease (Abu-Raddad et al. 2009; Keeler et al. 2006). The improved treatment
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drugs can shorten the time of treatment and reduce the relapse rate of the recovered
individuals (Abu-Raddad et al. 2009).

Many mathematical models have studied the dynamics of TB (Bhunu et al. 2008; Cai
etal. 2021; Feng et al. 2002; Guo et al. 2021; Harris et al. 2019, 2020; Liu et al. 2010;
Renardy and Kirschner 2020; Song et al. 2002; Zhang et al. 2015, 2019; Zhao et al.
2017; Zhou et al. 2008), and explored strategies for improved vaccination, diagnostics,
and treatment drugs (Abu-Raddad et al. 2009; Harris et al. 2019, 2020; Liu et al. 2017,
Renardy and Kirschner 2019). There is evidence showing that the number of TB cases
is highly age-dependent (Abu-Raddad et al. 2009; Ainseba et al. 2017; Castillo-Chavez
and Feng 1998; Harris et al. 2019, 2020). Thus, age-structured models are often used
to study the transmission dynamics of TB. Abu-Raddad et al. (2009) used an age-
structured mathematical model of TB; they focused on the WHO Southeast Asiaregion
and explore the potential benefits with a set of new interventions under development.
Harris et al. (2016) introduced the results of studies comparing infant vaccination
with adolescents or people of all ages. Harris et al. (2019) used an age-structured
mathematical model to compare the impact of new vaccination targeting the older
adults (60—64 years) and adolescents (15—19 years) in China. Their conclusions proved
that providing effective vaccinations to the older adults (60—-64 years) is more effective
than the adolescents (15-19 years). However, the seasonal age-structured model has
not been applied to explore the potential impact of vaccination strategy, diagnostic
strategy, and treatment strategy on TB in China. In order to evaluate the current status
of TB epidemic and the impact of the improved strategies on the incidence rate of
TB in China, we propose a non-autonomous differential equation model with age
structure. The real reason for the seasonal pattern of TB is still unknown, but the higher
infection rate in winter may be relevant to the increased periods spent in overcrowded
and poorly ventilated housing conditions; these phenomena are much more easily
seen than in the other three seasons (Liu et al. 2010; Rios et al. 2000; Zhang et al.
2016). Next, highly infectious viruses such as influenza and lack of vitamin D lead to
immune deficiency, causing Mycobacterium TB to be reactivated in winter and spring
(Rios et al. 2000; Zhang et al. 2016). In addition, the diagnosis delay also has certain
seasonal characteristics (Zhang et al. 2016). In the model, we introduce the periodic
transmission rate to characterize the seasonality of TB. Our goals are to calibrate
the Mycobacterium TB transmission model based on age-stratified demographic and
epidemiological data, as well as to evaluate the possibility of achieving the goals of
WHO under improved strategies in China.

The rest of the work is organized as follows. In Sect. 2, we propose the TB model
with age structure and seasonal transmission rate. We derive the basic reproduction
number R¢ and study the boundedness, existence, uniqueness, and stability of the
equilibrium solutions. In Sect. 3, we use Markov chain Monte Carlo (MCMC) to
estimate the unknown parameters and initial values of the model and estimate the basic
reproduction number R. In Sect. 4, we evaluate the possibility of vaccination strategy,
diagnostic strategy, and treatment strategy, and combination strategies to achieve the
goals of WHO in China. In Sect. 5, we summarize and discuss our findings.
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2 The Seasonal TB Model with Age Structure and Vaccination

We divide the total population into n age-groups. Each age-group is further divided
into seven classes, namely susceptible individuals (Sk), vaccinated individuals (Vy),
latent individuals (Ey), infected individuals (1), treated individuals (7% ), recovered
individuals (Ry), and deceased individuals (Dy). The population size of the kth age-
group isdenoted by Ny () = S (t)+ Vi (t)+ Ex (t)+ 11 (1) + T (1) + Ry (), and the total
population size is N (1) = Y _y_; Ni (). For demographic dynamics in the absence of
disease and vaccination, we adopt the framework of Hethcote (2000) to derive an
ordinary differential equation model of a discrete age structure with aging population
from a partial differential equation system with continuous age. In this framework, we
divide the population age into n intervals and define an ordinary differential equation
model on each interval of age [X;_1, Xk], where 0 = Xp < X] < X2 < -+ <
Xp—1 < X, = o0. For x € [x;_1, X;], we assume that the birth and death rates of the
population are constants, denoted by by and dj, respectively. Let ax denote the rate at
which individuals of age-group k transfer into age-group k + 1. We assume that the
population has reached an equilibrium age distribution with exponential growth in the
form Ni(t) = e*' P, where u represents constant growth rate and P represents the
initial size of the kth age-group; Pj are constants satisfying

1P
kaM’ k=23 .n.
o +dip +u

The birth function can be expressed as
n
Zbkpk = (1 +di +u)Pr.
k=1
Hence, the birth population per unit time is
n n
Zkak =" Zkak = (a1 +dy + u)e" Py = (a1 +dy + u)Ny,
k=1 k=1

where P; = N1(0).
The forces of infection among individuals (susceptible, vaccinated, latent, and
recovered individuals) in age-group k are defined as

n

M) = () Y cx

j=1

LHoili | ok <n
Nj b — f— b
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where c; is the average number of contacts between individuals in age-group k
and individuals in age-group j, Bi(#) is the probability of infection upon contact-
ing an infectious person, and /;/N; is the probability that a randomly encountered
an infectious member of age-group j, w; represents the coefficient that reduces the
transmission rate due to treatment in age-group j. We assume that the newborn is
vaccinated, and the proportion of vaccination is p;. For the kth age-group, suscepti-
ble individuals infected with Mycobacterium TB transfer to latent class and infected
class at the rates (1 — gx) Ax and g Ag, respectively, where g; represents the pro-
portion of new infections that develop into active TB. Latent individuals can become
infected class and recovered class at the rates px oy and (1 — uy)oy, respectively, where
1 — p is the proportion of latent class receiving treatment and oy represents risk of
reactivation in latently infected class. Latent individuals can transfer to infected class
through ‘fast progression’ upon reinfection (qr Arox), where or € (0, 1) represents
that primary infection confers some degree of immunity (Bhunu et al. 2008; Feng
et al. 2000; Harris et al. 2019, 2020). Infected individuals transfer to treated class
and recovered class at the rates (1 — & )6y and &6, respectively, where &; represents
the proportion of infected class entering the treated class due to treatment, 1 — &
represents the proportion of infected class who recover naturally, and 1/6; represents
time delays in diagnosis of TB. Treated individuals transfer to recovered class and
deceased class at the rates pxyx and (1 — px) vk, respectively, where pr and 1 — pi
represent the proportion of recovered class and deceased class, respectively, yy repre-
sents the recovery rate of treated class. Recovered individuals are not totally immune
to Mycobacterium TB infection and transfer to latent class and infected class at the
rates (1 — gx) Ak Sk and g Ay Sy, respectively, where 8 € (0, 1) represents the level of
immunity of recovered individuals (Bhunu et al. 2008; Harris et al. 2019, 2020). Vac-
cinated individuals transfer to latent class and infected class at the rates (1 — gx) Axnk
and gx Ak, respectively, where i € (0, 1) represents that the immunity generated
by the vaccine has a protective effect on individuals. y; represents the relapse rate of
recovered class. vy (2 < k < n) represents the vaccination rate for susceptible class,
7 represents the duration of vaccine-induced immunity in age-group k. The popula-
tion flow among those compartments is shown in Fig. 1. The model is described by
the following system of ordinary differential equations:
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ds;
e (= p)(e +di +we" Pr+ 1 Vi — (A1(1) + di + 1)1,
dSx
F:(kalsk—l+T1<Vk_(Ak(t)+Vk+dk + o) Sk, 2<k<n,
dv, ut
o pi(ay +dy +w)e" P — (m A1) + 7 +di + o) Vi,
dV;
ke ak—1 Vi—1 + v Sk — (e Ak (t) + T + di + o) Vi, 2<k=<n,
dE,|
o (I =g A1(OS1+m Vi +81R1) — (1 A1(De1 +o1 +di +a1)Eq,
dE}
o s -1 Ep—1 + (1 — qi) A () (Sk + nk Vi + 8k Rie)
— (qr Ak (t)ok + ok + di + ox) Ex, 2<k<n,
dr
dit] =q A O)S1+mVi+8R +01E1) + o1 Er + xRy
— (01 +di + o,
dry
T k-1 Ik—1 + g A () (Sk + i Vi + 8k Rk + ok Ex) + miok Ex + xx Rk
— (O + dy + o) I, 2<k=<n,
dT
e &0l — (1 +dy +apTh,
dT;
?Zak—lTk—lJ"%—keka_(Vk‘f'dk + ap) Tk, 2<k=<n,
dR,
el p1viTi + (1 — o Ey + (1 = &)01 1 — (x1 +81A1(t) +di + 1) Ry,
dRy
el k-1 Re—1 + ok vi T + (1 — pp)or Ex + (1 — E) Ok Iy
— (Xk + S8k A (t) + di + o) Ry, 2<k<n,
dD, __ T
a Py,
db,
= = U= pn, 2<k=<n
(D
Here, we assume that «,, = 0 for simplicity. Consider the fractions s () = gf,(g{,
w(t) = ghip. et) = gig. k() = gt D) = gitp (o) = gl and let

eutpk > eut Pk eut Pk eut Pk > eut Pk >
axj = %‘_ denote the ratio of the age-group k and j. Then, System (1) becomes
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» - I—=ude
P BeVe  (1-p0)) b L (1 —qedad,
= k=t L Q16+ 300
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de/ (1—gIAm, & d:l d’l
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Qi
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Fig.1 Schematic diagram of the mathematical model (Color figure online)

ds
3 = (= +di )+ v = @) +u+d s,
dsg
a = Dk 15k—1 + tvp — (A () + vk + u + di + ag)sk,
dv;
r’m =piler +di +u) — (Mmr@) + 7 +u+d +avg,
dug
Ao = QDR 1V + vesk — (kA (1) + T + u + di + ) vg,
de;
e (I =gDr1@(s1+nvr +81r1) — (A (o1 + o1 +u +di +ayey,
dey
G = U DRk—1 €k + (L — qi) Ak (1) (sk + nevr + Skre)
— (qer (t)ok + op + u + di + ap)eg,
diy ,
e G121 (D) (s1 4+ mvr + 8111 +o1er) + worer + xirn — (01 +u +dy + ay)iy,
dig .
& = M)kl + qrhi () (Sg + Mk vk + 87k + Oker) + kOker + XkTk
— 6k + u + di + )ik,
dfi .
(T]; =&101i1 — (Y1 +u+di + o) f1,
dfe .
e Ak—1)k%%—1 fr—1 + EkOkix — (vk + u + di + o) fx,
dr
e v fi + (= uporer + (1 =&y — (x1 + 81k () +u+di +oy)ry,
dry .
T A—1)k%%—1Re—1 + pe Vi fre + (1 — wp)orer + (1 — &) Oix
— (Xk + Skhe(t) +u + di + )1y,

A

@)
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where Ay (1) = Bi(t) Z’}zl ckj(ij + w;j f;). The fraction of the kth age-group ng (t)
for System (2) satisfies the following equation:

dn

Frk (a1 +di+u)— @w+d +apn; — (A — p)yi fi1,

dny

TG L L u+d +apng — (1 — p)yefie, 2 =<k =<n.

Thus, the following inequality holds:

dn

d_tl < (ay+di+u)— (u-+d +oapny,

dny

s < A@—1)kQk—1nk—1 — (U +di +ang, 2 <k <n.

Solving the above equations, we have

lim sup n (t) < w —
t—00 : Tu+d+ap
]imsupnk(t) < M =1, 2<k<n.
t—00 u - di + o

Hence, the trajectories of System (2) are ultimately bounded.
For simplicity, we define

S = (51, Sk s8n), V= (U1, Uy, Un),
E=(e, - ,ep, -, en), L= (i1, i, »in),
F=(ft,-- foo ), R=(ryeee 1k, 1),
N =y, ng 1)

Thus, we can obtain the following results:

Theorem 1 The solution of System (2) is ultimately bounded with the initial value
(S(0), V(0), E(0), 1(0), F(0), R(0)) € RY".
Further, the set
2= [(S,V,E,I,F,R) ERY 0 < 5. vk ek ik fioreone < 1, 1 <k 5n}
is a positively invariant set.

2.1 Basic Reproduction Number

Taking into account the seasonality of TB (Liu et al. 2010; Rios et al. 2000), we
introduce the basic reproduction number R for System (2) according to the general
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procedure presented in Wang and Zhao (2008). System (2) has a disease-free periodic
solution

Po = (8%, VO, E°, I°, F%, R"),
where

o (1= pDu+d +ap)+ 110}

s - ’
! u+di+ o
o (mtu+tdc+ ) AGK— 1)k O—150 | + ThA(k—1)kk—1V)_|
Sk = 3 2 5 k S I’l,
(u + di + o) (te + u + d + o + vi)
W0 — pi(u+di+ar)
1 T4u+d +oar’
o (utdi+oar+ VA 1)k —1VY_ | + Vk@(k— 1)k —15)_| k<
vV, = ’ — _l’l,
k (u + di + o) (ti + u + dy + ax + vr)
e,?:i,?:f‘):r,?:o, 1 <k<n.
The linearized system of System (2) at Py is as follows:
de; - . 0 0
e (I =q)Bi(0) chj(lj +wj fi)s] +muy) — (o1 +u+dy +oay)er,
j=1
dey . . 0 0
5 = “vreioreet (L= gOB®) D e+ @) F(F + mep)
Jj=1
— (0% +u + di + ap)ex, 2<k=<n,
diy u
kA D ey + o )Y+ nivd) + piorer + xir
=
— (O +u+d +api,
dig . . . 0 0
& = U=kt + qr B (1) chj(lj +w; fi) (s + mevg) + mikorex
j=1
+ xkrk — (O +u + di + o )i, 2<k=<n,
dfi .
(;; =&01i1 — (1 tutd +a)fi,
dfi .
T -1k Qk—1 Je—1 + EkOkik — (vk +u + di + o) fi, 2<k<n,
dr
dTl =pivifi + (A = porer + (1 =&EDOin — (x1 +u +di +ar)ry,
dry .
& = G-k PiVi Jie + (1 — pi)orer + (1 — &) Oik
— (Xk +u +di + ap)ry, 2<k=n.
(3)

@ Springer



61 Page 10 of 50 L. Xue et al.

Letx = (E, L F, R)T, System (3) can be rewritten as

dx
Pl (F (1) = V(D)x,
where
0 fiz fi130 vip 0 0 0
Fo=| SR s | v = i 0
00 00 V41 V42 V43 Va4

The expressions of f;; and v;; are in Appendix A.

It is very clear that F(¢) is nonnegative and —V(¢) is cooperative in the sense that
the off-diagonal elements of —)(¢) are nonnegative.

Let Y(¢,s),t > s, be the evolution operator of the linear 7 -periodic system

dy
— = =V(t)y.
" V(t)y

Hence, for each s € R, the 4n x 4n matrix Y (¢, s) satisfies

dy (z, s)
TR VY (,s), Vit>s, Y(s,s)=1,

where / is a 4n x 4n identity matrix. Let @_y)(¢) be the monodromy matrix of the
linear 7 -periodic system % ==V()y.

Following the method established by Wang and Zhao (2008), we assume that ¢ (s),
T -periodic in s, is the initial distribution of infectious individuals. Then, F(s)¢ (s) is
the distribution of new infections produced by infected individuals who were intro-
duced at time s. Given ¢ > s, then Y (¢, s)F(s)¢(s) gives the distribution of those
infected individuals who were newly infected at time s and remain in infected com-
partments at time ¢. We define that

t o0
Y(t) = / Y(t,5)F(s)p(s)ds = / Y(t,t —a)F(t —a)p(t —a)da,
0

—00

where 1/ (1) represents the distribution of accumulated newly infectious individuals at
time ¢ produced by all infectious individuals ¢ (s) introduced at previous time to .

Let C7 be the ordered Banach space of all 7 -periodic functions from R to R** with
the maximum norm || - || and the positive cone C} ={peCr: ¢() >0, Vt €
R}. According to the method in Wang and Zhao (2008), we define a linear operator
L: C7 — Cg as follows

(Lop)(t) = /00 Y(t,t —a)F(t —a)p(t —a)da, Vt € R, ¢ € Cr.
0
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L is called the next-generation infection operator and the spectral radius of L is defined
as the basic reproduction number, R. Therefore, R of System (2) can be expressed
as follows:

Ro := p(L).

In order to calculate the basic reproduction number R of System (2), according to
Theorem 2.1 in Wang and Zhao (2008), we introduce the linear 7 -periodic system as
follows:

d F(t)
[ 78

—V() + T]w, teR, )

where parameter & € (0, 00). Let the evolution operator of System (4) on R*" be
W(t,s,\), t > s, s € R.1Itis clear that ®x_y(t) = W(,0,1), r > 0 can be
obtained. Hence, we derive

®£7V(t) = W(I,O, )")a t Z 05
A

where
V11 % % 0
F(1) e S oo
V() + _ V2] =V + % V24
A 0 —vzz  —v3 0
—V41  —V42 V43 —Usq

It is easy to verify that System (2) satisfies the assumptions A(1)-A(7) in Wang and
Zhao (2008). Therefore, we have the following two lemmas.

Lemma 1 (see Theorem 2.1 in Wang and Zhao (2008)). The following statements are
valid:

(1) If p(W(T,0,1)) = 1 has a positive solution Ly, then Ay is an eigenvalue of L.
Therefore, Ry > 0.

(2) If Ryp > O, then . = Ry is the unique solution of p(W (7,0, 1)) = 1.

(3) Ro=0ifand onlyif p(W(7,0,1)) < 1 forall » > 0.

Lemma 2 (see Theorem 2.2 in Wang and Zhao (2008)). The following statements are
valid:

(1) Ro = lifand only if p(@xr_y(7)) = 1.
(2) Ro > lifandonly if p(@x_y(T)) > 1.

(3) Ro < lifand only if p(@xr_y(7)) < 1.
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2.2 Extinction of the Disease

In order to prove the globally asymptotic stability of the disease-free periodic solution
of System (2), we assume that o = 0, 8 = 0, 1 < k < n, and we introduce the
following theorem.

Theorem 2 The disease-free periodic solution Py of System (2) is globally asymptotic
stable if Ro < 1 and is unstable if Ry > 1.

Proof By Lemma 2, we obtain that the disease-free periodic solution Py is locally
asymptotic stable when Ry < 1 and the disease-free periodic solution Py is unstable
when Ro > 1. Thus, we only need to prove that the disease-free periodic solution Py
is globally attractive when R < 1. Clearly,

lim sup s (1) < s,?, lim sup vi(t) < v,?, 1 <k<n.
—00 —00

Thus, for Ve > 0, there exists > 0, such that sz () < s,? + %, and g (t) < r}kv,? + %
for r > t. We set up the following comparison system:

de; kY 0 0, = =
Frle (I =gr@)(syp +mvy +€) — (o1 +u+di +apey,
dey = 5 0 0.,z
G = YD1 G + (L = qi)Ak (t) (s + nkvg + €)
— (ox +u + di + ap)ex, 2<k<n,
di 3 0 0, = > = =
O =q (@) (s] +mvy +€) +puorer + x1r — (0 +u +di +ap)iy,
dl_'k < = 0 0 _
Pk LS + qrdr (D) (sg + kv + €) + proker
+ Xefk — O + u + di + )ik, 2<k=<n,
dfi . .
a =§&101i1 — (1 +u+dy +a) f1,
dfi . - _
e AGk—1)k%%—1 fi—1 + EOkix — (Vi +u + di + o) frs 2<k<n,
dfl = - < _
T eyt f1+ (A —pporer + (1 —§01iy — (x1 +u +di +apry,
dry _ _ _ -
Pl GRS TS + orvi e + (1 — pr)orer + (1 — &) Oik
— (xk +u + dy + )iy, 2<k<n,

)

where A (1) = Bi(t) Yi_j ckjij + w; f). Let b = (E,LF,R)T, System (5) is
equivalent to the following equation:

% = (F@t) = V() + e (1)),
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where

0w w130

0 0
a0=0"0 0 0l ©)
00 00

w12, @13, W22, and @y3 are expressed as follows:

(1 —qg)B1@)ci1t (I —g)pit)ciz -+ (1 —q)Bi(t)cin
(I —g2)B2(t)ca1 (1 —g2)Ba(t)cz -+ (1 — q2)Ba(t)con
i = . . _ . ;
_(1 - Qn),gn(t)cnl 1 - Qn)/gn(t)an (1= Qn)ﬂn(t)cnn
(I —qppi@)crior (1 —q)pit)cizw -+ (1 —q)pit)cinwn
(I = g2)B2(t)c2101 (1 — g2)Ba(t)cnwr -+ - (1 — g2) Ba(t)conwy
w_13 - 9
_(1 - Qn)ﬂn(t)cnlwl 1- Qn),Bn(t)CnZa)Z (1= Qn)/gn(t)cnnwn
[ q1B1(Dct1 qiBi(®)ciz -+ qipi(t)ctn
qB2()c21 q2B2(t)ca - -+ q2B2(t)con
W) = s
_Qn,Bn(t)Cnl Qnﬁn(t)CnZ ce Qnﬁn(t)cnn
[ q1B1(Dcrior q1pi1t)ciws -+ q1B1E)cinw,
@B2(t)c21w1 q2f2(t)cnwr -+ q2B2(t)conwy
w3 =
_Qn,Bn(t)Cnlwl Qnﬂn(t)cn2w2 ce Qnﬂn(t)cnna)n

According to Lemma 2.1 in Zhang and Zhao (2007), there exists a positive 7 -
periodic function 4(t), such that i(1) = eP h(t) is a solution of System (5), where

b= % lnp(dﬁf_ytgw (7). We know that p(®r_yiz5(7)) < 1 when Rop < 1.
Therefore, we have h(t) — 0 as t — oo, which implies that the zero solution of Sys-
tem (5) is globally asymptotically stable. Applying the comparison principle (Smith
and Waltman 1995), we know that for System (2),
limex(t) =0, limix(t) =0, lim f(z) =0, limri(t) =0, (1 <k <n).
t—00 —00 t—00 t—00
By the theory of asymptotic autonomous systems (Thieme 1992), we also know that

lim sp(r) = 59, lim ve(r) = v, (1 <k <n).
11— o0 11— o0
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Hence, the disease-free periodic solution Py is globally asymptotically stable when
Ro < 1. This completes the proof. O

Remark 1 Since exogenous reinfection and reinfection of recovered individuals, that s,
or #0, 8k #0, 1 <k < n, we know that Ry is not a threshold parameter between
the persistence and extinction of the disease (Bhunu et al. 2008). This implies that
even if Ry < 1, the epidemic may take off. We verify the above conclusions through
numerical simulations (see Fig. 8).

2.3 Uniform Persistence of the Disease

In this section, we demonstrate the uniform persistence of System (2) by using uniform
persistence theory of the periodic epidemic model in Zhao (2003). First, we assume
that o =0, &k =0, 1 <k < n, and we define the following symbols.

X = {(S,V,E,I,F,R)e!):sk>0,vk>0,ek20,ik20,fk20,rk20,
1§k§n],
Xo = {(S,V,E,I,F,R)eQ:ek>0,ik>0,fk>0,rk>0, 15k5n},
9Xo :=X\Xo={(S,V,E,I,F,R)e:z:ekzo,ikzo,szo,rkzo,

lfkgn}.

Let ¢(z, xo) be the unique solution of System (2) with an initial value of xy :=
(So, Vo, Eo, Ip, Fo, Rg). Let F : X — X be the Poincaré map associated with System
(2), that is,

F(x0) = (T, x0), Vxp € X,

where 7 represents the period, and ¢(7, xg) is the only solution of System (2) that
satisfies ¢ (0, xo) = xo. It is very clear that

F" (S0, Vo, Eo, Ip, Fo, Ro) = ¢(mT, (So, Vo, Eo, I, Fo, Rg)), Vm > 0.

According to Theorem 1, we obtain that the solution of System (2) is uniformly
bounded, which means that F is the point dissipative on X.
Lemma 3 (see Theorem 1.3.1 in Zhao (2003)) Assume that

(Cl) F(Xo) C X and F has a global attractor A;
(C2) The maximal compact invariant set Ay = AN My of F in d X, possibly empty,
admits a Morse decomposition {My, ..., My} with the following properties:

(a) M; is isolated in X.
(b) WS(M;) N\ Xog =@ foreach 1 <i <k.
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Then, there exists § > 0 such that for any compact internally chain transitive
set Lwith L ¢ M;, forall 1 <i <k, we have inf,¢cp d(x, dXg) > 8, that is to
say F : X — X is uniformly persistent with respect to (Xo, 0Xo).

Lemma4 (see Theorem 1.3.6 in Zhao (2003)) Let F : X — X be a continuous map
with F(Xo) C Xo. Assume that

(1) F: X — X is point dissipative;

(2) F is compact; or alternatively, F is a-condensing and y T (U) is strongly bounded
in Xo if U is strongly bounded in X,

(3) F is uniformly persistent with respect to (Xo, 0 Xo).
Then, there exists a global attractor A for F in X that attracts strongly bounded
sets in Xo, and F has a coexistence state xg € Ay.

Theorem 3 Ifthe basic reproduction number Ry > 1, then there is a positive constant
& > 0 such that when

|(So. Vo. Eo. To, Fo, Ro) — Po| < ¢
for any (So, Vo, Eo, I, Fo, Ro) € X0, we have

lim sup d(F" (So. Vo, Eo, Io. Fo, Ro), Po) > ¢,

m—0Q
where d(x, y) represents the distance between x and y.

Proof Since Rg > 1, p(@£_y(7T)) > 1 can be inferred from Lemma 2. Thus, we
can choose € small enough such that p(®r_y_z. (7)) > 1, where @ and Eq.(6) are
equal. Next, we proceed by contradiction to prove that

lim sup d(F" (So. Vo, Eo, Io. Fo, Ro), Po) > e.

m—0o0

Using the counter-evidence method, we assume that the following formula holds:

lim sup d(Fm(So, Vo, Eo, Ip, Fo, Ro), PO) <¢€

m— 00

for some (S, Vo, Eg, Io, Fo, Rg) € Xo. Without loss of generality, there exists a
natural number M > 0 such that for all m > M, we have

d(Fm (So, Vo. Eo, Ip, Fo, Ro), 'Po) < e.
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By the continuous dependence of solutions with respect to initial values, we know
that

e, F™(So, Vo, Eo, Lo, Fo, Ro)), o(t, Po)|| < &, Vt€[0,T].

For any r > 0, letr = m7T + 1/, where t' € [0, T), and m is the largest integer less
than or equal to % . Therefore, we have

[e(t. (So. Vo, Eo. I, Fo, Ro)), ¢(, Po) |
= |lo('. F"(So. Vo, Eo, Ip, Fo, Ro)), o(t', Po)|| < &, ¥t =0,

which implies that when ¢ > 0, we have s,? — & <s(1) < s,? + &, v,? —& <@ <
v,? +8,0<¢e(t) <&0=<ir@t) <&0< fr(r) <& and 0 < rr(r) < é. Since
0 < nx < 1, weobtain that ngv) —& < e (v) —8) < mkve () < Mic(v) +8) < v +2.
Let € = 2¢, we can obtain the following system:

deq .
o 2 A= gD OG] +m} =& = (@1 +u+di +aper,
dex 1= g (D) (s 0-¢
o 2 Ae—Dkk—1€k—1 + (I = gr)Ar () (s + npvg —€)
— (o +u + di + ay)ex, 2<k<n,
dij 0 0_ - ;
= 1A (@) (] +nvp —€) +uporer + xir1 — 01 +u +dy +ap)iy,
dig - . A 0 0 -
O 2 Hk=Dkk—1ik—1 + qer (O (s + nkvg — €) + 1poker + Xirk
— Ok +u+dp + op)ig, 2<k<n,
df .
e §101i1 — (1 +u+dy +ap) f1,
dfi .
o ag—1)k%%—1 k-1 + EOkik — vk +u +di + o) fis 2<k=<n,
dry .
Fre pivif1+ (L —pporey + (1 = &1)01i — (x1 +u +dy +apry,
dry .
a = Me=Dkk=1Tk—1 PV Jx + (1 — pr)oger + (1 — & )Oik
— (Xk +u +dg +apry, 2<k<n,
where Ar(1) = Bi(t) 27:1ij(ij + wj fj). Next, we consider the following
system:
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dey A . R
o (1= gD @G +mvd —&) — (o1 +u+dy +an)ér,
dey . A 0 0_»
o = A Dkk=11 + (1 = qi)r () (s + nkvp — €)
— (0% + u 4 di + ap)éx, 2<k<n,
dfl 2 0 0 » o ~ 2
e qiA1(t)(sy + vy — €) + prorey + xii1 — (01 +u +di + )iy,
dlA‘k B S 0 0 ~ ~ ~
Pl GRS U + qrAk (0) (g + nkvg — €) + uroker + xXiTk
— (O + u + di + )iy, 2<k<n,
df s X
a =§&101i1 — (1 +u+dy +ay) f1,
dfi . . .
o Ag—1)k%—1fi—1 + EOkix — (Vi +u + di + o) frs 2<k<n,
dry A . N R
e eyt f1+ (A —pporer + (1 —§)01iy — (x1 +u +di +apry,
dry . o N N
U MRk 1Tk—1 PV Ji + (1 — pp)orer + (1 — &)Oix
— (Xk + u + di + )i, 2<k<n,

)

where Ak (t) = Br(t) Z?:1 Ckj (Z,' +w; fj). By Lemma 2.1 in Zhang and Zhao (2007),

we know that there is a positive 7 -periodic function g(¢), such that g(¢) = el g (1)
is a solution of System (7), where b = %ln P(@r_y_te(T)). We know that
P(@r_y_te(T)) > 1 when Rg > 1. Therefore, we have g(f) — oo ast — oo
when g(0) > 0. Applying the comparison principle (Smith and Waltman 1995), when
ex(0) > 0, i (0) > 0, fx(0) > 0, and r¢(0) > 0, we know that

lim ex (1) = oo, limi(t) = oo, lim fr(r) = o0, limr(t) =00, (1 <k <n),
11— 00 11— 00 —00 —0o0

which is a contradiction with Theorem 3. Thus, lim sup d (F™(Sg, Vo, Eo, Io, Fo, Ro),
m-—00

Po) > e. This completes the proof. O

Theorem 4 [f the basic reproduction number Ry > 1, then there exists a ¢ > 0 such
that the solution (S(t), V(t), E(2),1(t), F(¢), R(?)) of System (2) with initial value
condition (So, Vo, Eo, I, Fo, Ro) € X satisfies

liminf e () > ¢, liminf ix(¢) > ¢, liminf f;(¢) > ¢,

t—00 t—00 t—00

liminf re (1) > ¢, (1 <k <n),
—00

and System (2) admits at least one positive periodic solution.

Proof First, we prove that F is uniformly persistent with respect to (Xg, 3 X¢). For any
initial value condition (Sq, Vo, Eo, Iy, Fo, Rg) € Xy, solving the equations of System
(2), we obtain that
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s1(t) =e” Jo Asy @)dd

. ]
x<s10+ / [(1 = pD(a1 +dy +u>+nvl(é)]efo“sﬂ”)‘”dé)
0

, ,
> e~ o A )9 / [(1 = p) (@1 +di + ) + Tor ()] A0 @97 g

0
>0, Vt>0, (3)

where Ay, (V) = A (D) +u+di + 1.
! - - v -
s(t) =e” Jo As v (Sko + / [a(k_l)kak_lsk_l(z?) + rkvk(ﬁ)]efo Asg (19)d79d19)
0

. 1 _ o _
> e~ Jo Ay )d? / [a(k_l)kozk_lsk_l(l?) + rkvk(ﬁ)]e-/o As D g5
0

>0, 2<k<n, Vt>0, )

where Ay, (0) = Ak (D) + ve +u + di + ak.

! d _
vi(t) = e_f(f Ay (D)dD (Ulo +/ pilar +dy +u)ef0 Ay (ﬂ)dﬁdﬂ>
0

. t s
> pilar +di +uye b A“l(l’)d”/ ely A g5
0

>0, V>0, (10)

where Ay, (0) = mA1(P) + 71 +u+di +ay.

) ! - -4 P _
ve(t) = e Jo Au@)dY (Uko +/ [ag—nratk—1ve—1(9) + vksk(z?)]efo Avk(ﬂ)dﬁdﬂ)
0

t ! _ _ B _
>e Jo Ave (ﬁ)dﬁ/ [a(kfl)kakflkal(ﬂ) + vksk(l?)]efo Ay )Y g5
0
>0, 2<k<n, Vt>0, (11

where Ay, (V) = A (9) + c +u + di + ax.
t 3 =
e1(t) = e‘f‘q’(ao - /0 [(1 = gDA @) (51(B) + nivi (@) + 817 (5>)]eAflﬁd0>

t _
> e Aat / [ = gD B)s1B) + o1 (D) + 8171 (D)) et dd

0
>0, Vt>0, (12)
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where A, =01 +u+d +oy.

t 1 —_
e (t) = e—Aekf(elk + / [ag—1yrok—1er—1(9) + Bek(ﬁ)]eAek”dﬂ)
0

' _
> e_AekI/ [a(k_l)kak,]ek,] (¥) + B, (l?)]eA“kﬁdﬂ
0
>0, 2<k<n, Vt>0, (13)

where A,, = o +u~+di + ok, Be, (3) = (1 — ) A () (55 (D) + 0 v (9) +8xre (9)).

t _
i) = e—(91+u+d1+o{1)t (il() +/ Bil(§)€(01+u+d1+al)§dl§>
0

t _
- 67(91+u+d1+a1)t/ B[l(l_?)e(elJrquleral)ﬁd&
0

>0, V>0, (14)

where B, (%) = gi41(3)(s1 (D) + mui($)) + piorer (D) + xiri (D).

lk(l) — 67(9k+u+dk+0tk)t
t _
x (iko + / [ag—1rox—1ix—1(D) + Bj, (ﬁ)]e(9k+“+dk+°‘k)ﬂdﬂ)
0

t _
- e—(9k+u+dk+ak)tf [a(k—l)kak—lik—l(l?) + Bik(ﬂ)]e(0k+u+dk+ak)ﬂdl9
0

>0, 2<k<n, Vt>0, (15)

where B, (%) = qihi (D) (s (D) + neve () + pkorer (D) + xre (D).

t —
file) = -ttt (fm + / élem(é)e<yl+”+dl+“l>l’dz§>
0

t _
>e—()/1+u+d1+011)1/ 51911'1(1_9)e()’1+“+d1+a1)0d5
0

=0, Vi >0. (16)
() = e—()/k+u+dk+ozk)t

t _
X <ka + / [ag—nkok—1 fi—1 (D) + €k9kik(ﬁ)]e(yk+"+d"+akwdﬁ>
0

t _
> ef(y’ﬁ”d”ak)t/ [ag— ka1 fio1 (D) + Ebrix (9) |V A+ gy
0

>0, 2<k<n, Vt>0. (17)
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ri(r) =e !

t 3 -
X<r10 +/0 [P i) + (1 — p)orer(3) + (1 — sl)elim&)]e/‘nﬁdﬁ)

t _
> e n! fo [p1y1 i(®) + (1 — p)orer(D) + (1 — ED61iy (D) |en” dv
>0, V>0, (18)

where A, = x1 +u+d| +oy.

t 1 —_
re(t) = e An! <rk0 + /é [a(k—l)k(xk—lrk—l(l?) + By, (ﬁ)]eA’k0d19>

t _
> e_A’k'/ [ak—1kox—17k—1(F) + By, (9)]e*” dv
0
>0, 2<k<n, Vt>0, (19)

where Ay = xk +u + di + ag, By () = peyvi fi () + (1 — pi)oger(9) + (1 —
E)Okix (9). Thus, both X and X are positively invariant. Clearly, d X is relatively
closed in X.

We let

My = {(So, Vo, Eo, I, Fo, Ro) € 9Xo : F"(So, Vo. Eo, I, Fo, Ro) € 39X,

Vm > o}. (20)

Next, we prove that My = {(S,V,0,0,0,0) € X : sx > 0,4 >0, 1 <k < n}
holds, where 0 represents the zero vector of n dimensions. Obviously, we obtain that

{S,V,0,0,0,0) e X : 5, >0,v, >0, 1 <k <n} C Mj.
Thus, we only need to prove that
My €{(5.V,0,0,0,0) € X : 5, > 0,0, >0, 1 <k <n}.

Otherwise, if My\{(S,V,0,0,0,0) € X : 5y >0,v; >0, 1 <k <n} # 0, then at
least a point (So, Vo, Eo, I, Fo, Ro) € M, satisfies that at least one of e, ix,, fko>
and ry, is greater than O, where 1 < k < n.

If e, > 0, we obtain that inequality (12) holds. From e, > 0, (2 < k < n) and
inequality (13), we have ex () > 0, (2 < k < n)forall¢ > 0. Similarly, we also obtain
that sy (1) > 0, (1 <k <n),v (@) >0,(1 <k <n),ir(t) >0,(1 <k <n), frt) >
0,(1 <k <n),and rr () > 0,(1 < k < n) for all + > 0, which contradicts that
F™(So, Vo, Eo, In, Fg, Rg) € 00X, Vim > 0 when (Sg, Vo, Eg, Iy, Fo, Ry) € 9Xp.
Similarly, if i, > 0, we also obtain that s () > 0, vk () > 0, ex(t) > 0, ix(¢) > O,
fr(t) > 0,andri(t) > Oforallz > 0,where 1 < k < n, whichleads toacontradiction.
Therefore, we have My < {(S,V,0,0,0,0) € X : s > 0,0 =0, 1 <k < n},
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which implies that Eq.(20) holds. Moreover, there only exists one fixed point Py of F
in Mjy.

According to Theorem 3, we know that Py is an isolated invariant set in X
and W¥(Py) N Xo = ¢, where the set W¥(Py) is the stable set of Py. Note
that every orbit in Mj approaches Py, and Py is acyclic in My. According to
Lemma 3, F is uniformly persistent with respect to (X, dXp). Thus, the solu-
tion of System (2) is uniformly persistent, i.e., there exists a ¢ > 0 such that the
solution (S(z), V(¢), E(t), I(¢), F(¢), R(¢)) of System (2) with initial value condition
(So, Vo, Eo, I, Fo, Ro) € X satisfies

liminf ex () > ¢, liminf ix(t) > ¢, liminf f;(¢) > ¢,
t—00 1—00 =00

liminf r(t) = ¢, (1 =k <n).
t—>0o0

Next, we prove the existence of a positive 7 -period solution of System (2). According
to Lemma 4, we know that F has a fixed point (S*(0), V*(0), E*(0), I*(0), F*(0),
R*(0)) € Xo. Then, s;(0) > 0, v;(0) > 0, ¢f(0) > 0, i;(0) > 0, f*(0) > 0 and
r,j (0) > 0, where 1 < k < n. We now prove that s7(0) > 0. If it is not the case, then
57(0) = 0. From the first equation of System (2), we obtain that

sik(t) =e fé Asy (9)dD
‘ _
X (si"(O) +/ [(1 —pD(oy +dy +u) + rlul(f})]efoﬁ A.sl(ﬁ)dﬁdl§>
0

1 ! - D -

=e e / [(1 = p)(ar +di 4+ u) + v (ﬂ)]efoy A (D g
0
>0, Vtel0,T],

where Ay (t) = A (t) + u + di + y1. The periodicity of s7(¢) implies that s} (0) =
s7(mT) = 0, which is a contradiction. Thus, it follows that s7(0) > 0. Similarly, we
also obtain that 5;(0) > 0, (2 < k < n), and v;(0) > 0, (1 < k < n). Following the
processes as in inequalities (8)-(19), we obtain that s;'(r) > 0, v (t) > 0, e;(¢) > 0,
iy@) > 0, ff(t) > O and rj(t) > O forall t > 0, where 1 < k < n. Thus,
(S*(t), V*(1), E*(t), I*(t), F*(t), R*(¢)) is the positive 7 -period solution of System
(2). This completes the proof. O

3 Fitting the Model to the TB Data of Mainland China

In this section, we estimate unknown parameters and initial values of System (1) using
monthly number of new TB cases for 14 age-groups from January 2005 to December
2017 in mainland China, and we obtain the mean value and confidence interval of the
basic reproduction number, R.
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3.1 Data Collection and Analysis

To parameterize the mathematical model for the transmission dynamics of TB in
mainland China, we use observations of reported cases from January 2005 to Decem-
ber 2017, provided by the Data-Center of China Public Health Science (2021). This
database collects all TB data reported since 2004, and the main content of the database
includes the number of cases, morbidity, deaths, and death rates by region and age.
We focus on the number of monthly new cases for each age-group. Figure 2A shows
the prevalence of TB per 100,000 individuals in each age-group from January 2005 to
December 2017, where

Number of new cases of the kth age-grou
Prevalence of the kth age-group = £C-e1oup

The total population of the kth age-group
x 100000.

The total population of China from 2005 to 2019 is provided by the China Statistical
Yearbook (National Bureau of Statistics 2021a), as shown in Table 6. The population
pyramids by age and gender are provided by the tabulation on the 2010 Population
Census Office of the State Council of the People’s Republic of China (2021), as shown
in Fig. 2B.

It can be seen from Fig. 2(A) that the prevalence of TB per 100,000 individuals
of all age-groups shows periodic variations with peak in late spring to early summer
each year. The mean monthly TB prevalence per 100,000 individuals is 84.2783 for
all age-groups, 0.2851 for 0—4 years old, 0.3288 for 5-9 years old, 0.7130 for 10-14
years old, 4.8932 for 15-19 years old, 6.5233 for 20-24 years old, 6.5874 for 25-29
years old, 5.7410 for 30-34 years old, 4.9694 for 35-39 years old, 5.2128 for 40-44
years old, 5.9061 for 45-49 years old, 8.4524 for 50-54 years old, 8.1967 for 55—
59 years old, 11.6263 for 60-64 years old, 14.8427 for 65+ years old (see Table 1).

(G,

——0-4 years old 100+

95-99 1
——5-9 years old 90-94
85-89
80-84
——15-19 years old 75-79 F

——20-24 years old roray
. a 65-69 [
A b b o w22
WA R EN BN Y ™ | 3034 years ol | o 5959
‘ i L 250-54
—-=-35-39 years old 45-49
7| =-=-40-44 years old 40441
' 35-39
o R —-=-45-49 years old 30-34

--=-50-54 years old | 25291
20-24 1

J|——10-14 years old

<
£
g

V. --=-55-59 years old 15-19 1
60-64 years old 10;;
—-=-65+ years old 04}

Tuberculosis prevalence per 100,000 individuals

B & K @ g S ¥ &8 & ¥ B8 © N 765432101234567

S & R 8 8 8 R R 8 Proportion of population (%)

Fig.2 A TB prevalence per 100,000 individuals. B The population pyramids by age and gender in China
(Color figure online)
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Table 1 Distribution of monthly TB prevalence per 100,000 individuals in mainland China from January
2005 to December 2017. Q1 represents 25th percentile, Q3 represents 75th percentile

Age-group Mean+SD Min Ql Median Q3 Max
04 0.2851+0.2069 0.0736 0.1437 0.1899 0.3823 1.0040
5-9 0.3288+0.2876 0.0729 0.1292 0.1714 0.4809 1.3029
10-14 0.7130+0.3242 0.3850 0.4845 0.5817 0.8180 1.9499
15-19 4.8932+1.5238 2.6848 3.7416 4.4346 5.8425 9.8901
20-24 6.5233+1.7891 3.1442 4.9817 6.4877 7.9775 10.1162
25-29 6.5874+1.3739 3.2667 5.6593 6.5625 7.3056 10.0414
30-34 5.7410+2.0181 3.0830 4.2417 5.0779 6.8463 11.5837
35-39 4.9694+1.7879 2.4363 3.3583 4.6634 6.2546 9.2314
4044 5.2128+1.3936 2.6938 4.0760 5.0763 6.1453 8.7398
45-49 5.9061+0.9827 2.2969 5.3437 5.9281 6.5457 7.9757
50-54 8.452442.1371 4.6131 7.0249 7.9349 9.5958 14.7280
55-59 8.1967+1.8172 3.7646 6.7916 8.1814 9.5053 12.8277
60-64 11.6263+2.0954 5.2955 10.2514 11.4184 12.9065 17.3916
65+ 14.8427+3.2316 7.9119 12.4234 14.2146 16.5781 24.4819

All age-groups 84.2783+19.2311 43.5115 70.7735 80.7513 95.2204 138.6615

The prevalence of TB per 100,000 individuals is the highest among people over 65
years old, and the prevalence of TB per 100,000 individuals is the lowest among
people under 15 years old. Further, Pearson’s correlation analysis showed that the
prevalence of TB per 100,000 individuals was highly positively correlated with the
age of individuals infected with TB from 2005 to 2017, as shown in Fig. 3. More
specifically, the correlation coefficient between the prevalence of TB per 100,000
individuals and the age of individuals infected with TB was greater than 0.85 (p <
0.01) from 2005 to 2017, which indicates that older people are more likely to be
infected by Mycobacterium TB.

3.2 Parameter Estimation

To simulate the number of new TB cases in mainland China, the rationality of the model
is verified by the actual number of newly infected cases. We divide the population into
14 age-groups: 0—4 years old 5-9 years old, 10-14 years old, 15-19 years old, 20-24
years old, 25-29 years old, 30-34 years old, 35-39 years old, 40—44 years old, 4549
years old, 50-54 years old, 55-59 years old, 60—64 years old, and over 65 years old.
Next, we estimate all parameters and initial values of System (1).

(I) The birth rate of the population (i.e., by): According to the statistics of the
China Statistical Yearbook (2014), we assume that the birth rate of people under age
15 and over 50 is O, thatis, by = 0,b, =0,b3 =0,b11 =0, b1 =0, b;3 = 0, and
b14 = 0. The birth rates of other age-groups are by = 0.98 x 1073, b5 = 6.85 x 1073,
be = 7.61 x 1073, b7 = 4.08 x 1073, by = 1.44 x 1073, by = 0.33 x 1073, and
b1o = 0.09 x 1073 (Feng et al. 2020; Su et al. 2021).
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Fig. 3 Correlation between the age of the population and the prevalence of TB per 100,000 individuals
from 2005 to 2017. The 14 age-groups represent 0—4 years old 5-9 years old, 10-14 years old, 15-19 years
old, 20-24 years old, 25-29 years old, 30-34 years old, 35-39 years old, 40-44 years old, 45-49 years old,
50-54 years old, 55-59 years old, 60-64 years old, and 65+ years old, respectively (Color figure online)

(II) The natural mortality rate of the population (i.e., di): According to the China
Statistical Yearbook (National Bureau of Statistics 2021b), we obtain that the average
lifetime of Chinese is 76 years. Thus, we conclude that the monthly natural mortal-
ity rates of Chinese are dy = 1/(76 x 12),d, = 1/(71 x 12), d3 = 1/(66 x 12),
dy = 1/(61 x12),ds = 1/(56 x12), ds = 1/(51 x 12), d7 = 1/(46 x 12),
dg = 1/(41 x12), dy = 1/(36 x 12), dijp = 1/(31 x 12), d1; = 1/(26 x 12),
dip =1/21 x 12),d13 = 1/(16 x 12),and dj4 = 1/(11 x 12).

(IIT) The rate of aging (i.e., ox): Since the maximum difference of age for each
age-group is 5 years, the monthly aging rate of individuals is 1/(5 x 12). Therefore,
we have

1
= 1A Sk5135
ap =13 S5x12

0, k=14.

(IV) The proportion of BCG vaccination (i.e., p1): In 2019, 153 countries reported
providing BCG vaccination as a standard part of childhood immunization programs,
of which 87 reported coverage of > 90%. Since BCG vaccine has a higher coverage
rate in China (Ren et al. 2020), we assume p; = 0.99 in the simulation.
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(V) The vaccination rate for susceptible individuals (i.e., v): In addition to BCG
vaccine, there are no effective vaccines against TB for adults. Therefore, in the simu-
lation, we assume vy =0 (2 < k < 14).

(VD) The proportion of new infections that develop into active TB (i.e., gx): Since
approximately 10% of infected individuals will develop active TB in their lifetime
(World Health Organization 2021a), around 5% of these infected individuals will
develop active TB during the first 2 years of infection (Ziv et al. 2001). Therefore, we
choose gx = 0.05 (1 <k < 14).

(VII) The level of protection for vaccinated individuals due to immunity (i.e., 1 —n):
As part of the childhood immunization program, BCG vaccine has a high protection
rate and is effective for about 10 years (Roy et al. 2014; Mangtani et al. 2014). There-
fore, BCG vaccine is only effective for individuals between 0 and 10 years old. We
choose

L= =

(VIII) The level of protection for latent individuals due to immunity (i.e., 1 — g¢):
The latent individuals progress to active TB, and the rate of exogenous reinfection is
orAx (1 < k < 14). Since primary infection confers some degree of immunity, we
have 0 < 1 — gx < 1. According to the estimation of Harris et al. (2019), we have

1 —0r =1[025037], 1 <k <14

(IX) The level of protection of the recovered individuals due to immunity (i.e.,
1 — 6k ): The recovered individuals are not completely immune to Mycobacterium TB,
and the rate of reinfection is §; Ax (1 < k < 14). Since the recovered individuals have
a certain level of immunity, we have 0 < 1 — 6; < 1. According to the estimation of
Harris et al. (2019), we have

1 -6, =10.25,0.37], 1 <k < 14.

(X) The risk of reactivation in latently infected individuals (i.e., ox): According
to Harris et al.’s estimation of the risk of reactivation in latently infected individuals
(Harris etal. 2019), we re-quantified the monthly risk of reactivation in latently infected
individuals as follows:

-0.0001 0.0002
—’ —]’ 1 E k E 37
12 12
-0.00018 0.00028
, ] 4<k<l1,
3 T 12 12
k =
-0.00020 0.00193
, ] 12 <k <13,
T 12 12
0.00020 0.00365
[ , ] k = 14.
12 12
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(XTI) The time delays in diagnosis of TB (i.e., 1/6x): The clinical manifestations
of TB are mostly non-specific symptoms, such as cough and fever, which are easily
confused with other respiratory diseases, and its differential diagnosis is difficult,
which may cause a certain delay in diagnosis. In China, the shortest total delay is 25
days and the longest total delay is 71 days (Sreeramareddy et al. 2009). Therefore, we
choose

30 30
9:[—,—],1<k<14.
R TR TS

(XII) The recovery rate (i.e., yx): TB patients can be successfully cured after 6
months of drug treatment (World Health Organization 2021a). Thus, we have y; =
1/6 (1 <k < 14).

(XTII) The validity period of the vaccine (i.e., 1/tx): The immune function of BCG
vaccine gradually declines after about 10 years (Lawn and Zumla 2011). Therefore,
the vaccine failure rates for individuals under 5 years old and individuals 5-9 years old
are 1/(10 x 12) and 1/(5 x 12), respectively. The vaccine failure rate for individuals
over 10 years old is infinite. Therefore, we choose

Tk = # k=2

(XIV) The proportion of recovered individuals (i.e., px): According to the TB report
of WHO (Harris et al. 2019; World Health Organization 2021a), we obtain that the
proportion of successful TB treatment is 95%. Thus, for each age-group, we assume
that the proportion of recovered individuals is pr = 0.95 (1 < k < 14).

(XV) The proportion of infected individuals entering the treated class due to treat-
ment (i.e., & ): The WHO reported that the proportion of new active TB cases detected
and started treatment was 89% (Harris et al. 2019; World Health Organization 2021a).
Thus, for each age-group, we choose &§ = 0.89 (1 <k < 14).

(XVI) The proportion of latent individuals receiving treatment (i.e., 1 — pu):
We assume that the proportion of latent individuals who develop active TB with-
out treatment is ux = 1 — pr&k, then the proportion of latent individuals who are
tested and successfully treated is 1 — ux = pr&k. Therefore, for each age-group,
ur =1—0.8455 (1 <k < 14).

(XVID) The relapse rate of recovered individuals (i.e., xz): Since the recovered TB
individuals have a high relapse rate, and the relapse rate varies with age (Harris et al.
2019; Knight et al. 2014), we choose
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Fig. 4 A The daily average number of contacts per person in the participant age-group. B The monthly
average number of contacts per person in the participant age-group (Color figure online)
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(XVII) The contact matrix (i.e., cx;): Since contact matrix is split into 16 age-
groups in China (Prem et al. 2017), we aggregate it into the 14 age-groups used in our
models (Meltzer et al. 2015). Next, we demonstrate how to aggregate 16 age-groups
into 14 age-groups. The detailed derivation of the modified contact matrix is in B. The
modified contact matrix is shown in Fig. 4.

(XIX) The coefficient that reduces the transmission rate due to treatment (i.e., wy):
According to the estimation of Guo et al. (2021), we choose wy = 0.4387, 1 <k <
14.

(XX) The probability of infection upon contacting an infectious person (i.e., B (¢)):
Anderson and May (1992) conclude that the direct measurement of the transmis-
sion coefficient is essentially impossible for most infections. To predict the changes
wrought by public health programs, we need to know the transmission coefficient. Pol-
licott et al. (2012) also state that large-scale transmission experiments (e.g., influenza
transmission in ferrets) are useful in understanding the transmission dynamics, but
are usually impractical (due to economic and ethical reasons). In order to fit the sea-
sonal fluctuation of TB, we use wavelet analysis (Torrence and Compo 1998) to study
the periodicity of monthly new TB cases for 14 age-groups from January 2005 to
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December 2017. Morlet wavelet is chosen as the ‘mother wavelet’ and continuous
wavelet transform is performed (Yang and Jin 2021). The wavelet power spectrum
indicates that the time series of monthly new TB cases in the 14 age-groups show
obvious annual period. The annual period is surrounded by the black line that denotes
the 5% significance level (see Fig. 9). Thus, we choose S () as the periodic function
for each age-group as follows:

Pl = Bk(l +fosin (22 +¢k)), I<k=<14,

where ,3k is called the baseline level of transmission, S is known as the amplitude of
seasonal variation or simply the strength of seasonality (Cintrén-Arias et al. 2009),
and ¢y indicates the phase of the 7 -periodic function.

(XXI) The initial values of System (1): According to the relevant data reported by
tabulation on the 2010 Population Census Office of the State Council of the Peo-
ple’s Republic of China (2021), we obtain the total population of the age-group
as Ni, as shown in Table 5. According to recent estimation, approximately 350
million people are infected with Mycobacterium TB in China (Cui et al. 2020);
therefore, we approximate that the initial value of the latent individuals is E;(0) =
300000000N; /342, Ni (1 < k < 14). The initial value (0) (1 < k < 14)
of the infected individuals, the initial value R;(0) (1 < k < 14) of the recov-
ered individuals, and the initial value V;(0) (1 < k < 2) of the vaccinated
individuals are obtained by fitting the data. Since there is no improved vaccina-
tion for adults, we assume that the initial value of the vaccinated individuals is
Vi(0) = 0 (3 < k < 14). The WHO reported that the proportion of new active
TB cases detected and started on treatment was 89% (Harris et al. 2019; World Health
Organization 2021a), we assume that the initial value of the treated individuals is
T (0) = 0.89;(0) (1 < k < 14). The initial value of susceptible individuals is
estimated as Sx(0) = Ny — Vi (0) — Ex(0) — It (0) — Tx(0) — Rx(0) (1 < k < 14).

Next, we use the MCMC method (Haario et al. 2006) to fit System (1) for 800000
iterations with a burn-in of 750000 iterations. We estimate the unknown parameters
and initial conditions for System (1), using the monthly number of new TB cases in
mainland China. The unknown parameters and initial values set is

~ ~

)? 2(217 s Xkos* 0 7Xﬂ)3
where

p (Brs Brs brcs 8ks 0k Ok 0k, xis Ik (0), R (0), Vi(0)), 1<k <2,
k=1, -
(Bks Bis ®xcs ks 0k Ok ok, xk» Ik (0), R (0)), 3<k<14

Let ék (t, x), (1 < k < 14) represent the cumulative number of TB cases, then the
cumulative infection cases of the kth age-group can be expressed as follows:
dCe(, 3)

= &6k, (1 <k <n).
m Ekbedk, 1 <k <n)
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The number of new TB cases of the kth age-group can be expressed as follows:
Pe(t, ) = &bOcli, (1 <k <n),

where Py represents the number of new TB cases of the kth age-group; the time step
is month in the simulations. We obtain ¥ independent observation data from the kth
age-group, representing the number of new TB cases at the ith month. The data from
2005 to 2016 were used for training the model, and the data from 2017 were used
for testing and validation purposes. The new observation data can be expressed as
Y = (Y1), Y2(t), -, Yu(2)), where Y is a ¥ x n matrix. The error matrix, €,
is of dimension ¥ x n and follows a matrix-variate normal distribution, i.e., € ~
N(0, Iy, ) (Gamerman et al. 2008). Thus, the observations Y can be expressed as
follows:

Y=P+é é~NQ, Iy, X), 21

where P is a ¥ x n matrix and P represents the numerical solution of the number
of new TB cases of System (1), that is, P = (P, @, x), b, X))y, 13,1(1, x)). For
simplicity, we assume that X = diag(é61, 62, - -+ , 6;,) throughout the work.

We assume that the unknown parameter ¥ of System (1) is an independent Gaussian
prior specification. Hence, we obtain

R~ NGLED, j=1.2,- .M,

where M is the number of unknown parameters. We also assume that the inverse of
the error variance follows a gamma distribution as prior with the form

. no noS>
0—72'\’1—‘ _0, OO ,i=1’27...,n’
! 2 2

where Sg and ng are the prior mean and prior accuracy of variance 61'2’ respectively.
The likelihood function L(Y|x, X) for ¥ independent and identically distributed
observations from Eq.(21) with a Gaussian error model is

1\ % —>18S(x
L(Y|7, ) = <E) 21577 exp [trace(%)},

where

SS(R) = (Y —P)T(Y — P).
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The joint posterior distribution of 51'2 (i=12,---,n)is
L(67.67. -+ . 6,1Y, f<)o<L<Y|&%,a§,~- 67 LGT. 63+ .60
= L(Y|67,65. -, n,x)]_[L(Uz)

i=1

= (%)%uﬂ—% exp |:trace< 1SS(X))]
no
- () }
1

re)
Yn —1
= (%) : |Z‘|_% exp |:trace< SS(X)):|

nOn
nOS(% 2
2

-1 2
_mo_y —X7"np$;
= e =52 |

" —318S(% — 2" 1nys?
x |2|_%_70_] exp [trace(T(X)) + trace(%)}.

Since we assume independent Gaussian prior specification for parameters j, the prior
sum of squares for the given parameters x can be calculated as follows:

65 exp [

M 3 572
Sy = 3| X
=i Y
Then, for a fixed value of variance 51'2 (i=1,2,---,n), the posterior distribution of

parameters ¥ can be expressed as follows:
L(XIY, ) oc L(Y[X, Z)L(XDL(X2) - - - L(Xm)

M
=LIYIZ. D) [ [LG)
i=1

1\ % —ZISSGON\ Ty ! 2 —0))?
= (—) : |Z‘|_% exp [trace(—(X)>i| l_[ exp |:— M}
2 2 N2 290]'

j=1

NS v -318S(}) LAY
= (—) | 2|72 exp | trace
2w 2 27
M . A
1 1 N
x _exp[_ Iy }
Y12 oM 24 ®j

j=1

o exp |: — %(trace(E*]SS()?)) + SSpri()A())i|.
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and the posterior ratio needed in the Metropolis—Hastings acceptance probability can
be written as follows:

L(x"|Y, %)

. = exp [ - 0.5(2—155(;{2) - E_ISS(XAI))
L(X*Y, X)

+0.5(SSpri (X2) — SSpr (X 1))]

where x! is the value of the current parameter set and x2 represents the value of

generating a new parameter set. Accordingly, the new unknown parameter value x 2
will be accepted with probability

< L(>€1|Y,2)>
min|{1, —— ).
L(x2|Y, %)

Prior information of unknown parameters is given by

Br € 10,11, Br € [—1,11, ¢ € [—12,12], 1<k<14,
30 30
5 € [0.63,0.75], op € [0.63,0.75], 6; € [71 25], 1<k<14,
L(0) € 0,2 x 10°], Re(0) € [0, 1 x 107], 1 <k<14,
Vi (0) € [4 x 107,4.9 x 107], <k<2,
0.0001 0.0002 0.005 0.010
erl: ) ]9 ke[_s_] 1<k<3’
2 12
000018 000028 0.005 0.007
ake[ : ] ce|Th T 4sks1L,
2 12
000020 000193 0.005 0.016
[ , ] ke[—,—], 12 <k <13,
2 12
o.ooozo 0.00365 0.005 0.025
oe| , | e[ =50] k=14
12 12 2 12

and the proposal density follows a multivariate normal distribution.

We randomly select 10% of the last 50,000 samples as the final distribution of
parameters by fitting System (1) to the time series of the monthly TB prevalence per
100,000 individuals reported in mainland China, as shown in Fig. 5. The fitting result
of the age series is shown in Fig. 11. From Fig. 10, the fitted curve of TB prevalence per
100,000 individuals matches the reported data very well. We use Brooks and Roberts
(1998) diagnostics to examine the convergence of the MCMC chains, and the values
of Geweke are shown in Tables 7 and 8. The traces plots of unknown parameters and
initial values for System (1) are obtained by MCMC sampling (see Fig. 12). The mean
and standard deviation of the parameters and model initial values are shown in Tables 7
and 8. The ratio of our sample size to the free parameters of the model is 28.8:1>10:1
(Wikipedia 2022); thus, our training model has good performance.
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Fig.5 The fitting results of monthly TB prevalence per 100,000 individuals from January 2005 to December
2017. The solid red line represents the simulated curve of System (1). Black circles represent training data,
and green circles represent testing data. The 95% confidence and prediction intervals are shown in light red
and light blue, respectively (Color figure online)

4 Results

In this section, we calculate the basic reproduction number of System (1), conduct
sensitivity analysis, and evaluate the possibility of achieving the goals of WHO if we
start vaccination strategy, diagnostic strategy, and treatment strategy in 2025.

4.1 Basic Reproduction Number and Sensitivity Analysis

Through the estimated parameter values, we calculate that the basic reproduction
number, R, is estimated to be 1.3935 (95%CI : (1.3729, 1.4087)), as shown in
Fig. 6. Since Ry > 1, System (1) is uniformly persistent, which indicates that TB
will not go extinct in the future without additional control measures. System (1) is
uniformly persistent, which indicates that TB will not go extinct in the future with
current control measures. Next, we use the LHS (Latin hypercube sampling) and the
PRCC:s (partial rank correlation coefficients) (Marino et al. 2008) to study the global
uncertainty and sensitivity of the parameters of System (1). The goal is to identify
the most important parameters that affect the dynamics of TB infection. The input
parametersare Oy (1 <k <14),01 (1 <k <3),0p 4 <k <11),0r (12 <k < 13),
or (k=14), i 1 =k =3), xk 4 <k =11), xx (12 <=k = 13), xx (k = 14), and
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Fig.6 A The blue dots indicate the value of 7Ry within the 95% confidence interval, the red pluses indicate
the value of R outside the 95% confidence intervals, and the black lines indicate the upper and lower
confidence limits. B The frequency distribution of R(. The red curve is the probability density function
curve of R (Color figure online)

Table2 The PRCCs of the parameters with respect to the new cases in 2017

Parameters PRCC p value Parameters PRCC p value
Or(1 <k <14) —0.6258 p < 0.01 V3 —0.2328 p < 0.01
ox(1 <k <3) 0.05428 p = 0.01544 vy —0.6337 p < 0.01
o4 <k <11 0.6828 p < 0.01 1% —0.7569 p < 0.01
o0r(12 <k <13) 0.8540 p < 0.01 Ve —0.6285 p < 0.01
oy (k = 14) 0.5283 p < 0.01 v7 —0.5623 p < 0.01
xe(1 <k <3) 0.1118 p < 0.01 vg —0.6748 p < 0.01
xk@4 <k <11) 0.8098 p <0.01 vy —0.6995 p < 0.01
xk(12 <k < 13) 0.8740 p <0.01 V10 —0.6317 p < 0.01
xi(k =14) 0.8205 p < 0.01 VI —0.5642 p < 0.01
V12 —0.5188 p < 0.01
VI3 —0.4984 p < 0.01
V14 —0.7533 p < 0.01

v (3 <k < 14); the output variables are yearly new TB cases. All input parameters
are normally distributed, with the mean and standard deviation of 6, oy, and x; given
in Table 7, and the mean and standard deviation of v are assumed to be 0.1 and 0.01,
respectively. The results of the sensitivity analysis of parameters are shown in Table 2.
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Table 2 shows the sensitivity of the parameters 6, ok, Xk, and v; with respect to
the new cases in 2017. Firstly, our results show that the relapse rate of recovered
individuals over 15 years old (i.e., xx (4 < k < 14)) is highly positively correlated
with the total number of new cases; the relapse rate of recovered individuals under 15
years old (i.e., xx (1 <k < 3)) is not correlated with the total number of new cases,
which indicates that it is essential to prevent the relapse of recovered individuals over
15 years old. Next, we find that the risk of reactivation in latently infected individuals
(i.e., o (4 < k < 14)) over 15 years old is higher than that in latently infected
individuals (i.e., oy (1 < k < 3)) under 15 years old. Moreover, the diagnosis rate of
TB (i.e., 6 (1 < k < 14)) is highly negatively correlated with the total number of
new cases, which indicates that the use of diagnostic techniques to shorten the time of
delayed diagnosis can effectively reduce the prevalence of TB. Finally, the vaccination
rate for susceptible individuals (i.e., vy (4 < k < 14)) over 15 years old is highly
negatively correlated with the total number of new cases. In particular, the vaccination
rates of susceptible individuals over 65 and between 20 and 24 years old have the
strongest correlation with the total number of new cases.

4.2 Vaccination Strategy

We simulate the impact of vaccination strategy on the prevalence of TB in susceptible
individuals over 10 years old. We set the level of protection of the vaccine to 85% (i.e.,
1 —nx = 0.85 (3 <k < 14)) and the validity period of the vaccine to 10 years (i.e.,
1/t = 10 x 12 (3 < k < 14)), and assume the vaccine coverage rate of susceptible
individuals is Z}(il Vi/ Z,]Cil (Sx + Vi) by changing the vaccination rate v; (Shen
et al. 2021). Using these estimated parameters, we further predict that increasing
the value of vaccine coverage rate of susceptible individuals to 65% and 85% can
reduce the TB prevalence per 100,000 individuals by 47.44% and 54.98% by 2035,
respectively (see Fig. 7A). Meanwhile, we obtain that increasing the value of vaccine
coverage rate of susceptible individuals to level of 65% and 85% can reduce the TB
prevalence per 100,000 individuals by 51.40% and 58.66% by 2050, respectively (see
Fig. 7A), which indicates that vaccinating susceptible individuals over 10 years old
can effectively reduce the prevalence of TB. However, our simulation results show that
the goals of WHO will not be achieved by vaccinating susceptible individuals with the
improved vaccine alone, because the reinfection of latent individuals and recovered
individuals and the relapse of recovered individuals also affect the prevalence of TB.

4.3 Diagnosis Strategy

Delay in diagnosis of TB results in increasing severity, mortality, infection time, and
transmission (Sreeramareddy et al. 2009). In order to shorten the duration of infectious-
ness to increase the prevalence of TB, we simulate the use of diagnostic techniques
to increase the delayed diagnosis time by twice and five times (i.e., 26 and 56;) to
reduce the prevalence of TB, respectively. Using these estimated parameters, we pre-
dict that decreasing the delayed diagnosis time of infected individuals to two times
and five times can reduce the TB prevalence per 100,000 individuals by 66.63% and
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Fig.7 The impact of interventions and strategies begun in 2025 on TB prevalence per 100,000 individuals
by year up to 2050. A Vaccination strategy. B Diagnostic strategy. C Treatment strategy. D The combination
of vaccination strategy, diagnostic strategy, and treatment strategy (Color figure online)

88.74% by 2035, respectively (see Fig. 7B). Meanwhile, we obtain that decreasing the
delayed diagnosis time of infected individuals to twice and five times can reduce the
TB prevalence per 100,000 individuals by 66.09% and 88.59% by 2050, respectively
(see Fig. 7B), which indicates that reducing the delayed diagnosis time can shorten
the infection time of infected individuals, thereby reducing the prevalence of TB.

4.4 Treatment Strategy

During the treatment of TB, the relapse rate is high due to the increased drug resis-
tance and short treatment time. Therefore, the treatment drugs are needed to prevent
the relapse of recovered individuals. We simulate two cases where the relapse rate
decreased by 50% and 90% (i.e., 0.5 xx and 0.1 xx). More specifically, we predict that
decreasing the relapse rate of recovered individuals by 50% and 90% can reduce the
TB prevalence per 100,000 individuals by 46.45% and 85.61% by 2035, respectively
(see Fig. 7C). Meanwhile, we obtain that reducing the relapse rate of recovered indi-
viduals by 50% and 90% can reduce the TB prevalence per 100,000 individuals by
45.55% and 86.33% by 2050, respectively (see Fig. 7C), which shows that the use of
treatment strategies to prevent the relapse of recovered individuals is a very effective
measure.
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Table 3 The combination of vaccination strategy, diagnostic strategy, and treatment strategy

Scenario A B C D E F G H

TBP (2035) 0.67 2.64 1.74 6.81 0.73 2.88 1.96 7.69
Decline rate (2035) 98.91% 95.71% 97.17% 88.92% 98.81% 95.32% 96.81% 87.50%
TBP (2050) 0.55 2.40 1.42 6.13 0.59 2.59 1.56 6.78

Decline rate (2050) 99.07% 95.96% 97.62% 89.70% 99.01% 95.65% 97.38% 88.61%

TBP: TB prevalence per 100,000 individuals

4.5 Combination of multiple intervention strategies

In order to end the TB epidemic, we need to combine vaccination strategy, diagnostic
strategy, and treatment strategy. We simulate the following eight scenarios:

Scenario A: Coverage rate is 85%, diagnosis rate is 56, relapse rate is 0.1 y;

Scenario B: Coverage rate is 85%, diagnosis rate is 56y, relapse rate is 0.5 xx;

Scenario C: Coverage rate is 85%, diagnosis rate is 26y, relapse rate is 0.1 xx;

Scenario D: Coverage rate is 85%, diagnosis rate is 26, relapse rate is 0.5 y;

Scenario E: Coverage rate is 65%, diagnosis rate is 56y, relapse rate is 0.1 x;

Scenario F: Coverage rate is 65%, diagnosis rate is 56y, relapse rate is 0.5 x;

Scenario G: Coverage rate is 65%, diagnosis rate is 26, relapse rate is 0.1 xx;

Scenario H: Coverage rate is 65%, diagnosis rate is 26, relapse rate is 0.5 xx.

Our simulation results show that scenarios A, B, C, D, E, F, G, and H lead to
98.91%,95.71%,97.17%, 88.92%,98.81%,95.32%, 96.81%, and 87.50% reductions,
respectively, in the TB prevalence per 100,000 individuals by 2035 compared with the
baseline (see Fig. 7D and Table 3). Meanwhile, scenarios A, B, C, D, E, F, G, and H
can reduce the TB prevalence per 100,000 individuals by 99.07%, 95.96%, 97.62%,
89.70%,99.01%, 95.65%, 97.38%, and 88.61% in 2050 (see Fig. 7D and Table 3). The
above results show that the scenarios A, C, E, and G are the most effective scenarios,
and the decline rate has reached more than 96% in 2035 and 2050. However, all
scenarios cannot achieve the goals of WHO by 2050, because the reinfection of latent
individuals and recovered individuals also affects the prevalence of TB.

5 Discussion

The prevalence of TB varies greatly among different age-groups in China, which leads
to different effects of vaccination strategy, diagnostic strategy, and treatment strategy
for different age-groups. Moreover, the number of TB cases of all age-groups show
seasonal variations with peak in late spring to early summer each year in China. In
this work, in order to study the dynamic impact of vaccination strategy, diagnostic
strategy, and treatment strategy on TB, we propose a non-autonomous differential
equation model with age structure and seasonal transmission rate. Firstly, the basic
reproduction number of the system is derived, the disease-free periodic solution is
globally asymptotically stable, and the disease eventually disappears when Ry < 1,
and there exists at least one positive periodic solution and the disease is uniformly
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persistent when R¢ > 1. Secondly, the unknown parameters and initial values of the
TB dynamics model are obtained by fitting the monthly number of new TB cases in
mainland China by Markov chain Monte Carlo (MCMC). The ratio of the number of
data points to the free parameters is greater than ten, which indicates that the training
model is not overfitting. Thirdly, we calculate the basic reproduction number, perform
a global sensitivity analysis of the main parameters, and simulate the possibility of
achieving the goals of WHO.

The study consists of 13029219 TB cases from January 2005 to December 2017 in
mainland China. It has been found that there is a seasonal pattern of the monthly TB
prevalence per 100,000 individuals of all age-groups, and the monthly TB prevalence
per 100,000 individuals peak in late spring to early summer (see Fig. 2A). The mean
monthly TB prevalence per 100,000 individuals is 84.2783 for all age-groups. The TB
prevalence per 100,000 individuals is the highest among people over 65 years of age,
and the TB prevalence per 100,000 individuals is the lowest among people under 15
years old (see Table 1). We find that the TB prevalence per 100,000 individuals was
highly positively correlated with the age of infected individuals from 2005 to 2017
(Pearson correlation coefficients: >0.85, p < 0.01), as shown in Fig. 3.

Our model differs from previous age-structured models in being based on the sea-
sonality of TB (Harris et al. 2019, 2020), which can more accurately quantify the basic
reproduction number, and our model also incorporates vaccination strategy, diagnostic
strategy, and treatment strategy. We calculate that the basic reproduction number, R,
is estimated to be 1.3935 (95%CI : (1.3729, 1.4087)), which indicates that the TB is
uniformly persistent, and System (1) has at least one positive periodic solution. Sensi-
tivity analysis shows that the vaccination rate of susceptible individuals over 15 years
old and the diagnosis rate of TB are highly negatively correlated with the total number
of new TB cases (see Table 2). Meanwhile, the relapse of recovered individuals over
15 years old is highly positively correlated with the total number of new TB cases (see
Table 2).

Our results demonstrate that the vaccination rates of susceptible individuals over
65 and between 20 and 24 have the strongest correlation with the total number of
new cases. Further, vaccination strategy, diagnostic strategy, and treatment strategy
currently under development each offer substantial reductions in TB prevalence per
100,000 individuals compared with current approaches, and the combination of the
three strategies is more effective. When scenario A (i.e., coverage rate 85%, diagnosis
rate 50y, relapse rate 0.1yy) is selected, the TB prevalence per 100,000 individuals
can be reduced by 98.91% and 99.07% by 2035 and 2050, respectively. Scenario
C (i.e., coverage rate 85%, diagnosis rate 26, relapse rate 0.1yx) can reduce the
TB prevalence per 100,000 individuals by 97.17% and 97.62% by 2035 and 2050,
respectively. Scenario E (i.e., coverage rate 65%, diagnosis rate 56, relapse rate 0.1 xx )
can reduce the TB prevalence per 100,000 individuals by 98.81% and 99.01% by 2035
and 2050, respectively. Scenario G (i.e., coverage rate 65%, diagnosis rate 26y, relapse
rate 0.1y) can reduce the TB prevalence per 100,000 individuals by 96.81% and
97.38% by 2035 and 2050, respectively. The goals of WHO in 2050 cannot be achieved,
according to our simulation results. The elimination of TB requires new strategies,
such as large-scale vaccination of latent individuals and recovered individuals. In
addition, vaccinating latent and recovered individuals may help achieve the goals of
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WHO in 2050. Further, we did not consider the emergence and spread of drug-resistant
and multi-drug-resistant TB, which will be studied in future work when relevant data
become publicly available.
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Appendix A The Expressions of fj;, vjj and the Existence of Periodic
Solutions
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We divide the population into two age-groups and provide some numerical sim-
ulations to support Remark 1. The parameters of System (2) are fixed as (1) =
Bl + 0.99sin(%1)), B1 € [0.03,0.08], /32(t) ,32(1 + 0.99sin(% 1)), B €
[0.03,0.08], c11 = 42, c1p = 18, c21 = 19, ¢cop = 186, d; = 1/(1()0 x 12),
dr = 1/(50 x 12), a1 = 1/(50 x 12), 00 = 0, p1 = 0.99, v = 0.4, g1 = 0.05,
g = 005,01 = 1.5 x 107, 0p = 2.3 x 1074, 6; = 30/25, 6, = 30/25,
y1 = 1/6, yo = 1/6, p1 = 0.95, po = 0.95, u; = 0.1545, uo = 0.1545,
& = 089, & = 0.89, w1 = 0.4387, wp = 04387, n1 = 0.15, g2 = 0.15,
71 =1/(10 x 12), o = 1/(5 x 12), 61 = 0.8, 82 = 0.8, 01 = 0.8, o2 = 0.8,
x1 = 0.0075/12, xo = 0.006/12, aj» = 1, u = 0. The initial values of System (2) are
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Fig.8 The existence of periodic solutions (Color figure online)

(51(0), 52(0), v1(0), v2(0), €1(0), €2(0), i1(0), i2(0), f1(0), f2(0), r1(0), 2(0)) =
(0.5,0.5,0.1,0.1,0.1,0.1,0.1,0.1, 0.1, 0.1, 0.1, 0.1). According to numerical sim-
ulation results, when Ry < 1, System (2) has at least one stable positive periodic
solution and one stable disease-free periodic solution. When Ry > 1, System (2) has
at least one stable positive periodic solution and one unstable disease-free periodic
solution, as shown in Fig. 8.

Appendix B Contact Matrix

Let A represent the known contact matrix, as shown in Table 4, and a;4,i, g8 =
1,2, .-+, m represents the elements in the contact matrix, where i, g refers to rows
and columns, respectively, and m is the number of age-groups in the contact matrix.
We use C = (ckj), k, j =1,2,---, nto denote the modified contact matrix, then we
let age-group i contain narrower age-groups i = [(k) to g(k), where n is the number
of age-groups in the modified contact matrix.

The contact rate between an individual in age-group i and another individual in
age-group g can be expressed as

)
d,'j = Z c_l,'g.

g=L(j)

Let N; denote the population in age-group 7, as shown in Table 5, we can calcu-
late the population weighted average of each element, d, and derive the contact rate
between age-group k and age-group j. For elements off-diagonal, we need to calculate

@ Springer



Page 41 0f50 61

Evaluating strategies for tuberculosis to achieve the goals of WHO...

€0 910 0c0 v1'0 ¥T0 6¢°0 Ly'0 70 6¢°0 S0 810 81°0 870 LSO 6€0  8C0 08-SL
910 Ly'0 €0 LEO LT0 8C°0 870 90 LSO 8C°0 0€0 61°0 0¥°0 €v'o y'0o 910 SL-0L
900 910 19°0 LEO 8¢°0 90 €0 65°0 L9°0 LSO 6¢°0 €0 ¥Z0 0 €60 vE0 0L-S9
S0'0 10 00 LLO L9°0 8%°0 190 9L'0 $6°0 ¥8°0 L0 S0 LSO 0¥'o 860 LSO §9-09
L00 600 610 00 iz el 90°1 6C'1 oI'l vl 7'l €60 LOT 080 00°1 §9'0 09-6S
900 S0'0 80°0 Y0 8L°0 (! (2! €51 40! [4N! 8C'1 [4ON! L1 £8°0 190 8C0 GS-08
80°0 80°0 oro 0c0 S¢S0 or't e 0L'1 2! 9C'1 4! L1 S6'1 060 8L°0 1€°0 0S-S¥
S0'0 600 SI'0 8C°0 90 60°1 8L'1 6l°¢ 80C 0L'1 Se'l 811 9¢'1 (4! [{n! 1€°0 Sy-0v
€00 oro 81°0 43y LSO L8°0 LET €CC e 981 [ 060 ¢80 011 8C'1 SLO 0r-S¢
¥0'0 ¥0'0 600 S0 £€9°0 LLO 1T 87’1 €6'1 9L'C S8l (! IS0 1.0 00°1 99°0 Ge-0¢
200 €00 90°0 0c0 9¢°0 960 o1t el Sl 681 e 9¢¢ 160 170 9¢'0 19°0 0€-5¢C
SO0 900 900 SI°0 670 $8°0 6¢'1 oI'l YTl 9¢'1 6C'C 66'S 6l'¢c 8¢€°0 8C0  S€0 §¢-0¢
00 €00 900 600 o LY'0 SO'1 SI'1 160 650 6L°0 oLl Y811 LO'E oo SI°0 0¢-S1
¥0°0 S0'0 L00 80°0 SI'o €0 £5°0 860 8L°0 90 1€°0 8¢°0 S:0] oL L1 €0 S1-01
€00 ¥0°0 600 Y10 00 61°0 9¢°0 18°0 £6'0 80 10 o 1€°0 860 9 950 01-¢
€00 900 010 910 §co S0 620 1S°0 980 88°0 L0 87°0 ¥T0 9¢°0 L9°0 71 S-0
08-SL  SL-0L 0LS9 €909 096 €S6-06 0SSy SyOr Op<Se Se0c 0eSC ST0C 0TSl SI-01 01-¢ 6-0  dnois-ofy

(L10T 'Te 19 wa1g) XLjew jovuo) 4 9|qel

pringer

Qs



61 Page 42 of 50 L. Xue et al.

Table 5 Number of individuals in each age-group (Population Census Office of the State Council of the
People’s Republic of China 2021)

Age-group 0-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40

Population 75532610 70881549 74908462 99889114 127412518 101013852 97138203 118025959
Age-group 4045 45-50 50-55 55-60 60-65 65-70 70-75 75-80
Population 124753964 105594553 78753171 81312474 58667282 41113282 32972397 23852133

the number of contacts between different age-groups. Therefore, the total number of
contacts from k to j and j to k can be expressed as

B u(k) o u(j) B
Yij = Z Nidij, Yjx = Z Nidij.
i=1(k) i=1(j)

In order to ensure that Yy; and Y j; are equal, we averaged Yy; and Y jx, namely

Yij + Yji

Zyj=Zjk = 5

In summary, the modified contact matrix element can be expressed as

Z; Zjk

—, Cjf = —=——,
i (k) J i(j)
Zi:l(k) Ni Zi:l(j) Ni

Ckj =

where ¢y is the rate at which an individual in age-group k makes contacts with
anyone in age-group j per day. The total contact rate on the diagonal is

ik _

Z?il)(k) Nidik

Ckk = TN
Zi:l(k) i

Appendix C Data Collection and Wavelet Analysis

Table 6 Population data from 2005 to 2019 (National Bureau of Statistics 2021a)

Time Total population Time Total population Time Total population
2005 1307560000 2010 1340910000 2015 1374620000
2006 1314480000 2011 1347350000 2016 1382710000
2007 1321290000 2012 1354040000 2017 1390080000
2008 1328020000 2013 1360720000 2018 1395380000
2009 1334740000 2014 1367820000 2019 1400050000
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Appendix D Parameter Estimation
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Fig. 9 Temporal periodicity analysis of monthly new TB cases for 14 age-groups from January 2005 to
December 2017 in mainland China using the wavelet method. (A) The wavelet spectrum analysis corre-
sponding to time series of monthly new TB cases. High power values are colored in red; orange and yellow
denote intermediate power; cyan and blue denote low one. Note the black line is the 95% confidence level.
(B) The average wavelet spectrum (blue line) and the corresponding 95% confidence contour (red line)
(Color figure online)
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Fig. 10 3D graph of the fitting results of monthly TB prevalence per 100,000 individuals from January
2005 to December 2017. The 14 age-groups represent 0—4 years old 5-9 years old, 10-14 years old, 15-19
years old, 20-24 years old, 25-29 years old, 30-34 years old, 35-39 years old, 40—44 years old, 45-49
years old, 50-54 years old, 55-59 years old, 60—64 years old, and 65+ years old, respectively. The black
circles represent the actual data (Color figure online)
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Fig. 11 The fitting results of TB prevalence per 100,000 individuals vary with age-groups. The solid red
line represents the simulated curve of System (1). The black circles represent training data, and the green
circles represent testing data. The 95% confidence and prediction intervals are shown as light red and light
blue, respectively. The 14 age-groups represent 0—4 years old, 5-9 years old, 10-14 years old, 15-19 years
old, 20-24 years old, 25-29 years old, 30-34 years old, 35-39 years old, 40-44 years old, 45-49 years old,
50-54 years old, 55-59 years old, 60-64 years old, and 65+ years old, respectively (Color figure online)

@ Springer



Evaluating strategies for tuberculosis to achieve the goals of WHO... Page 450f 50 61

0 5000 0 5000 0 5000

R1(0)

0 5000 0 5000 0 5000 0 5000 0 5000 0 5000

Rs(0)
1o (0)

0 5000 0 5000 5000

I12(0)
I211(0)

0 5000 0 5000 0 5000 0 5000 0 5000 0 5000

Fig. 12 Trace plots of unknown parameters and initial values for System (1), estimated by Markov chain
Monte Carlo (MCMC) methods. The blue lines represent the 95% confidence interval. The red line represents
the mean value (Color figure online)
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Table 7 The unknown parameters of System (1)

Parameters Mean value Std 95% CI1 Geweke
Bi 3.9939 x 1074 5.1226 x 1075 [3.0206 x 1074, 4.9682 x 1074]  0.9426
B 1.0341 x 1075 83719 x 107%  [2.7276 x 1077,3.0271 x 1075]  0.6320
B3 1.7090 x 1074 7.2267 x 1075 [2.2534 x 1075,2.9514 x 10™4]  0.3260
Ba 0.005269 7.7338 x 1075 [0.005085, 0.005394] 0.9898
Bs 0.01036 7.9936 x 1075 [0.01021, 0.01052] 0.9997
Be 0.007568 1.4091 x 10~*  [0.007296, 0.007816] 0.9756
B7 0.006589 1.8809 x 1074 [0.006220, 0.006989] 0.9472
B3 0.007645 24666 x 107*  [0.007089, 0.008085] 0.9660
Bo 0.008469 1.3692 x 10~*  [0.008196, 0.008726] 0.9706
Bio 0.007607 2.0158 x 1074 [0.007226, 0.008028] 0.9536
B 0.009319 2.7460 x 10~%  [0.008726, 0.009789] 0.9587
B2 0.01061 5.4518 x 104 [0.009574, 0.01172] 0.9725
B13 0.01946 0.001039 [0.01750, 0.02149] 0.9794
Bia 0.02710 0.001261 [0.02463, 0.02922] 0.9320
Bi 0.9831 0.01148 [0.9579, 0.9990] 0.9998
B 0.9821 0.01553 [0.9417, 0.9994] 0.9960
B3 0.3285 0.06288 [0.2188, 0.4400] 0.7352
Ba 0.6026 0.03253 [0.5522, 0.6703] 0.9395
Bs 0.2826 0.01455 [0.2539, 0.3096] 0.9936
Bo 0.5109 0.03569 [0.4431, 0.5771] 0.8527
B7 0.3437 0.02970 [0.2848, 0.3982] 0.8482
Bs 0.2481 0.02969 [0.1910, 0.2997] 0.8362
Bo 0.5728 0.03511 [0.5129, 0.6448] 0.9045
Bio 0.3033 0.02821 [0.2431, 0.3591] 0.8527
B 0.3458 0.04576 [0.2577, 0.4335] 0.8486
Bin 0.4500 0.04046 [0.3767, 0.5264] 0.9054
B13 0.3126 0.01518 [0.2854, 0.3435] 0.9383
Bia 0.5576 0.01788 [0.5281, 0.5949] 0.9711
S (1<k<14) 03989 0.03164 [0.3421, 0.4626] 0.8543
S (1<k<14) 07383 0.009960 [0.7112, 0.7495] 0.9966
or (1<k<14)  0.6346 0.004209 [0.6301, 0.6456] 0.9984
O (1<k<14) 04249 0.001692 [0.4226, 0.4286] 0.9989
o (1<k<3) 1.0204 x 1075 1.4795x 107°  [8.4086 x 107°,1.4067 x 107°]  0.6206
op (A<k<11) 17443 x 1075 22290 x 107®  [1.5080 x 1073, 2.2807 x 1075]  0.8059
o (12<k<13) 9.6473 x 1075 3.4105x 107> [2.9594 x 107>, 1.5594 x 10™%]  0.5060
o (k = 14) 35621 x 1073 1.8672 x 1075 [1.7091 x 1077, 8.4016 x 1075]  0.9142
xx (1 <k <3) 6.8351 x 1074 2.8388 x 107 [6.2458 x 1074,7.3598 x 10~4]  0.9237
xk G<k=<11) 57557x107% 82331 x107% [5.5123 x 107%,5.8306 x 1074]  0.9901
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Table 7 continued

Parameters Mean value 95% CI Geweke
e 12<k <13) 81090 x 107% 52627 x 107> [7.0537 x 1074,9.0829 x 1074]  0.9755
xx (k =14) 0.001188 47812 x 1075 [0.001102, 0.001281] 0.9598
Table 8 The initial values of System (1)

Initial values Mean value Std 95% CI Geweke
11(0) 1185 123 [923, 1383] 0.7485
1 (0) 2449 181 [2111, 2818] 0.9295
13(0) 3929 179 [3610, 4313] 0.9726
14(0) 19435 678 [18021, 20569] 0.9853
I5(0) 30421 1071 [28547, 32566] 0.9912
I5(0) 17703 757 [16240, 19145] 0.9505
17(0) 23245 921 [21434,25146] 0.9212
13(0) 55114 2542 [51083, 60281] 0.9039
19(0) 18966 862 [17264, 20468] 0.9939
119(0) 22031 945 [20246, 24003] 0.8994
111(0) 17483 1906 [14229,21073] 0.9793
112(0) 14086 1021 [12033, 16345] 0.9530
113(0) 36981 1350 [34316, 39525] 0.9707
114(0) 76880 4918 [67758, 86059] 0.9580
R1(0) 744989 49660 [655947, 841730] 0.8522
R>(0) 682695 28904 [633201, 739160] 0.9469
R3(0) 1295033 70787 [1165313, 1434213] 0.9201
R4(0) 3246985 120007 [3033475, 3512095] 0.9469
R5(0) 676511 73667 [514109, 785559] 0.6746
R (0) 3161578 110970 [2940812, 3406767] 0.9401
R7(0) 5606103 348504 [5125584, 6366955] 0.9097
Rg(0) 330789 18005 [295017, 363300] 0.9242
Rg(0) 629063 164665 [332449, 971039] 0.9375
R10(0) 2022595 178736 [1692991, 2386875] 0.8705
R11(0) 9055345 423968 [8447356, 9865468] 0.9490
R12(0) 4237239 466520 [32239438, 5004770] 0.9737
R13(0) 6150306 317773 [5557992, 6702289] 0.9981
R14(0) 9912488 82969 [9689607, 9997430] 0.9976
V1(0) 41542628 951933 [40063332, 43598571] 0.9610
V2(0) 47379424 574340 [45855031, 47982872] 0.9931
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