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Abstract: Antibody-dependent enhancement (ADE) is a major safety challenge in multiserotype
disease control, involving complex trade-offs among infection burden, cost, and vaccine safety. This
study develops a two-strain influenza model that integrates both host immunity (endogenous) and
viral cross-reactivity (exogenous) as dual mechanisms underlying ADE. Threshold analysis shows
that exogenous ADE lowers transmission thresholds (R1, R»), promoting strain coexistence, whereas
endogenous ADE reverses this trend. We further establish a multiobjective optimal control framework
to balance outbreak control, ADE risk, and intervention costs. The resulting strategy combines early
targeted measures with sustained behavioral precautions (e.g., 51-79% mask-wearing compliance),
effectively reducing the peak infection rate. Crucially, we identify an optimal risk-aversion level
(a = 2), which halves the ADE risk with only a 2.3% increase in infections and minimal extra cost—
demonstrating a clear Pareto-optimal trade-oftf. This quantitative framework can be applied to other
contexts, such as multivalent vaccine design for dengue fever, and provides a decision-making basis
for risk-benefit assessment of vaccines against emerging infectious diseases.

Keywords: antibody-dependent enhancement (ADE); dual-strain influenza model; basic reproduction
number; stability; optimal control

1. Introduction

Influenza is a highly contagious acute respiratory illness caused by influenza viruses of the family
Orthomyxoviridae [1]. Influenza patients and asymptomatic carriers are the main source of influenza
transmission [2]. Globally, influenza epidemics result in millions of deaths annually [3]. The Spanish
influenza in 1918-1919 was the most devastating pandemic, causing approximately 40-50 million
deaths [4—6]. The 1957-1958 Asian influenza pandemic resulted in an estimated 2 million fatalities,
and the 1968-1969 Hong Kong influenza pandemic caused approximately 1 million deaths [4, 5].
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During the 2023 spring peak in Fuzhou, China, monthly reported influenza cases reached 2749,
marking the highest number reported in a single month over the past decade [7]. Influenza viruses are
primarily classified into three types (A, B, and C), with Type A viruses further subdivided into subtypes
based on differences in hemagglutinin (HA) and neuraminidase (NA), such as A/HIN1, A/HIN2,
A/H3N2, and A/H5N1. Due to the rich dynamics of Influenza A subtypes and strains, Influenza A
is also commonly used as a case study for multistrain pathogen modeling. It can be argued that the
presence of multiple strains in populations increases the complexity of epidemic dynamics [8].

On the other hand, antibody-dependent enhancement (ADE) exerts non-negligible effects on the
transmission dynamics of multistrain diseases. ADE constitutes a paradoxical phenomenon in host-
pathogen biology, wherein antibodies, key pillars of the host’s defense against pathogen invasion,
actually facilitate pathogen entry into the host cells [9]. This rebellious behavior of antibodies further
compromises the host’s defense mechanisms, creating a microenvironment conducive to enhanced
pathogen replication that exacerbates disease severity [9]. In fact, a wide range of diseases exhibit
ADE both in vitro and/or in vivo, indicating that the effects of ADE can stem from both intrinsic (host-
mediated) and extrinsic (pathogen-driven) influences. Extrinsic ADE effects are driven by heterologous
viral cross-infection, whereas intrinsic ADE effects are mediated by host immune memory [10].
Diseases that have been confirmed to exhibit ADE include dengue virus, Zika virus, HIV, measles
virus, and Influenza A virus, among others [11-15]. Goémez and Yang [11] developed a dengue
virus model incorporating ADE to evaluate the impact of this phenomenon on heterologous dengue
infections. Camargo et al. [12] simulated the dynamics of secondary infection induced by two distinct
dengue virus serotypes under the competitive scenario between infection-neutralizing antibodies and
infection-enhancing antibodies, and calculated the time at which maximum enhancement activity
occurred. Billings et al. [13] discussed the effect of single-strain vaccine campaigns on the dynamics of
epidemic multistrain models with ADE. Song et al. [14] established a SARS-CoV-2 infection dynamics
model incorporating ADE to calculate the basic reproduction number and evaluate the potential impact
of ADE on SARS-CoV-2 infection. The results demonstrated that ADE may accelerate SARS-
CoV-2 infection. The researchers in [15] constructed a Zika-dengue coinfection model focusing on
investigating the impact of ADE and dengue vaccination programs on disease control and prevention.
However, few existing models have considered the impact of ADE on the transmission of multistrain
influenza. References [9, 16] have explicitly indicated the potential existence of ADE in the context
of influenza virus research. Thus, ADE represents an undeniable and critical factor in modeling the
dissemination of multistrain influenza.

This study aims to construct a dynamic model of dual-strain influenza transmission under the
influence of ADE. The model comprehensively integrates both endogenous and exogenous factors
affecting disease transmission, with particular attention to the potential risks posed by asymptomatic
individuals. Building upon this theoretical model, we conduct an empirical analysis of the 1918
influenza pandemic in Geneva, Switzerland, focusing on the effect of ADE on the final size of
the epidemic. Furthermore, we apply a multiobjective Pareto optimization framework to influenza
control strategies under ADE risk, quantifying the trade-off between infection control and safety by
parameterizing the Pareto frontier with the risk-weighting coefficient a.

The structure of this paper is organized as follows. Section 2 presents the model formulation.
Sections 3 and 4 provide the dynamic analysis, including the basic properties and stability of
equilibria. Section 5 applies the model to empirically analyze the 1918 influenza pandemic in Geneva,
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Switzerland. Based on practical considerations, Section 6 establishes a multiobjective optimal control
model that accounts for ADE risks and analyzes the resulting optimal strategies. Finally, Section 7
provides concluding remarks.

2. Model development

The model workflow is illustrated in Figure 1. Generally, there are four main types of influenza
viruses that circulate annually, but the primary causes of seasonal influenza in humans are two types:
Influenza A and Influenza B. Influenza A viruses (e.g., HIN1, H3N2) are more likely to cause large-
scale pandemics due to their high variability and broad host range, while Influenza B viruses (e.g., the
Victoria/Yamagata lineages) typically lead to smaller-scale outbreaks [17]. The timing of influenza
epidemic peaks may vary across different regions and years, and the peaks associated with different
influenza virus strains may also differ. For example, Influenza A viruses (e.g., HIN1, H3N2) tend to
cause large-scale epidemics and exhibit earlier peaks, whereas the peaks of Influenza B virus activity
often occur later, sometimes following the peaks of Influenza A [18].

Figure 1. A flowchart of the model.

We assume two influenza strains: The initial infecting strain as the original strain, and the
subsequent infecting strain as the new strain.

The population is divided into six compartments: The proportion of susceptible individuals (s),
the proportion of symptomatic individuals infected by the original strain (i;), the proportion of
asymptomatic carriers infected by the original strain (i4), the proportion recovered from infection by
the original strain but susceptible to the new strain (r|), the proportion of individuals infected by the
new strain (i), and the proportion removed through recovery or treatment after infection with the new
strain (r,). The parameters used in the model are described in Table 1.

Since ADE is recognized as a complex phenomenon involving both exogenous and endogenous
mechanisms that collectively enhance viral infectivity and replication [9], the ADE factor in the model
acts on both the susceptible population s and the susceptible population r; that has recovered from the
original strain. Its effect is manifested as enhancing the effective infection rate of the new strain on these
two populations, with the respective intensities of the exogenous and endogenous effects distinguished
by the parameters ¢; and ¢,. Specifically, exogenous ADE (driven by heterologous viral cross-
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infection) enhances the infection capability of the new strain on population s through parameter ¢,
while endogenous ADE (mediated by host immunological memory) enhances the infection capability
of the new strain on population r; through parameter ¢,.

Table 1. Description of the model parameters.

Symbol Description

B Transmission rate of symptomatic individuals infected by the original strain
Ba Transmission rate of asymptomatic carriers infected by the original strain
B Transmission rate of individuals infected by the new strain

m Recovery rate of symptomatic individuals infected by the original strain
Na Recovery rate of asymptomatic carriers infected by the original strain

7 Recovery rate of individuals infected by the new strain

J7i Natural death rate

A Population recruitment rate

o3 Exogenous ADE-mediated enhancement factor for viral infectivity

o> Endogenous ADE-mediated enhancement factor for viral infectivity

Under the foregoing assumptions, the following model is developed:

ds . . .

7 A — Bysiy — Basia — (1 + ¢1)B2sin — us,
di i .

d_tl = Bisiy — (m + Wiy,

di ) )

a’_? = Basia — (Ma + pia,

dry : : ) 2D
I = Ml + Naia — G2fariiz — pry,

diy ) ) . )
ar = (1 + ¢1)Basiz + Goforiia — maiy — pis,
dl"g .

—= =iy — Ur.

a1 My — Ur;

Theorem 2.1. The solution satisfying the initial conditions remains non-negative and bounded for all
t > 0. Moreover, the set

Q = {(s(0), i12), ia (), r1(0), ia(0), P2(D) [(2), i1 (2), i (D), 1 (0), (D), (1) = O,

0 < s(r) + i1 (1) + ia1) + (1) + ia(0) + r2(0) < &)

is positively invariant under System (2.1).

Proof. If the total population is N(t) = s(¢) + i1(¢) + ia(2) + r1(¢) + ix(¢) + r,(¢), then we get

It is easy to obtain

AY AN
d a

N() = Ay e (N(O) - é).
7 Jz
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Thus we have

A
limsup N(¥) < —.
t—00 M

A
Therefore, when t — oo, 0 < N(#) < — holds, i.e., Q is the positive invariant set of System (2.1).
u

d
Since the equation for ERN actually decoupled from the other equations in System (2.1), we only
need to consider the dynamics of the following five-dimensional subsystem (2.2):

ds . . .

7 A = Bisiy — Basia — (1 + ¢1)Basiz — ps,

di

% = Bisiy — (1 + Wiy,

di . .

= Basia = (4 + Wi, (2.2)
dry . . .

7 = hh + Nais — Goffariiy — ury,

diy ) . . .

o (1 + ¢1)Basia + ¢ofariiy — main — pis.

3. Basic dynamic properties

3.1. Disease-free equilibrium and basic reproduction number

From the equations

A = Bysiy = Basia — (1 + ¢1)Basi; —us =0,
Bisiv — (m + iy =0,

Basia — (na + wia =0,

Mit + naia — ¢afpariia — ury = 0,

(1 + ¢1)Basiz + ¢ofariia — maiy — pip = 0,

it is easy to obtain a disease-free equilibrium for System (2.2), namely E, = (%, 0,0,0, O). Next, we
compute the basic reproduction number using the next-generation matrix method [19]. Let F and V be
the matrices of the new infection terms and transition terms, respectively

Bis 0 0 m+p 0 0
F=|0 ﬁAS 0 , V= 0 na + U 0
0 0 (1+¢1)Bas+dfar 0 0 m+u
It follows that
A
—ﬁf 0 0 —'61 =0 0
m+p M+ 1
pvi=| o P 0 =l o Pa_ A 0
M+ H MA+ 1 p
0 o LHGUBs + dobon 0 0 (I+¢1)B A
T+ H m+u p
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Thus, the basic reproduction number of System (2.2) is given by the spectral radius of the non-
negative matrix, i.e.,

Rozp(FV_l):max{ Bi A Ba A (1+¢1)ﬁ2é}‘

MAPE Na+pp mtp p
We define
R, = Bi é’ R, = Ba é, R, = (1 +¢1)ﬁzé’
m+uu Na+ U m+u p
where R, denotes the reproduction number of symptomatic individuals infected by the original strain,
R4 denotes the reproduction number of asymptomatic individuals infected by the original strain, and

R, denotes the reproduction number of individuals infected by the new strain.

3.2. Stability of disease-free equilibrium

The Jacobian matrix of System (2.2) at the disease-free equilibrium E is

- —,31% _ﬁA% 0 -1+ ¢1),32%
0 Bk - +w 0 0 0
J(Eo) =] 0 0 Bay =+ 0 0
0 m A - 0
0 0 0 0 (+¢)Bas = +p)

The corresponding characteristic equation is obtained as shown in Eq (3.1)
WA + 2P+ ) (=A== + B2 ) (<A = = ma + B28) (=2 = =y + (2R
U

Thus the five eigenvalues can be found as follows:

=0. 3.1

A A (1 + ¢1)BA
A=A =4, /13:—,11—771""817, /14:—ﬂ—77A+'BAT, /15:—#—772"'&-

IfRy < 1,wehave Ry < 1,Ry < 1,R, < 1,1.e., 43 < 0,44 <0, 45 < 0, and then all eigenvalues of
J(Ey) have negative real parts. When R; > 1 (or R4 > 1, or R, > 1), all eigenvalues of the Jacobian
matrix J(E() have at least one positive real part.

Consequently, System (2.2) is locally asymptotically stable at the disease-free equilibrium £y, when
Ry < 1 and unstable at £, when Ry > 1.

Next, we establish the global asymptotic stability of E.

Theorem 3.1. The disease-free equilibrium E of System (2.2) is globally asymptotically stable when
Ry < 1, Ey becomes unstable when Ry > 1.

Proof. In fact, from the second and third equations of System (2.2), we can derive the following for
t>0:

(1) = il(O)CXP(f Bis(t)dr — (i +,U)l‘), (3.2)
0
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is(t) = i4(0) exp ( f Bas(r)dt — (na + )t ), (3.3)
0

thus, for System (2.2), the (n — 2)-dimensional subspace {s, i1, ia, 71,12 | i1 = 0, iy = 0} is invariant.
d A
From the first equation of System (2.2), it follows that d—j < A — us, thereby s(f) < —. Thus
u
combining (3.2) and (3.3), we have

Ta A g . A . —
i1(£) < i (0)eh A adr=tm=r _ ; () Br it — ; ()em+®=Dr

Similarly, we obtain
iA(f) < l'A(O)e(nAw)(er)t'

IfRy < 1,thenR; —1 < 0, Ry — 1 < 0, and therefore #;(¢) SN 0, ix(0) e, 0. Subsequently, to
demonstrate the global asymptotic stability of Ey on the (n — 2)-dimensional subspace {s, i1, 14, 71, i |
i1 =0, iy = 0}, we construct a classical Lyapunov function leveraging the properties of the function
f(x) = x—1—In(x). Let

. s s .
V(S,l"],lz) = S()(— -1 —11’1—)+I"] + 15.
S0 S0

Along the trajectories of System (2.2) in the (n — 2)-dimensional subspace {s, i, is, 71,02 | i1 =
0, iy = 0}, we obtain
dv ds S0 dr1 d12
—=—(1- —) + — + —
dt dt ( dt dt
N . . . . . .
= (1 - ?0) (A = (1 + ¢1)Basiz — us) — goforiip — ury + (1 + ¢1)Basiz + Goffariio — maiy — piz

S

. S . .
=A—(1+¢1)Brsir — s — ?OA + (1 + ¢1)B2Soia + uso — dofariiz
—pry + (1 + @1)B2siz + Goforiia — iy — pis

S S .
= Uso (2 il ?0) + (1 + ¢1)Baso — Mo — ) — ury
0

s S )
:#50(2— — - —0)+12(772 + Ry — 1) — pry.
So S

If Ry < 1, then R,—1 < 0. Moreover, by the inequality of the arithmetic and geometric means, we obtain

dv
I < 0. Therefore, Lyapunov stability theory guarantees that E is globally asymptotically stable.

3.3. The existence of equilibria

Remark 3.1. For clarity in representing the existence and stability conditions, we let

~ A ~ A
7 B 7 B

¢\ 2\
u 'u+171+771(R1—1)(1+¢1)) /1(/1+77A+77A(RA—1)(1+¢1))
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Clearly, if Ry > 1, then Ry > Ry; if Ry < 1, then Ry <R,.
Analogously, if Ry > 1, then Ry > R4, if Ry < 1, then Ry < Ra.
Let

+ = +
n 'uRl, RA=T]A 'uRA-

H H

ﬁlz

Obviously, Ry < 1?1, Ry < I?A.

Theorem 3.2. For System (2.2), the following statements hold.

1) The boundary equilibrium E\(sy,1i1,0, r11,0) exists if and only if Ry > 1.

2) The boundary equilibrium Ex(sa,0,1p4, 714, 0) exists if and only if Ry > 1.
3) The boundary equilibrium E,(s,,0,0,0, i) exists if and only if R, > 1.

4) The endemic equilibrium E(5,1;,0, 71, i) exists if and only ifIAé] <R, < R;.
5) The endemic equilibrium E(5,0,14, 71, 12) exists if and only ifﬁA <R, < R4.

Proof. In System (2.2), the boundary equilibria E,, E4, and E, represent scenarios where only one
disease state exists: E(sy, i1, 0, r11,0) corresponds to the boundary equilibrium with only symptomatic
individuals infected by the original strain, Es(sa,0,is4,714,0) represents the boundary equilibrium
with only asymptomatic individuals infected by the original strain, and E,(s,,0,0,0, i»;) denotes the
boundary equilibrium with susceptible individuals infected solely by the new strain.

At the boundary equilibrium E;(sy, i11,0, 711,0), we have

+ A A
“DEE g = E-lw-1, m=-22__T_1

B M T An BB Tumrw B B

Clearly, E, is biologically meaningful if and only if R; — 1 > 0, that is, the boundary equilibrium E,
exists if and only if Ry > 1.
Similarly, for the boundary equilibrium E4(s4, 0, iaa, 714, 0), we have

Ry —1).

Cqatp . (uu=BaA+p)  p g = BaA+ 1) ma
SA = s laa = — =—®Ru—-1), rau=- = —(Ry-1).
Ba Ba(ma + p) Ba Bap(na + p) Ba
It is clear that the boundary equilibrium E, exists if and only if R4 > 1.
For the boundary equilibrium E;(s,, 0,0, 0, i5;), we have
m+u . putP=BAd+¢) A H H
$2 I =— (R, —1).

TETD S B+ ) + (Il + 1) m+pu B(l+d) (L+61)Bs

It follows that E; exists if and only if R, > 1.

In System (2.2), the endemic equilibria £ and £ represent two distinct coexistence scenarios:
E(5,1,,0,7,1,) characterizes the coexistence of both original-strain-induced symptomatic infections
and new-strain-induced symptomatic cases, while E (5,0, i, ?1,?2) corresponds to the coexistence of
original-strain-asymptomatic carriers and new-strain-symptomatic infections.

Consider the endemic equilibrium E(5, 7, 0, 7, i»), where

m+u Al
B uRy’

S =
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mt+u I+ + (1+¢1)A( 1

e P22 2P ¢ p R )

- Bl + 1) = Bo(l + d0)m + ) _ ,U(Rl R)f
o1y + B + ) = (1 + ¢1)Boit)  GaBi(ABL — ?Ry)

s ABim MBI + ) = (L + ¢1)Bop = (1L + ¢1) = $2)B2m1)
(m + B2 + 1) — (1 + ¢1)Bap) $Bo(Br(m2 + ) — (1 + ¢1)Bapr) ,

where

=1 +¢1) = d)u(n +p) + ¢ A

Clearly, to ensure biological significance of E, the conditions 7, > 0, i; > 0, and 7, > 0 must hold.
The following discusses if 7; > 0, which is equivalent to

mtu (L + @)@ + )
32 fosey

= R, < R;. (34)

For 7; > 0 to hold, the following two cases may occur:

Case 1. AB,—p*R, >0and f > 0;

Case2. AB,—pu’R, <0and f < 0.

By combining (3.4) with the non-negativity analysis of parameter 7, it can be concluded that Case 2

contradicts Condition (3.4). This is because if AB; — >R, < 0 holds, then R, >

AB;
pu(m + )

2 , which clearly
7

contradicts R, < . Therefore, only Case 1 is valid. In other words, if iy >0, itis equivalent to

ABi

Rz < — (35)
u

and

(I+4¢1)

2

>1—-R,. (3.6)

Finally, the condition for i, > 0 to hold is equivalent to

ABim S HPB1(m + ) — (1 + d)Bou — (1 + 1) — ¢2)ﬂ2771)

(m + B2 + ) = (1 + ¢1)Bapr) GB2(B1(12 + ) — (1 + ¢1)Bap)
1 (1+¢1)i_ A+¢ou 1 ((1+¢1)—¢)u

m +,U dom Ry dom(m + ) Ry GBI

1 < $om Ry + (1 + ¢p)u N ((1+ ¢1) — d)niu

Rz (1 +¢1)(m + R, 1+o)BA
ﬂ¢2771R1 +(1+ g + (1 + ) - ¢2)771ﬂ

Rz (I+éDBIA

S Ry > piA . 3.7

.U(.U‘H?l + (R, —1)( ¢¢1)

9

=4

Electronic Research Archive Volume 34, Issue 7, 4410-4447.



4419

Therefore, b)] combining Conditions (3.4)—(3.7) above, it follows that £ has biological significance if
and Ol’lly lle <R, <R;.
For the endemic equilibrium E(5,0,104, 71,1), we have

g=mtr _ AL

~ Ba pRA

aoomtp (+é)ma+p _ (1+¢1)§(i__)
LT e $2Pa ¢ U R

3 = H(Rs — R)(((1 + 1) — do)u(a + 1) + $oBal\)
$2Ba(ABs — *Ry)
3 = ABana _ HBaG + ) = (1 + ¢)Bop — (1 + 1) - ¢2):8277A).
(Ma + Ba(n2 + 1) = (1 + $1)Bapt) $2B2(Ba(m2 + ) — (1 + ¢1)Bop)

b

Analogously, £ is biologically meaningful if and only if Ry < R, < Ry.
4. Stability analysis

4.1. Stability of the boundary equilibria

Theorem 4.1. For System (2.2), the following conclusions hold:

(1) If E, exists (i.e., Ry > 1) and satisfies Ry > R4, R > El > Ry, then the boundary equilibrium E, of
the system is locally asymptotically stable.

(2) If E, exists (i.e., Ry > 1) and satisfies Ry > Ry, Ry > Ry > Ry, then the boundary equilibrium E,
of the system is locally asymptotically stable.

(3) If E; exists (i.e., R, > 1) and satisfies R, > Ry, R, > Ry, then the boundary equilibrium E, of the
system is locally asymptotically stable.

Proof. The local stability of an equilibrium point is determined by the eigenvalues of its corresponding
Jacobian matrix evaluated at each equilibrium. First, we analyze the local stability of the boundary
equilibrium E;. The Jacobian matrix of System (2.2) at E; is given by

Bz —n+p) —Ba'gt 0 —(1 + g8 5"
,81 e e 0 0 0 0
0 0 Al = a0 0
mA n
0 n A ~H ~$:8: (ﬂ(’?i ) ﬁ_:)
0 0 0 0 (1+o)BlE 1 g8, (—A '7‘) (72 + 12)
ﬁ u(m +p) By

The Jacobian matrix yields the characteristic equation

— QU G + B B )+ s () = o = )=+ B

A
— =)= A+/32¢2<—‘ Ky u—ny=0

e ,81)+'82(1+¢1)(

ﬁl
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Clearly, three eigenvalues are obtained directly as follows:

Ay =—u, A —ﬁA( ) (Ma + ) = _ﬁA(E - —)

ﬁl

n
( P _ﬂ_l) +Ba(1+ 1)

The remaining two eigenvalues (A4, A5) are determined by the characteristic equation

=B (——— ) — (12 + ).

/12+W1/1+W2:O,

where

A
Wi = Bi( ), W= 771ﬁ1( )+ﬂ,31( ) gy — e
m+u

Thus, according to Vieta’s theorem, it follows that

A
Ay + As = —4( n
mn 4.1)

A
As - As = Bi( Y1+ p) — p(ny + p) = p(ny + Ry = 1).
m+u

) < 0 holds, i.e., 44 + 45 < 0. In this case, Eq (4.1) determines whether the

A
Evidently, —f(
m

eigenvalues A, and As have negative real parts. If Ry > 1, then A4 - 45 > 0. Combined with Eq (4.1),

this implies that both eigenvalues satisfy 44, < 0 and A5 < O.

1
Furthermore, to ensure 4, < 0, the following condition must hold: —,BA(— - R—) <0,1.e., R; > Ry.
R A

Similarly, achieving A5 < 0 is equivalent to

m m m+u
,3¢(( ) ﬁl)+ﬁ2(1+¢1)( B, )=+ ) <0,
o (05) ( Any My MmAR o mtH ’
(I+¢1) ,U(771 +u) P Bi (I +¢1)B>
o (05) ( D+ mtp Al
(I +¢1)pB Bi ,URz
05
,U(,U"‘Th +m(R; — 1)(1 +¢1)) {
o < —,
ABy R,
S Ry < P p .
2
ﬂ(ﬂ"‘m + iRy — 1)(1 +¢1))

To sum up, when satisfying all

Ry > 1, R; > Ry, El > R,
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the boundary equilibrium E is locally asymptotically stable. It can be observed that R, > R, ; therefore,
E| is locally asymptotically stable if Ry > 1, Ry > R4, and R; > ﬁl > R, hold. Conversely, if Ry < R4
or R; < R,, then the boundary equilibrium E; is unstable.

Similarly, for the boundary equilibrium Ej4, the Jacobian matrix of System (2.2) at E, is given by

~Baits Bt —ma+w 0 —(1 + ¢ 5"
0 51% - (771 + ) 0 0 0
Ba nAﬁ# —u 0 0 0 0
0 h 4 ~H ~¢2b2 (/1(’777?1:/1) ~ b )
0 0 0 0 (1+¢1>ﬁ2”””+¢2ﬁ2(%—”—*‘)—<nz+u)
Ba Hma+ 1) Pa

Based on calculations, when all the following conditions are satisfied:
Ry>1, Ry>R,, Ry >R,

the boundary equilibrium E, is locally asymptotically stable. Likewise, since R, > Ra, when R, > 1,
R, > R;,and R, > ﬁA > R, are satisfied, E, is locally asymptotically stable. Conversely, if R4 < Ry or
R4 < R,, then the boundary equilibrium E4 becomes unstable.

Finally, for the boundary equilibrium E, of System (2.2), the Jacobian matrix evaluated at E, is

Pl + ¢l)ﬁ _ﬁlﬁ;g:l‘;l) _ﬁAﬁ;g:;l) 0 —(n+ )
0 ﬁlﬁ;g:;]) - (771 +/J) 0 0 0
0 0 Bagitregs = @a + 1) 0 0
0 n A P26 (ﬁ - Bz(lliaﬁl)) TH 0
Bl + ¢1)n2+/1 0 0 P26 (ﬁ B ﬁz(lﬂwo) 0
The Jacobian matrix yields the following three immediate eigenvalues:
A 7 $o
A = Bofa(——— = INVES (R =) —pt
1 Mznw B+o) " (0 T
AB,
(=) - +w= —(— - —)
P (1 ¢ y T 2
ﬁA
(o) = (qa + 1) = —(— -
~h ,32(1 o) R, Ra

The remaining two eigenvalues A4 and As are determined by the characteristic equation
H\2> + HyA+ H; =0,

where

Hy=-(p+wpn), Hy=-60+d¢)A,
Hy = —Boma(1 + ¢)A = Bop(1 + $)A + 100 + pms + 21%1m0 = —Bo(1 + d)A( + ) + e + 7).
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It follows from Vieta’s theorem that

Aot s = B+ ¢1)A,
M+ Hu
3 2
Ao ds = Bo(1 + d)A(m + ) + p(u + 12) = Bo(1 + DA — i +112).
—(m2 + )

If the following conditions hold:
R, > 1, Ry, > Ry, R, > Ry,

then 1, < 0, 43 < 0, 44 < 0, 45 < 0. In this case, all five eigenvalues of the Jacobian matrix have
negative real parts, and the boundary equilibrium E; is locally asymptotically stable in System (2.2).
That is, when R, > 1, R, > Ry, and R, > R, are satisfied, E, is locally asymptotically stable;
conversely, E, is unstable if R, < Ry or R, < Ra4.

Next, we examine the global asymptotic stability of the boundary equilibria. To establish this, we
construct classical Lyapunov functions leveraging the properties of the function

f(x) =x—1-1In(x).
Theorem 4.2. Suppose that the boundary equilibrium E exists (i.e., Ry > 1) and satisfies
R, >§A > Ry, Ry >§1 > Ry,
then E, is globally asymptotically stable. Conversely, if
Ry <RyorRy <Ry
holds, E exists but is unstable.

Proof. Begin by considering the following Lyapunov function:
V(syityiasrsin) = $1(— = 1= In—) + i1 (o = 1= Inab) 4 i + ry (s = 1= In—5) + .
S1 S1 1 I ri r
Clearly, the function V is non-negative in Ri and equals zero at E;(s1,i11,0,711,0). To

establish stability, we prove that V' is negative definite. Differentiating V along the trajectories of
System (2.2) yields

av S1 ds i11 dll dlA ri dr1 d12
— =(1-DH=4+(1-DH—=+ 2L+ -DH=—=+ =
dt ( s)dt+( il)dt+dt+( rl)dt+dt’
s1.ds Ky . . .
(1- ?I)E =1- ;‘)(A — Bysit — Basia — (1 + ¢1)Bosis — us)

. . . s . . .
= A = Bisii — Basia — (1 + ¢1)Bosiy — us — ?lA + Bisiit + Basiia + (1 + ¢1)Basiin + usy,

i di I ) ) ) . ) : } . :
(1- lL)d_tl =(1- i—)(Blszl — iy — piy) = Bisip —miiy — pip — Bisiyg + i + pigg,
1 1

dig ) . .
E = LaSia — Nalg — Mig,
ri . dr r . : .
(1= =5)—% = (1= =)(qis +Naia = $aBariiz = pr)
r~dt T

. . . rin_ . ri . .
=M1+ Naia — Gforiiy — pr) — — i = Al + Gofarinin + pryy,
1 |
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di ) . . .
d_tz = (1 + ¢1)Basis + Gofariiz — Main — pis.

From the formulation above, we derive

dVv S1 . . . . . . .
v A —pus— ?A + Bisiiy + Basiia + (1 + ¢1)Basyio + psy — piy — Bysiyy +nuiyg + pip
. riy . ra oo, . . .
Ml Ty — r—77111 - r_nAlA + Gofariniy + uriy — iz — piz
1 1

N R . . .
= usiRy — s — ?lllisl + (1 + @iy + Basiia + (1 + @1)Basiiy + psy — piy — us(Ry — 1)
. rn r . . . .
+usi(Ry — 1) — piy — ury — %#”11 - r—lﬂAlA + Gofariiiz + puryy — naly — iz
! i
s ri1 .
=2usiRy — ?INSIRI — uSRy + 2uryy — —Hr T pr (Bast — 1)ia
i
. i .
+ (1 + @1)Bas1 + ¢oforyy — (2 + p))in — %UAZA
|
S1 ) rn r .
= us1Ri(2 - 5 s_) + ur (2 - Pl r_) + (Basi — wig + (1 + d1)Basi + doforn
i | 1

. .
= (m + )i — r—ﬂAlA-
1

= ~ dv
Under the assumptions that R; > R4 and R; > R,, it follows that Elm) < 0, and E is locally stable.

It can be observed that E| is the largest positively invariant set contained in El(m) = 0. Therefore, by

LaSalle’s invariance principle [20], the boundary equilibrium E; is globally asymptotically stable for
System (2.2).

Theorem 4.3. Suppose the boundary equilibrium E4 exists (i.e., Ry > 1) and satisfies
R4 >El > R, Ry >ﬁA > R,.
Then E, is globally asymptotically stable. Conversely, if
Ry <RiorRy, <R,

holds, E exists but is unstable.

Proof. Consider the Lyapunov function
.. } s s R i r r :
V(s, i, ig, b)) =sa(——1=-In—)+i; +igu(——-1—-In—) +rju(——-1—-1In—) + i,.
SA SA lAA 7V ria ria

The function V is positive definite in Ri and reaches zero at E4(s4,0, i44, 714, 0). We need to show that
V’ is negative definite. Computing the derivative along the trajectories of System (2.2) yields

dv ds di YL d di
L e (e
s dt iy~ dt r

dr a1 a T ar
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We then obtain
adv

7 =A—pus— —A + B15ait + Basais + (1 + ¢1)Brsain + usg — piy — iy — Lasiga

ra ra
+ Nalaa + Higa — pry — r—mll - r—TIAlA + Gofarialy + pUria — Mol — pia
1 1

SA ra .
=2ussRy — ?/"SARA — uSRy + 2ur4 — Mt (Bi5a — Wig
1

+ (1 + ¢1)Basa + ¢ofaria — (2 + )iz — rl—Amil

-
= uspARA(2 — ? - —) + uria2 - % - r_) + (Bi5a — Wig + (1 + ¢1)B2rsa + doforia
| 14

—(m + )i — —77111'
r

= ~ dv
Under the hypothesis that R4 > R; and R4 > R,, it follows that Elg.l) < 0, and thus the boundary
equilibrium E, is locally stable. Furthermore, E, constitutes the maximal positively invariant set

dv
contained in El(g_l) = 0. Consequently, by LaSalle’s invariance principle [20], E4 is globally
asymptotically stable for System (2.2).

Theorem 4.4. If we suppose that the boundary equilibrium E, exists (i.e., R, > 1) and satisfies

R2>§1 > Ry, R2>§A > Ry,
then E, is globally asymptotically stable. Conversely, if
R, <RyorR, <Ry

holds, E, exists but is unstable.

Proof. Consider
V(s,iy,ig,11,02) = SZ(_ -1 —ln—) +ip+ig+ 1 +122(— —1-1In —)
82 82 122 122

The function V is positive definite in Ri and reaches zero at E5(s,,0,0,0, i,,). We need to show that
V’ 1s negative definite. Differentiating V along the trajectories of System (2.2) yields

dV _ sl)ds di; dzA dr1 L 122)d12
s dt dt dt
=A—pus— ?A + 18201 + Basaia + (1 + ¢1)Basria + sy — piy — pig — ury — naiz
— piz — (1 + ¢1)Basiay — ¢aforiing + Mainy + Min

S S . . .
= psrRr(2 —- ?2 - s_) + (B152 — Wiy + (Basy — p)ia — Gofariing — ury.
2

m+u na +

dv ) )
IfR, > R, R, > K Ry, then ZI(& 1 <0, and E; is locally stable. Moreover, E, constitutes

dv
the largest positively invariant set contained in —|3;) = 0. Therefore, by LaSalle’s invariance
principle [20], the boundary equilibrium E, is globally asymptotically stable for System (2.2).
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4.2. Stability of endemic equilibria

Theorem 4.5. For System (2.2), the following conclusions hold:

1) If E exists (i.e., R, <R, <R,)and satisfies Ry > Ry, then the endemic equilibrium E of the system
is locally asymptotically stable.

2) If E exists (i.e., Ry <R, <R,)and satisfies Ry > Ry, then the endemic equilibrium E of the system
is locally asymptotically stable.

Proof. For the endemic equilibrium E(5,1;,0,7,1,), the Jacobian matrix of System (2.2) at E is
given by

—Biiy— (L +¢)Baia — . P15 —Bas 0 —(1 + ¢1)Ba5
Biiy 0 0 0 0
0 0 Bas—(ma+p 0 0
0 m A ~gofair — . —pafaT
(1 + ¢1)Baia 0 0 $2ais 0

The Jacobian matrix yields one immediate eigenvalue

A1
= BaS— (4 + 40) = ’3/‘—(171 _ R—A> @2)

The remaining four eigenvalues are determined by the following characteristic equation:
A+ MU+ My + M3A+ My =0,

where
My =my + (1 + ¢y + da)my + 24,
My = (my + (1 + ¢)my + p)(pams + p1) + myms + may(¢smy + (1 + ¢1)*ms),
My = (my + (1 + ¢)my + wWdsmomy + (omy + p)(myms + (1 + ¢1)*myms),
My = pomimy(dpamsmy + (1 + ¢1)nims).
my = Biiy, my = Boly, m3 = P15, my = oy, ms = 3,5.

Ba

A
Equation (4.2) shows that one of the eigenvalues is 4 = (F - —) and if R; > Ry, then 4; < 0.
H 1

To ensure that all roots of the quartic equation have negative real parts, we apply the Hurwitz
criterion. From the existence conditions of E(5, 1,0, 7, i), we know that E exists if and only if R, <
R, < Ry holds. Under this condition, all coefficients (M, M,, M3, M,) are positive, and the leading
principal minors are positive.

Therefore, by the Hurwitz criterion, System (2.2) is locally asymptotically stable at the endemic
equilibrium E. Conversely, if R; < Ry, then the endemic equilibrium E exists but is unstable.

Analogously, for the endemic equilibrium E(ﬁ, 0,14, ?1,?2), the Jacobian matrix of System (2.2)
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evaluated at £ is given by

~Baia — (1 + ¢1)Bais — —pi§ —BaS 0 —(1 + ¢1)B28
0 Bis—(m+w 0O 0 0
Baia 0 0 0 0
0 m M —GBala—p P
(1 + ¢1)Baia 0 0 $2bal 0

Through computation, if
R A > R 1s
then the endemic equilibrium £ is locally asymptotically stable. Conversely, if R, < R;, then E exists

but is unstable.

Next, we use the geometric approach proposed in [21,22] to analyze the global asymptotic stability
of the endemic equilibria £ and E. This approach is commonly applied to three-dimensional systems;
we extend its application to the five-dimensional system below.

For System (2.2), we have

~ A
Q= {(S(t), 11(0),ia(2), r1(0), 2(2)) | 0 < s(2) +i1(2) + ia(t) + (1) + ix(2) < ;}

forms a positively invariant set. According to Theorem 3.2, when El < R, < Ry, there is a unique
endemic equilibrium E in the interior of Q; when R4 < R, < Ry, there is a unique endemic equilibrium
E in the interior of Q.

Theorem 4.6. If the endemic equilibrium E exists and the system satisfies the condition
(Ba + (1 +¢1)B)A b (28, + 2B)A

i > max {2(1_9 +1p) +

7 7
_ 2 1 A A
b+ Pt ;q’”ﬁ” ,2b+nz+’8AT,m+nA}, 43)

then System (2.2) is globally asymptotically stable at E(5,1,0, 71, i).

Proof. Initially, the region Qis simply connected in R3, and when R, < R, < Ry, there is a unique
endemic equilibrium E in the interior of Q. Furthermore, by Theorem 3.1, the instability of the
disease-free equilibrium implies the uniform persistence of System (2.2) (see [23]). Specifically,
a constant n > 0 exists such that any solu~tion x(t, x0) = (8(0),11(2),is(0), (1), ir(t)) with xo =
(5(0),11(0), i4(0), r1(0), i,(0)) in the interior of Q satisfies

1—00 —00 —00 t—00 —

min{lim inf s(¢), liminf i;(¢), lim inf i, (?), lim inf r;(¢), lim inf iz(t)} > n.

The uniform persistence and boundedness of Q are equivalent to the existence of a compact absorbing
set K in the interior of Q (see [24]). Therefore, to prove global stability, it suffices to verify the
condition g < 0, where

g = lim sup sup ! f o (O(x(s, xp))) ds.

t—oo  xp€ll 0
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The Jacobian matrix J of System (2.2) is

—Prir = Paia — (1 + ¢1)Briz — p —Pis —Bas 0 —(1+¢1)Bas
By Bis — (1 +p) 0 0 0
Baia 0 Bas = (1a + 1) 0 0
0 m MA —ofoly — —ofar
(1 +¢1)Bai 0 0 ool (L +@1)Bas + doffory — (12 + 1)

For a 5 x 5 matrix J, its second additive compound J'?! is defined as

M, 0 0 0 Bis 0 (I+d)fs 0 0 0
0 M, 0 0 —Bis O 0 0 (14+6)Bas 0
) U M; =¢por1 0 —Pis 0 —Bas 0 (1 + ¢1)Bas
0 0 $oBois Mi 0 0 Bys 0 Bys 0
—Baia Bii 0 0 M;s 0 0 0 0 0
0 0 Biin 0 Na Ms — o1 0 0 0
—(1 4 ¢1)Bin 0 0 Bii 0 B0 M; 0 0 0
0 0 Baia 0 -1 0 0 M; —$ofar 0
0 —(1+¢1)B2iz 0 Baia 0 0 0 $2212 M, 0
0 0 —(1+¢1)B2iz 0 0 0 m 0 na M
where

My = =Biit — Baia — (1 + ¢1)Boiz + P15 — 1 — 24,

My = =Biiy — Baia — (1 + ¢1)Baia + Bas — na — 244,

M5 = =iy — Baia — (1 + ¢1)Baia — $ofaiz — 24,

My = =Bii1 = Baia — (1 + ¢1)Boiz + (1 + $1)Bas + $ofar) — 12 — 24,

Ms =Bis+Bas—m —na—2u, Me=pis— ¢l —m — 24,

M7 =Bis+ (1 +¢1)Bas + Gofart —m —m2 =21, Mg = Bas — ¢pofpria — na — 244,
My = Bas + (1 + ¢1)Bas + offar —na — 2 — 24,

Mg = —pofoiz + (1 + ¢1)Bas + ¢pofpors — 2 — 24
Let a, a; a; a a a, a, as ds a
- . . 1 ay ap ay a ap a as 3
P = P(S, 1,104,771, l2) = dlag(._a TS T S S S ) ._)a
I 1 I 14 lp 18 14 12 2 I
where ay, ay, az are three undetermined positive constants. We then have
! ! ! ~/ =/ */ =/ 2/ 2/ 2/
M A i i i i, i, i
-1 : 1 1 O S S S B B
PfP =dlag(— T T, T T T, T, T, T, ).
I A g g la I b D
Furthermore, for the matrix Q(s, i1, ia, r1,i2) = PyP~' + PJPP~!, after partitioning it into blocks, it
can be written in the following form:
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O Qi Qi Ou Qs O
O Q» 0O O 0O 0O
o , Os1 QO 0O QO 03 0Os
Q(S’ll’lA’rlaZZ) = )
Os1 On Os3 Ou 045 Oss
Os1 Os2 Os3 QOss QOss Ose

Osi Os2 O3 Oss Qss Oes

where Appendix A contains all entries Q;; of Q.
Let z = (21, 22, 23, 24, 25 265 27, 28+ 29, Z10) denote a vector in R'?. We select a norm in R!° as follows:

Gy 20)] = max{|zl|, (2ol + 123l 2l + [zs1s 6] + 27l J2s] + [zol, |zlo|}.

Furthermore, let o-(Q) denote the Lozinskii measure of Q with respect to the induced matrix norm | - |
in R'°, defined as

. [I+h0|-1
0@ = fig 2=

The Lozinskii measure o(Q) can be estimated as follows (see [25]):
o (Q(s, i1, 1a, 11, 12)) < sup{gi, &2, &3, 84, &5 86}

where

g1 = 01(Q11) +|Qu2| + Q13| + [Qual + |Q15] + |Q16l, g2 = 01(Q22) + Q21| + Q23| + [Q2al + [Qas] + |Oasl ,
g3 = 01(033) + |031] + 03| + |Q34] + Q35| + Q6] , g4 = 71(Qss) + Qa1 + [Quo| + |Qusl + |Qus| + |Qusl s
85 = 01(0ss) +|0s1] + |0s2| + [Os3] + |Qs4l + 056l , g6 = T1(Qe6) + 1Q61l + |Qe2l + |Qs3l + |Qeal + |Oesl -

Let oy denote the Lozinskii measure with respect to the /; norm, and |Ql~ j| i+ jij=1,2,3,4,5,6)
represents the matrix norm induced by the /; vector norm. To determine the value of g;, we
first compute

o 1(O1) = Bis — Buit — Bain — (1 + ¢1)Bain — 11 — 241 — %

01(02) = Bas — Biit = Paia — (1 + ¢1)Brir — 2u — ;—1,

i i
01(Q33) = Bis +Bas =1 —na —2p — iﬁ’ o1(Qu) =Bis—m —2u— iA,
A A

. *

01(Qs5) = Bas —1ma — 21— ;—z, 01(Qes) = (1 + ¢1)Bas + ¢ofor) — ¢offain — 12 — 21 — ;—z,

and

1012l =0, Qi3] =PBas, [Qul =0+ ¢1)Bs, [015|=0, [Qil =0,
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10211 = 11, 1Q23] < max{Bys, $aBori}, |Qaal = Bis, [Qos| < max{Bas, (1 + ¢1)Bas}, |Qasl = (1 + ¢1)Bas,
10311 = Baia, Q3| < max{Biir, poBaiz}, Q| =Bis,  |Qssl = Bas, Q3] =0,

Qa1 = (1 + ¢1)B2ia,  |Qaol = Brit,  |Qaz| <max{Biir,nat, [Qasl =0, [Qul =0,

10511 =0, [Qs| < max{(l + ¢1)Boia, Baia}, 053] < max{Baia,mi}, [Qsal =0, [Qsel =0,

10611 =0, [Qel = (1 +¢1)Bai2, Q63| =0, [Qeal =11, [Qesl = na-

Moreover, it follows from System (2.2) that

;—] =pis— (1 + ), ;—A =PBas — (Ma +p), 1_2 = (1 + ¢1)B2s + ¢ofory — (2 + ).

1 A Iy
Given
b= {ﬁlA BaA (1 +¢1)BA ¢r5A }
= max 4 > > 977177714 s
TR 7
we derive
1 A - 1 A
g1<—,U+('8A+( ;¢1)ﬁ2) , g2<—ﬂ+2(m+b)+('8A+( ;¢1)B2) ,
_ (281 +2B0)A ) 1 A
or <t by FLEBIN v by LA OIBIA
H 7
- A
gs<—u+nz+2b+ﬁA—, 86 = —H + 11 + 14
Let
_ (Ba + (1 + ¢1)B2)A = Ba+ (1 +¢1)B)A = (2B +2BDA
C=\U~- MU=20b+m) - H—b— —————,
7 u U
= (281 + (1 + ¢1)B)A - BaA
H—b—mna— " ,u—2b—nz—7,ﬂ—m—m.

From Condition (4.3), it follows that ¢ > 0 and
81<—C, 8 <-C g<-C g=<-C g <-C g=<-C.

For every solution (s(t),i(t),ia(t), r1(2),i2(t)) of System (2.2) with the initial value
(5(0),11(0),i4(0), r1(0),i,(0)) e I', when t > T, we have

1 [ 1 [ 1 ("

—f gi1ds < —c, —f gds < —c, —f g3ds < —c,

t Jo tJo tJo

1 (" 1 [ 1 (7

;f g4ds < —¢, ;f gsds < —c, ;f geds < —c.
0 0 0

1 t
; f O-(Q(S’ il9 iA7 ry, l2))ds < Sup{_é’ _Ea _59 _Ea _59 _E}
0

Thus, it follows that

Furthermore, this implies that

1 f
g = lim sup sup " f a(Q(x(s, x9)))ds < —c < 0.
0

t—oo  xpell

Therefore, the endemic equilibrium £ of System (2.2) is globally asymptotically stable.
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Theorem 4.7. If the endemic equilibrium E exists and the system satisfies the condition

Ba+ (1 +¢1)B)A B (261 +2B4)A
Iz ’ Iz ’

s COTAEOBIN o5 BN
Jz 7

U > max {2([3 +11) +

then System (2.2) is globally asymptotically stable at E(8, 0,14, 1, 1>).
Proof. The proof follows a similar approach to Theorem 4.6.

Remark 4.1. Condition (4.3) is not unique. Different choices of the matrix function P(x) may lead to
alternative sufficient conditions.

4.3. Numerical simulations

In this section, we verify the theoretical results of System (2.2) through numerical simulations.
During our analysis, it is recognized that the available data might be inadequate for precisely
differentiating between ¢; and ¢,. To simplify the model while focusing on the overall impact of
the ADE effect, we adopt the assumption that ¢; = ¢, = ¢. The justification for the simplification
¢1 = ¢, = ¢ is provided in Appendix B. Start by setting some parameters as follows: A = 0.03,
u=002¢=15mn =015 n4 = 0.1, 7, = 0.2, 5; = 0.06, B4 = 0.04, and 5, = 0.03. Figure 2
illustrates the six scenarios for the stability of the disease-free equilibrium, boundary equilibria, and
endemic equilibria.

The results indicate that if Ry < 1, R4 < 1, and R, < 1, then the disease-free equilibrium E

is stable, and both strains disappear (Figure 2(a)). If Ry > 1, R4 < 1, R, < 1, and the condition
u

Nna+ [
In this case, symptomatic infections of Strain 1 persist stably, while asymptomatic infections of

Strain 1 and infections of Strain 2 disappear (Figure 2(b)). If Ry < 1, R4 > 1, R, < 1, and the

R, > 1 in Theorem 4.2 is satisfied, then the single-strain infection equilibrium E; is stable.

condition R4 > 1 in Theorem 4.3 is satisfied, then the single-strain infection equilibrium E,

m+u
is stable. Here, asymptomatic infections of Strain 1 persist stably, while symptomatic infections

of Strain 1 and infections of Strain 2 disappear (Figure 2(c)). If Ry < 1, R4 < 1, R, > 1, and

R, > 1 and
. : St Mat+ f : . . . :
infection equilibrium E; is stable. In this scenario, Strain 2 persists stably, while symptomatic and

asymptomatic infections of Strain 1 disappear (Figure 2(d)). If Ry > 1, R4 < 1, R, > 1, and the
condition El < R, < R in Theorem 4.5 are satisfied, then the dual-strain infection equilibrium £ is
stable. In this case, symptomatic infections of Strain 1 and infections of Strain 2 persist stably, while
asymptomatic infections of Strain 1 disappear (Figure 2(e)). If Ry < 1, R4 > 1, R, > 1, and the
condition EA < R, < R, in Theorem 4.5 are satisfied, then the dual-strain infection equilibrium E
is stable. Here, asymptomatic infections of Strain 1 and infections of Strain 2 persist stably, while
symptomatic infections of Strain 1 disappear (Figure 2(f)).

the conditions R, > 1 in Theorem 4.4 are satisfied, then the single-strain
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Figure 2. Stability analysis of the system. (a) E, is stable when 8; = 0.06,84, =
0.04,and B, = 0.03, withR; =0.5< 1,R4, =05 < 1,and R, = 0.5 < 1. (b) E; is stable when
B = 227,84 = 0.04,and 5, = 0.03, with Ry =20 > I,Ry =05 < l,and R, = 0.5 < 1.
(c) Ey4 is stable when 8, = 0.06,8, = 1.6,and 8, = 0.03, with R; = 0.5 < 1,R4 = 20 >
I,and R, = 0.5 < 1. (d) E; is stable when 8, = 0.06,84, = 0.04,and B, = 1.17, with
R, =05 < 1,Ry = 05 < 1l,and R, = 20 > 1. (e) E is stable when B, = 2.27,B4 =
0.04,and 3, = 0.59, with Ry =20 > 1,Ry =05 < l,and R, = 10 > 1. (f) E is stable when
B1 =0.06,84 =2.00,and 8, = 0.88, with Ry =05 < 1,Ry =25> 1,and R, = 15 > 1.

Population
Population

0 50 100 150 200 250 300
Time

(a) (b) (0

Figure 3. Stability analysis of the system. (a) E, is stable when 5, = 0.06,84 =
0.04,and B, = 1.17, with R; = 0.5 < 1,R, = 0.5 < l,and R, = 20 > 1. (b) E is stable
when ) = 2.27,84 = 0.04,and 3, = 0.59, withR; =20 > 1,R, =0.5< 1,and R, = 10 > 1.
(c) E is stable when B1 = 0.06,B4 = 2.00,and 5, = 0.88, with Ry = 0.5 < 1,R4 = 25 >
l,and R, = 15 > 1.
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Additionally, Figure 3 illustrates the stability diagram under the assumption that a new strain
emerges at t+ = 100. The peak proportion of infections by the new strain is significantly higher in
Figure 3(b) than in Figure 3(a). This observation precisely reflects the impact of the ADE effect on
viral transmission. Specifically, antibodies generated from prior infections with a virus may enhance
the infectivity of a new similar but distinct virus, rather than suppressing the infection. Similarly, the
influence of the ADE effect on viral transmission is also evident, as the peak proportion of the new
strain’s infections in Figure 3(c) exceeds that in Figure 3(a).

5. A case study: Influenza pandemic in Geneva, Switzerland

5.1. Data sources and parameter estimation

In this section, we utilize the daily epidemiological data of the Spanish influenza pandemic in
Geneva, Switzerland, from July 1918 to February 1919 [26]. For this study, Week 27 of 1918 is
selected as the first observation day, and the analysis focuses on the weekly reported cumulative cases
in Geneva between July 1 and December 15, 1918.

One of our challenges is the lack of detailed data on the simultaneous circulation of both viral
strains. However, existing epidemiological studies [17, 27] demonstrate that influenza typically
exhibits seasonal patterns, with different strains potentially dominating across seasons. An analysis
of the influenza surveillance data from Geneva [26] reveals two infection peaks between July 1 and
December 15, 1918, corresponding to the summer and autumn waves. According to reports [28],
the pandemic occurred in two waves—summer and autumn—with the autumn wave demonstrating
significantly higher mortality rates. On the basis of this observation, we assume that the summer wave
was primarily driven by Strain 1, while the autumn wave may have involved the cocirculation of both
strains with an ADE effect, predominantly dominated by Strain 2. We perform a piecewise fitting of
the data using the least squares method. The results of the fitting are shown in Figure 4. The parameter
values, which include both the given and fitted values, are provided in Table 2. The goodness-of-fit R?
for the two segments is 0.9776 and 0.9842, respectively.
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Figure 4. Results of data fitting for the 1918 influenza pandemic in Geneva, Switzerland.

Electronic Research Archive Volume 34, Issue 7, 4410-4447.



4433

Table 2. Parameter values.

Parameters Values Sources 95% CI

A 0.02 Fitted [0.0185, 0.0212]
) 1.13 Fitted [1.0500, 1.2100]
B 0.67 Fitted [0.6100, 0.7300]
Ba 0.69 Fitted [0.6300, 0.7500]
B> 0.66 Fitted [0.5900, 0.7200]
m [0.09, 0.5] [29] -

NA 0.10 Assumed -

1 [0.09, 0.5] [29] -

u 0.00005 [30] -

5.2. Impact of ADE on cumulative cases in Geneva, Switzerland

To further investigate the impact of the ADE factor on the infection dynamics during the autumn
wave of the influenza pandemic in Geneva, we examine the effects of varying ADE factors on the
autumn transmission. The result is presented in Figure 5.

As shown in Figure 5, if ¢ = 1.5, indicating that the probability of infection with the autumn wave’s
influenza virus is 1.5 times higher than before, the cumulative number of influenza cases in Geneva,
Switzerland, by the 15th week of 1918 would reach 362. If the probability of infection increases to 2.5
times the original level, the cumulative number of cases by the 15th week would rise to 427. As ¢
increases, the peak cumulative number of influenza cases in Geneva also rises progressively. Clearly,
a higher ADE factor ¢ demonstrates a stronger cumulative effect.
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Figure 5. Impact of the ADE factor ¢ on the 1918 autumn influenza wave in Geneva.
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6. Optimal control analysis and numerical simulation incorporating ADE risk

6.1. Analysis of optimal control

Effectively controlling and treating infectious diseases poses significant challenges in resource-
limited settings [31]. This section examines influenza control strategies by balancing control efficacy
against resource constraints. In particular, to address the additional risks posed by vaccination-induced
ADE, our analytical framework explicitly incorporates the evaluation of ADE risk and its trade-off
with epidemic control outcomes.

There are three common measures for preventing influenza: Vaccination, personal daily protection,
and antiviral treatment [2]. For instance, in [30], the authors developed a multiscale immune influenza
model that incorporates both antiviral treatment and vaccination. The findings indicate that while
antiviral treatment can significantly reduce an individual’s viral load, it may also increase potential
risks at the population level.

Building upon prior analyses and practical considerations, we propose two categories of control
measures—pharmaceutical treatments and behavioral interventions (e.g., promoting mask-wearing,
maintaining social distancing, and encouraging voluntary vaccination)—to effectively mitigate
disease transmission. The control variables primarily act on the parameters associated with each
control measure.

Specifically, u; represents the control variable for pharmaceutical treatment targeting the original
strain, while u, corresponds to the control variable for pharmaceutical treatment targeting the new
strain. In addition, u3 denotes the control variable associated with behavioral intervention measures,
reflecting the intensity of non-pharmaceutical interventions, and u4 represents the control variable for
vaccination targeting the original strain, which works in synergy with uj3 to reduce the risk of infection
with the original strain. Similarly, us denotes the control variable for vaccination targeting the new
strain, collaborating with u5 to lower the risk of infection with the new strain. Notably, pharmaceutical
treatments are typically administered to symptomatic patients, as asymptomatic individuals are less
likely to receive such treatments. Consequently, the increase in recovery rates applies only to
symptomatic individuals infected with the original strain and individuals infected with the new strain.

Assume that i; € (0, 1) exists such that 0 < u;(¥) < u; < 1,i = 1,2,3,4,5. Within a fixed time
interval [0, /] for z; > 0, the feasible decision space or constraint set is defined as

U = {u(1)|0 < u;(r) < 21;,0 < t < ty,u;(t) is Lebesgue measurable, i = 1,2, 3,4, 5}.
The primary objective of this study is to minimize both the cost associated with pharmaceutical

treatment and behavioral interventions and the economic losses caused by the treatment of infected
individuals. Within the time interval [0, ¢], these costs are respectively denoted as

f " Buir (O (1), f " Boin(tus(t)dt, f " Bys(Ous(oyde,
0 0 0

1f 1f 1f
j‘Bﬁ@m@ﬂhj1Bﬂ@%@ﬁxf(Dﬂﬂﬂ+MﬁﬂJ%MMW.
0 0 0

Here, B, represents the cost of pharmaceutical treatment for the original strain. B, denotes the cost of
pharmaceutical treatment for the new strain. Bj is the cost of implementing behavioral interventions
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(nonpharmacological interventions). B, is the cost of implementing the behavioral intervention
(vaccination). D and D,, respectively, represent the healthcare resource costs per case of influenza
caused by the original strain and the new strain.

In addition to the aforementioned cost objectives, our framework explicitly incorporates ADE
risk aversion. Based on the immunological mechanisms of ADE, this risk arises from four distinct
scenarios: (i) Homologous exogenous ADE in individuals vaccinated with Strain 1 upon reinfection
with Strain 1 corresponds to u4(t)i;(¢), (ii) heterologous exogenous ADE in individuals vaccinated
with Strain 1 upon infection with Strain 2 corresponds to u4(#)i>(¢), (ii1) homologous exogenous ADE
in individuals vaccinated with Strain 2 upon reinfection with Strain 2 corresponds to us(?)i>(¢), and
(iv) endogenous ADE in individuals recovered from Strain 1 upon subsequent infection with Strain 2
corresponds to r((#)i>(t). To account for these risks, we introduce the following ADE risk penalty term
in the objective function:

P(r) = a(u4(t)i1(t) + us(Dir (1) + us()ir(¢) + rl(t)iz(l)),

to preserve the convexity of the penalty function, using the arithmetic mean-geometric mean (AM-GM)
inequality, for any feasible uy(t), us(), i;(?), i»(¢), ri(#) > 0, we have

P(r) < %(mi(t) +ud(t) + i3(t) + 3i3(0) + ri(D)).

Here, the risk-weighting coefficient @ represents the decision-maker’s degree of aversion to the
risk that ADE may exacerbate illness during an epidemic. Due to the current lack of precise
quantitative comparisons among different ADE risk sources, a conservative assumption is adopted
to avoid overestimating the impact of specific risk sources: All risk sources share the same risk
coefficient. Considering that r;(¢), as a state variable, responds to control inputs with a lag, its weight
is appropriately reduced. The final convex penalty function is given by

P(t) = aui(t) + 0.5u3(t) + 0.5i7(t) + 1.585(1) + 0.177(2)).

Based on the assumptions above, the optimal control problem can be formulated as follows:

% = A= (1= us(t) = us(®)Brsis = (1 = us(t) = ua()Basia — (1 = u3(t) = us(O)(1 + §)Basi — s,
% = (1 — us(t) — us@)Bysiy — (L + uy ()i — iy,

‘% = (1 = u3(0) = ug(D)Basia = Maia — piia,

% = (1 + wy(0))miy + naia — (1 = uz(t) — us(0)PBaryia — pry,

% = (1= u3(t) = us()(1 + $)Basiz + (1 = us(1) = us(D)$Bariz = (1 + ux(O))maiz — i,

P = (1 waOmis - s,

with the initial conditions

0<s(0)<L 0<i(0)<L, 0<iy0)<L,
0<rn@ <L 0<i0)<L 0<n0=<L,

where L is the positive constant.
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Subsequently, the vector-valued optimization problem is reformulated as a scalar quadratic opti-
mization problem through a weighted sum approach, yielding the following unique objective function:

Ly
S (ui (1), ux(1), u3(1)) = f [w1 (B (0)ur (1)* + wa(Baia(Dua(1)* + ws(Bss(t)us (1))
0

+ Wa(Bas(ua(1))® + (Bas(t)us(1))*) + ws((Dy (i1 (1) + ia(0))* + (Daia(1))*) + P(0)]dt.
Theorem 6.1. There is a set of ui(t), ux(t), us(t), us(t), and us(t), so that

J(uy (1), uy (1), u3 (1), uy (1), us(2)) = min J(uy (1), uz (1), us(t), us(1), us()).
The optimal control expressions are as follows:
(i, — A)m (i, = A2
2w B\ (t) 2wyBir(1)
B0 61 ) = max{mingiiy, ——20
2w;B3s(t) 2w4B3s%(1) + 2

Ws(1)

2iB2 52 () + @

u;(t) = max{minf{u;, }, 0}, u3(t) = max{min{u,, 0},

uz(t) = max{min{us,

us(t) = max{min{us,

where
Ws3(0) = (A, = A)B1sin (1) + (i, = A)Basia(t) + (A, = AN + P)Pasiz(t) + (A, — A,))PBar1ix(1),
Wa(0) = (A — A)Brsin (1) + (i, — A;)Basia(?),
Ws(t) = (4, = A1 + @)Basia(t) + (A, — Ar )PBar1iz(2).
Proof. According to Pontryagin’s extreme value principle, the Hamiltonian function is defined
as follows:

H = w(Biii(Oui (1) + wa(Baiz(Nua(1))” + w3(B3s(Duz(1))” + wa[(Bas(ua())* + (Bas(tus(1))]
+ ws[(D1(i1 (1) + i4(0))* + (D2in(1))°] + P(1)
+ A[A = (1 = uz(t) — ug(D)Brsiy — (1 = uz(t) — ug(1))Basia — (1 — us(t) — us(®))(1 + §)Basiy — ps]
+ A, [(1 = us(t) — ua(®)Brsiy — (1 + wy ()myiy — i |
+ A, [(1 = us(t) — ua())Basia — naia — pia]
+ A, [(1 +ui(O)miiy + aia — (1 = us(t) — us(D)@Pariiy — pri]
+ A, [(1 = u3 () — us(D))(1 + §)Basiz + (1 — us(t) — us(D))$Bariia — (1 + up())naiz — piz]
+ A, [(1 + up())aiy — para],

where A, denotes the adjoint variable corresponding to the adjoint equation given in Appendix C.
Therefore, the optimal control strategy (u](?), u5(2), u3(1), (1), us(1)) can be solved by the following
optimality conditions:

OH OH
6u1(t)|(uT(t),uz(t),ufg(t),uZ(t),u;(t)) =0, —(?uz(t)|(MT(t)’u;(t)’uz(I)’uz(t)’ug(t)) =0,
OH oH
T t)|(u’.‘(z),u;(n,u;(n,u;(z),u;(t)) =0, e (t)|(uT(t>,u;(t),u§(z>,u:;(t),u;<z)) -0,

oOH 0
us() | 0065000600505 = O-

The proof is complete.
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6.2. Numerical simulation of optimal control

In this section, we use the forward-backward Runge-Kutta method [32] to compute the optimal
solution. Numerical simulations are conducted to validate the optimal control outcomes, thereby
assessing the impact of optimal control strategies on the epidemic’s dynamics. According to
references [30,33], the weekly pharmaceutical treatment costs for influenza cases caused by the original
strain and the new strain are approximately $120 (B; = 120) per person and $130 (B, = 130) per
person, respectively. The weekly healthcare resource costs for influenza cases associated with the
original strain and the new strain are approximately $150 (D; = 150) per person and $250 (D, = 250)
per person, respectively. Additionally, the cost of implementing behavioral interventions is estimated
to be approximately $5 (B; = 5) per person per week. Furthermore, according to reference [34],
assuming a six-month protection period for the influenza vaccine, the average weekly vaccination cost

is approximately $0.38 (B4 = 0.38) per person.
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Figure 6. The trends of iy, is, 71, and i, under different weight coefficient configurations.

6.2.1. Without ADE risk

In conventional control studies, ADE risk is typically neglected (i.e., @ = 0). Assume three
weighting schemes for intervention costs: (i) Balanced control (w; = wy; = w3 = wy = ws = 0.2),
(ii) prioritized control of pharmaceutical treatment costs (w; = w, = 0.3, w3 = w4 = 0.1, ws = 0.2),
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and (iii) prioritized control of behavioral intervention costs (w; = w, = 0.1, w3 = 0.3, ws = 0.4, ws =
0.1). Figure 6 compares the control outcomes under these three weighting schemes. Numerical
simulations indicate that under all three schemes, both the proportions of symptomatic individuals
(i) and asymptomatic carriers (i4) of the original strain demonstrate a rapid decline before eventually
stabilizing. In particular, the control strategy with balanced weights demonstrates superior overall
performance, achieving a better trade-off between control cost and epidemic scale.

Notably, Figure 7 compares influenza case counts in Geneva, Switzerland, before and after
implementing the control strategy with balanced weighting coefficients (w; = wy = W3 = Wy =
ws = 0.2). Numerical simulations demonstrate that the optimal control strategy effectively suppresses
the growth of the infected proportion, ultimately maintaining the epidemic at low endemic levels.
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Figure 7. Comparative dynamics of influenza’s transmission in Geneva, Switzerland, under
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Additionally, Figure 8 shows the time-varying control profile under the balanced weights.
The effective implementation of behavioral intervention measures (maintaining an intensity of
approximately 51% in the first 17 weeks and increasing to 79% by Week 20) serves as a critical enabler
of this control strategy, reducing the demand for pharmaceutical treatment resources to some extent.
The results further show that after Week 17, the optimal control strategy substantially increases the
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allocation to antiviral treatment and vaccination against the original strain. However, this increase
in vaccination effort heightens the risk of ADE, marking a strategic shift in epidemic control from
minimizing transmission alone to a new phase that explicitly accounts for immunological safety.

6.2.2. With ADE risk

The selection of the ADE risk weighting coefficient @ depends on multiple factors, including the
tolerable burden of vaccine-associated severe cases, the trade-off between population-level protection
and individual risk, heterogeneity across patient populations, the epidemic phase, and vaccine safety
profiles. If the decision-maker adheres to a “safety first” principle, @ takes a larger value; if containing
transmission is deemed to be more urgent, « is set to a smaller value. By varying the risk weight «, we
derive the Pareto frontier between infection control and ADE risk. Each value of « corresponds to a
point on this frontier, representing a specific risk preference (see Table 3 and Figure 9).

Table 3. Performance of optimal strategies under varying a.

a Total infections Total vaccinations Mean vaccination rate ADE risk Strategy description

0.0 202.58 16130.59 0.9601 2.50 Baseline (ADE neglected)
1.0 206.24 15377.67 0.9153 1.67 Low aversion

2.0 207.24 15349.02 0.9136 1.25 Recommended strategy
3.0 208.06 15330.51 0.9125 1.00 Moderate aversion

4.0 208.66 15320.49 0.9119 0.83 Intermediate aversion

5.0 209.61 15308.43 0.9112 0.71 Conservative strategy

7.0 210.16 15302.80 0.9108 0.56 High aversion

10.0 211.21 15286.33 0.9098 0.42 Extreme aversion

Table 3 presents key performance metrics of the vaccination strategy as the ADE risk-aversion
. . . . . tr ..
coefficient a varies from 0 to 10. The metrics are defined as follows: Total infections = fof (i () +

is(1) +ir(1)) dt, total vaccinations = folf (u4(t) + us(t)) dt, mean vaccination rate = % fotf (ug(t) + us(2)) dt,

and ADE risk = fotf (ug(D)i1 (1) + ug()ir(t) + us(2)ir(t) + r1()i(t)) dt. When the ADE risk is completely
neglected (o = 0), the system adopts an aggressive vaccination strategy, achieving the lowest number
of infections (202.58) but the highest ADE risk index (2.50). As « increases, the strategy shifts
toward conservatism: Total vaccinations decrease by 5.0%, the mean vaccination rate drops from
0.9601 to 0.9098, and ADE risk is significantly reduced by 83% to 0.42, while infections increase
only marginally by 4.3% to 211.21. The trade-off curve in Figure 9 reveals a nonlinear relationship
between infection control and ADE risk aversion. Within the interval « € [0, 2], each unit of increase
in a reduces the ADE risk by 0.63 at the cost of only 2.3 additional infections, yielding a benefit-cost
ratio of 0.27. For @ > 2, the marginal benefit diminishes sharply: Increasing @ from 2 to 10 reduces
the ADE risk by merely an additional 0.83 while increasing infections by 4.0, lowering the benefit-
cost ratio to 0.21. Overall, the strategy with @ = 2.0 demonstrates the most balanced performance,
reducing the ADE risk by 50% at the cost of only a 2.3% increase in infections compared with the
a = 0 scenario.
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Figure 10 shows the temporal evolution of vaccination strategies for the original strain (u#4) and
the new strain (u5) under three different ADE risk weights. A comparison reveals that despite
substantial variation in the ADE risk-aversion coefficient @ over a wide range (0-10), the optimal
vaccination strategies exhibit a consistent temporal structure, displaying similar patterns over time.
This indicates that within the established two-strain epidemic dynamic framework, a dominant optimal
vaccination rhythm exists, and the demand for risk aversion is primarily achieved by fine-tuning this
fundamental pattern.

7. Conclusions and discussion

This study systematically investigates the complex role of ADE in influenza transmission by
developing a two-strain transmission model that explicitly incorporates ADE effects. The model
integrates ADE effects driven jointly by endogenous factors (the host’s immune status) and exogenous
factors (viral cross-reactivity), while appllying threshold theory to establish the existence and stability
conditions of various equilibrium states. Dynamic analysis reveals that the system’s evolutionary
trajectory (see Table 4) is jointly determined by three transmission thresholds: The symptomatic
transmission threshold of the original strain (R;), the asymptomatic transmission threshold (R,), and
the transmission threshold of the new strain (R»).

Therefore
= BiA
Rl - ¢2 )
pp+m1+ (R = D)
and A
R, Ba

(e + 1 + naRa = D)
Increasing the exogenous ADE risk lowers these two thresholds, shifting the system from stable
boundary equilibria to stable coexistence equilibria. In contrast, a higher endogenous ADE risk
eliminates coexistence and stabilizes boundary equilibria, resulting in the eventual extinction of the
original strain. In our case study, numerical simulations based on historical data from the 1918
Spanish influenza pandemic in Geneva, Switzerland, demonstrated ADE’s pivotal role in driving the
secondary outbreak in autumn. By enhancing the new strain’s infectivity, ADE significantly increased
the cumulative number of cases by approximately 86.8% relative to the scenario without ADE.

Specifically, this paper applies a multiobjective Pareto optimization framework to influenza control
under ADE risk. By parameterizing the Pareto frontier via the risk-weighting coefficient @, we quantify
the trade-off between infection control and safety. The results show the following.

1) In the absence of risk aversion (@ = 0), under resource-limited conditions, an integrated
intervention strategy centered on drug therapy and behavioral modifications (e.g., mask-wearing,
social distancing, and voluntary vaccination) can reduce the peak infection rate by approximately
94.7%, outperforming a drug-only strategy.

2) As the risk aversion coeflicient @ increases from 0 to 10, the ADE risk decreases by 83% at the
cost of a 4.3% rise in infections—a typical Pareto trade-off. The interval @ € [1, 3] delivers the
optimal benefit-cost ratio. In particular, the strategy with @ = 2 achieves a 50% reduction in
the ADE risk with only a 2.3% increase in infections, representing the best balance between risk
and benefit.
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Furthermore, comparative analysis reveals that the structure of the optimal control strategy is
insensitive to changes in the risk aversion coefficient. This provides a foundational policy blueprint for
public health decision-makers, who can fine-tune the strategy according to specific risk assessments
without concern for drastic strategic shifts.

Table 4. Existence and stability of equilibria for System (2.2).

Equilibria Existence conditions Local stability conditions Global stability conditions
Ey Always exists Ry = max{R|,R4, Ry} < 1 Ry = max{R|,R4, Ry} < 1
R >1 Ry >1
E, Ry >1 Ry > Ry R1>EA>RA
Ri >R >R, R, >R, >R,
Ry >1 Ry>1
E, Ry >1 R4 > R, RA>FE?1>R1
RA>§A>R2 RA>§A>R2
R, > 1 Ry > 1
E, R, > 1 R, > R, R2>1:’€:1>R1
Ry > Ry R2>§A>RA
B E1<R2<R1 §1<R2<R1 ﬁl <.R‘2<R1
R, >Ry condition (4.3)
B §A<R2<RA EA<R2<RA ﬁA <.1‘€2<RA
R4, > R, condition (4.3)

ADE poses a significant risk to vaccine safety. Beyond influenza, ADE has been well established
in viruses with multiple serotypes, most notably dengue, and remains a theoretical concern for other
pathogens, including SARS-CoV-2. Accurately quantifying the impact of ADE risk on vaccination
strategies presents complex multiobjective trade-offs and computational challenges in dynamic
optimization. To address this, we developed a two-strain optimal control model for vaccination
that explicitly integrates the ADE risk. Our analysis systematically reveals a quantifiable trade-off
between risk aversion and epidemic control efficacy—an aspect not fully addressed in prior ADE-
prone multistrain epidemic models—and identifies an optimal risk aversion interval that balances safety
with effectiveness. The proposed framework not only provides a scientific foundation for decision-
making in dual-strain vaccination campaigns but is also readily adaptable to complex public health
scenarios, such as emergency vaccination during outbreaks of emerging infectious diseases. It thus
offers a generalizable methodology for optimizing the balance between safety and efficacy in the face
of uncertainty.
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Appendix

A. Block entries of the matrix Q

This appendix provides the complete block entries of the matrix Q(s,i1,ix,r1,02) = PyP7' +

PJ2'P~!_ which is used in the geometric approach to prove the global asymptotic stability of the
endemic equilibrium E (Theorem 4.6).

O =M - z.—i, Q12 =(0,0), Q13 =(0,B45), Q14 =(0,(1 +¢1)B2s), O15=1(0,0), Q16 =0,

e (M=% 0 (0 —Bis [0 0
021 =(0,m)", sz—( " M3—%J’ Q23_(—¢2,82r1 0 ), Q24_(—,31S 0),
Qs = (—F? (h+ (81),325‘) . Q26 = (0, (1 +¢1)B2s)", Q31 = (0,—Bain)", Ox2 = (,80' ¢2€2i2),
AS 1l
My—%2 0 - _
05 = [ 40 “ M, — iﬁ], O = (8 f)ls), O35 = (8 '%AS), 03 = (0,0)",

0 - 1, _ [0 Bl (0 m (M- ~gapor,
Qi = (O, <1+¢1)ﬁzzz),Q42-(0 0),Q43_(ﬂ1i1 0),Q44_[¢2ﬁ2i2 M7_€A)’

A
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-2 0 = T = T - 0 Baia (0 -
Qs = (0 O)’ Q46 = (0,0)", Os; =(0,0)", Os, = (_(1 fo0fi O ), Oss = (ﬁAiA K )’
Mg—2 —
Ou s (8 8) O :[¢:ﬁ2if AZZﬁ_zr—l] Qs = (0,0)", Q1 =0, 02 = (0,~(1 + ¢1)Baid),

!

Os3 = (0,0), Qs = (0,11), Oss = (0,m4), Qg6 = My — 1_2

i
B. Sensitivity analysis of ADE factors and model simplification

To assess the relative importance of exogenous (¢,) and endogenous (¢,) ADE effects on key model
outputs, we performed a normalized sensitivity index (NSI) analysis. The NSI is defined as S }; = g—g . %,
which measures the percentage change in output Y resulting from a 1% change in parameter ¢ around
the baseline value (¢; = ¢, = 1.13, estimated from the 1918 Geneva influenza data). Following
standard conventions, |S| > 1 indicates high sensitivity, 0.2 < |§| < 1 indicates moderate sensitivity,

and |S| < 0.2 indicates low or negligible sensitivity.

1.5 T T
-¢1 (Exogenous ADE)
-qbz (Endogenous ADE)

1.20

1.2

|SI = 1 (High sensitivity)

o
©

g
o

o
w

|S| = 0.2 (Lgw sensitivity)

Normalized Sensitivity Index

o

-0.15

1 1 1
Cumulative infections Peak infection rate Total control cost

Figure B1. Sensitivity of ADE factors on key model outputs.

Figure B1 presents the NSI results for three key outputs: Cumulative infections, peak infection
rate, and total optimal control cost. The analysis reveals a clear asymmetry between the two ADE
mechanisms. Specifically, ¢; exhibits high sensitivity for cumulative infections (S = 1.20), moderate
sensitivity for peak infection rate (S = 0.60), and moderate sensitivity for the total control cost (S =
0.84). In contrast, ¢, shows negligible sensitivity for all three outputs, with || < 0.2 in each case.

These results provide strong justification for the simplification ¢; = ¢, = ¢ adopted in our numerical
simulations and optimal control analysis. Because ¢, is insensitive for the key outputs of interest, any
uncertainty or misspecification in ¢, does not materially affect the model’s main conclusions. Under the
combined parameter ¢, the model primarily captures the sensitive effects of exogenous ADE, ensuring
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that the simplified framework remains robust and reliable for evaluating epidemic control strategies

und

C. Complete adjoint equations

er ADE risk.

This appendix provides the complete adjoint equations used in the optimal control problem
(Theorem 6.1). The adjoint variables A, A;, 4;,, 4,,, 4;,, and 4,, satisfy the following system of
differential equations, derived from %—Z = -1, (where x denotes each state variable):

0H

A =

T s

= “203B35(0)5(1) = 204 Bis((u3(1) + u5(0) + pd + (1 = u3(0) = wa(O)[B1in(4s = )
+ Baialds = )] + (1 = u3(t) = us()(1 + $)Bain(A; = A),

O0H

A =

" oI
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+ (L + (D) (A, = 4r,),

0H
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“ Oiy
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+na(di, — Ap)),
OH
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? 0iy
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