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Abstract

This study is based on using a novel sex-structured mathematical model to assess
the effectiveness of vaccination and Pap screening against HPV and related cancers
in South Korea. In addition to its disease-free equilibrium (DFE) being locally-
asymptotically stable when the associated control reproduction number is less than
one, the model could have one or three endemic equilibria, for a special case with neg-
ligible disease-induced mortality, if the reproduction number exceeds one. It’s shown,
using a Krasnoselskii sublinearity argument, that this special case has a unique and
locally-asymptotically stable endemic equilibrium, when the reproduction number is
larger than one, if, additionally, the HPV vaccine is assumed to be perfect. The DFE
of a simplified version of the model, which is calibrated using HPV-related cancer
data in Korea, is globally-asymptotically stable when its reproduction number is less
than one. Simulations of the full model showed that, although vaccine-derived herd
immunity (needed for HPV elimination) cannot be achieved in Korea under the current
vaccination coverage of females (of 88%), it can be achieved if, additionally, at least
65% of males are vaccinated at steady-state. While the current combined vaccination-
screening strategy (termed Strategy A) will fail to eliminate HPV, extended strategies
that include increased coverage of female vaccination (termed Strategy B) or addi-
tionally vaccinating boys (termed Strategy C) could lead to such elimination in Korea.
The implementation of boys-only vaccination strategy induces a significant spillover
benefit in reducing cervical cancer burden, which exceeds the corresponding spillover
benefit achieved by implementing a girls-only vaccination strategy.
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1 Introduction

While cervical cancer is the fourth most frequent female cancer globally (there were
661,021 new cervical cancer cases and 348,189 fatalities globally in the year 2022
alone (Bray et al. 2024)), it is the third most frequent in the 15-44-year female age
group in South Korea (there were 3,218 new cervical cancer cases and 1,018 fatalities
in South Korea in the year 2020 (Bruni et al. 2023)). Cervical cancer is one of the
top three cancers in females under the age of 45 globally, and the average ages for
cervical cancer diagnosis and death are 53 years and 59 years, respectively (Arbyn
et al. 2020). The burden of the cervical cancer disproportionately affects resource-
limited countries that have lack of availability and access to screening, vaccination,
and treatment measures (Bray et al. 2024).

Virtually all cervical cancer cases are caused by HPV(Human Papillomavirus)
(Walboomers et al. 1999), which is transmitted primarily through skin-to-skin or
mucosa-to-mucosa sexual contacts (Schiffman et al. 2007). Among the more than
200 serotypes of HPV, the most prevalent serotypes are HPV-16 and HPV-18, which
are high-risk oncogenic types that are found in 70% of cervical cancer cases (Smith
et al. 2007). The oncogenic types HPV-31/33/35/45/52/58 are the next most com-
mon serotypes that account for additional 20% of cervical cancers globally (Clifford
et al. 2006). These high-risk oncogenic types cause the most pre-cancerous lesions
and cancers in humans. On the other hand, HPV-6 and HPV-11 are low-risk non-
oncogenic types that are responsible for 90% of genital warts (Walboomers et al.
1999). Although 70-90% of sexually active adults contract HPV at least once dur-
ing their lifetime (Bosch and de Sanjose 2003; Chesson et al. 2014), 90% of HPV
infections clear naturally within 2 years (Schiffman et al. 2007). HPV persists in the
remaining 10%, increasing the risk of developing pre-cancerous lesions and cancer
in these individuals (Bulkmans et al. 2007; Schiffman et al. 2007). Empirical studies
in the US and Netherlands show that males recover faster from HPV infection than
females (Giuliano et al. 2008a; Moscicki et al. 2004, 1998), and persistent infection is
more common in females than in males (Van Doornum et al. 1994). This explains, in
part, the higher HPV prevalence and number of HPV-related cancer cases in females
than in males in South Korea (National Cancer Center Korea Central Cancer Registry
2022; Shin et al. 2004). The pre-cancer stage of the natural history of HPV is referred
to as intraepithelial neoplasia. The cervical intraepithelial neoplasia (CIN) stage is
divided into three grades, namely CIN1, CIN2, and CIN3, depending on the extent of
the abnormalities (IARC 1995), and the risk of developing invasive cervical cancer
is higher for higher grades of CIN (IARC 1995; Schiffman et al. 2007). Similarly,
intraepithelial neoplasia in males (INM) is divided into three stages (INM1, INM2,
and INM3), and leads to various cancers in males (such as anal and penile cancers)
(IARC 1995).

Although the risk posed by the cervical cancer has been the major driving force of
the studies on the HPV dynamics, HPV is also responsible for 88% of anal cancer, 50%
of penile cancer, and 30.8% of oropharyngeal cancer cases globally, exerting burden
on both females and males (de Martel et al. 2017). In South Korea, HPV-related male
cancer cases tripled in the past 20 years, reaching 573 new cases in 2020 (National
Cancer Center Korea Central Cancer Registry 2022). An empirical study in the US,
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Mexico, and Brazil reported that 65.2% of asymptomatic males in the age group of
18-70 have HPV DNA in the genital area (Giuliano et al. 2008b). Major risk factors for
HPYV infection include anal intercourse and contraction of other sexually-transmitted
infections (STIs) (Chin-Hong Peter et al. 2004; Hernandez et al. 2008; Kyo et al. 1994;
Lee etal. 2016; Marra et al. 2018), hence men who have sex with men (MSM) is one of
the main risk groups of HPV infection among sexually active individuals (Chin-Hong
Peter et al. 2004; Lee et al. 2016; Marra et al. 2018).

Three HPV vaccines have been approved for use in females of age 9-45 and males of
age 9-26 in South Korea; the bivalent (Cervarix®, preventing HPV 16/18), quadrivalent
(Gardasil®, preventing HPV 16/18/6/11), and 9-valent (Gardasil9®, preventing HPV
16/18/6/11/31/33/45/52/58) vaccines, which were approved in 2008, 2007, and 2016,
respectively. The 9-valent vaccine (Gardasil9®) provides the broadest coverage of
HPV types, covering 9 HPV types, and costs about $287.54 per dose in the United
States in 2024 (CDC 2024) (it costs about $150 per dose in South Korea (Choi et al.
2022)). All three vaccines protect against HPV infection with over 90% efficacy if used
prior to HPV exposure, and offer protection against precancerous lesions (Cheng et al.
2020). People of age 9-14 are recommended to get 2 doses, while those of age 15-26
are recommended to get 3 doses of the vaccine (World Health Organization 2022).
In South Korea, the HPV National Immunization Program (NIP) began in June 2016,
offering 2 doses of bivalent(Cervarix®) or quadrivalent(GaIdasil®) vaccines to girls
of age 12. The routine HPV immunization program in Korea was expanded to cover
girls of ages 12-17 in 2022. In 2016, before the onset of the NIP, 23.1% of Korean
females aged 9-59 years received the first dose of HPV vaccine (Choi et al. 2022). In
2018 (two years after the implementation of the NIP), however, 82.3% of 12-year-old
girls received the first dose of HPV vaccine in Korea (Kim et al. 2018). This is still
relatively low compared to the 91-98% coverage of infant vaccination series against
childhood diseases covered by the NIP in South Korea (KCDC Center for Infectious
Disease Control 2023).

Papanicolaou test (Pap test) is widely used as the primary method of screening for
cervical cancer in countries with organized screening programs, allowing for early
detection and treatment of pre-cancerous lesions, thereby reducing the incidence and
mortality of cervical cancer (Devesa et al. 1989; Lim and Yoo 2019; Min et al. 2015).
Some empirical studies suggest the utility of using HPV DNA test (such as, Hybrid
Capture 2 and PCR-based methods) as an alternative or adjunctive screening method
to the Pap test (Reid et al. 1991; Denny and Wright 2005). However, South Korea
does not recommend it as a standalone test, due to its low specificity, high cost,
and high variability of its performance (Lim and Yoo 2019). In contrast, Pap test
(conventional Pap smear or liquid-based cytology) is implemented in South Korea,
with the Korean Society for Cytopathology entrusted with managing the quality control
of its nationwide implementation (Lim and Yoo 2019; Lee et al. 2008). South Korea
started offering free Pap screening, as a part of the National Cancer Screening Program
(NCSP), to females over age 30 every 2 years in 2002, and then extended to females
over age 20 since 2016 (Shin et al. 2022). The national cervical cancer screening
guideline in South Korea (2015) suggests that females over age 20 receive Pap test
every 3 years, with the option of combining Pap test with HPV test in consideration
of clinical decision for individual risk and preference (Min et al. 2015). The guideline
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also states that the screening can terminate at the age of 74 if more than 3 consecutive
cytology results are negative within 10 years (Min et al. 2015). The Korean National
Cancer Screening Survey reported that the Pap screening coverage in Korea during
the period 2005-2020 was 61% on average (Shin et al. 2022).

Numerous mathematical models, typically in the form of a deterministic system of
nonlinear differential equations, have been developed and used to study the natural
history of HPV (Elbasha and Galvani 2005; Gao et al. 2021) and its progression to
associated cancers (Alsaleh and Gumel 2014; Choi and Shim 2024; Elbasha et al. 2007,
Goldie et al. 2007, 2008; Javame and Gumel 2016; Malik et al. 2013; Milwid et al.
2018). For instance, Elbasha and Galvani (Elbasha and Galvani 2005) examined the
impact of vaccination on the dynamics of two types of HPV in a community. (Gao et al.
2021) developed and analyzed a model for HPV dynamics that includes vaccination in
both the heterosexual and the MSM populations. (Alsaleh and Gumel 2014) developed
and analyzed a 29-dimensional risk-structured model for HPV dynamics, computing
optimal vaccination coverage level. Some mathematical models were also developed
and used to investigate the cost-effectiveness of different HPV vaccination strategies
(Choi and Shim 2024; Cody et al. 2021; Elbasha et al. 2007; Goldie et al. 2007, 2008).
Furthermore, while (Javame and Gumel 2016) investigated the effects of Pap screening
on the prevalence of HPV and related cancers, other studies (such as those in (Malik
et al. 2013; Milwid et al. 2018)) examined the effects of both the vaccination and Pap
screening programs against HPV and related cancers in a community.

The purpose of the current study is to extend some of the previous modeling studies
to quantify the combined population-level impacts of vaccination and Pap screening
against HPV and HPV-related cancers in South Korea. Specifically, the main objective
of this study is to assess whether or not the existing control resources (i.e., vaccination
and Pap screening, under current levels of coverage and efficacy) will be sufficient to
significantly curtail the incidence and burden of HPV and HPV-related cancers in the
main high-risk groups in South Korea. The effectiveness of various control strategies
will also be theoretically assessed. The paper is organized as follows. The vaccination
and Pap screening model for the transmission of HPV is formulated in Section 2.
Detailed qualitative analysis (with respect to the existence and asymptotic stability of
its disease-free and endemic equilibria) of the model are carried out in this section. In
order to calibrate the model and estimate its unknown parameters, a simplified version
of the model without Pap screening and with the three CIN and INM stages lumped
into one compartment, is considered in Section 3. The calibration and qualitative
analysis of this simplified version of the model are also described and presented in
this section. Detailed global sensitivity analysis for the full model with vaccination
and Pap screening (based on the values of the unknown parameters estimated from the
fitting of the reduced model) is carried out in Section 4 to determine the most influential
parameters of the full vaccination and Pap screening model. Numerical simulations
of this model are carried out in Section 5. Concluding remarks and discussion are
presented in Section 6.
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2 Formulation of Vaccination and Pap Screening Model

In this section, a mechanistic model for the heterosexual transmission of HPV will
be developed and used to assess the combined population-level impact of routine
HPV vaccination and Pap cytology screening on the incidence and burden of HPV
and HPV-related cancers in South Korea. In addition to incorporating the life history
features of HPV and associated dysplasia, the model to be developed stratifies the
total sexually active population (which is assumed to be of age 17 or older (Nakazawa
et al. 2023; Shin et al. 2004)) based on gender (male or female). Specifically, the total
sexually active population of South Korea at time ¢, denoted by N (¢), is split into
the total number of females at time ¢ (denoted by N¢()), and the total number of
males at time ¢ (denoted by Ny, (7)), so that N(t) = Ny(t) + N,,(t). Furthermore,
the population of sexually active females is stratified into the 15 mutually exclusive
compartments of unvaccinated susceptible (S(¢)), vaccinated susceptible (V((2)),
exposed/pre-symptomatic infectious (E ¢ (¢)), symptomatic infectious ({7 (¢)), persis-
tently infected (P (¢)) females, females having undetected CIN (Q;,, withi = 1,2, 3
accounting for the three CIN stages or grades), detected CIN (Q;4, i = 1, 2, 3), unde-
tected cervical cancer (C,, (1)), detected cervical cancer (C;(¢)), females who recovered
from cervical cancer (R? (1)), and females who recovered from HPV infection before
developing cervical cancer (R s (¢)). Hence,

Ne@)=Sr@)+ Vi) + Ef(t) +15(t) + Pr(®)

3
3 (Qiu(®) + Qia (1) + Cult) + Ca(t) + RS(1) + Ry (1),
i=1

Similarly, the total population of sexually active males is split into the 11 mutually
exclusive compartments of unvaccinated susceptible (S, (7)), vaccinated suscepti-
ble (V,,(t)), exposed/pre-symptomatic infectious (E,,(¢)), symptomatic infectious
(I, (1)), persistently infected ( Py, (1)) males, males having INM (J;,,, withi = 1,2, 3
accounting for the three INM stages), males having HPV-related cancers (C},), males
who recovered from HPV-related cancers (R,i ), and males who recovered from HPV
infection before developing HPV-related cancers (R,,), so that

3
Nin(t) = Sp(t) + Vin (t) + Ep () + I (t) + Py (1) +Zfim(t) + Cn (1) + RS (1) + Run ().

i=1

The population of sexually active unvaccinated susceptible females (S) and males
(8m) acquire HPV infection at the rate A,y and A 7., respectively, given by:

2.1)

A _ Im + nmEm + 0m[Pm + Jim + km (Do + J3m)]
nf = (Bugemy) N, ~

Iy +npEp+07[Pr+ Quu+ky(Qay + 03u) + V{014 + xra(Q2d + 034)}]
Apm = (ﬂfmcfm) N .
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In (2.1), By is the probability of HPV transmission from symptomatic infectious
males to unvaccinated susceptible females per partnership, and ¢, s is the average num-
ber of male sexual partners a sexually active female has per unit time (for this study,
time is measured in years). The modification parameter O < 7, < 1 accounts for the
assumed reduced transmission probability of HPV by exposed/pre-symptomatic infec-
tious males, in comparison to the transmission probability of symptomatic infectious
males. Furthermore, 0 < 6,, < 1 measures the assumed reduction of infectiousness
of males who are at, or past, the persistent HPV infection stage, in comparison to
the infectiousness of symptomatic infectious males, and k;,, > 1 is the modification
parameter accounting for the assumed increased probability of HPV transmission from
males with INM2 and INM3, in comparison to males with INM1 and persistent HPV
infection. Similarly, B, is the transmission probability from symptomatic infectious
females to unvaccinated susceptible males per partnership, and cy,, represents the
average number of female sexual partners a male has per unit time. The modifica-
tion parameter 0 < ny < 1 accounts for the assumed reduced probability of HPV
transmission by exposed/pre-symptomatic infectious females, in comparison to the
HPV transmission by symptomatic infectious females. Furthermore, the parameter
0 < 8¢ < 1 represents the assumed reduction of the infectiousness of females that
are at, or past, the persistent HPV infection stage, in comparison to the infectiousness
of symptomatic infectious females, and ks > 1 accounts for the assumed increased
probability of HPV transmission by females with undetected CIN2 and CIN3, in com-
parison to females with undetected CIN1 and persistent HPV infection. The parameter
0 < v < 1 accounts for the assumed reduction in the number of sexual contacts by
females detected with pre-cancerous lesions, in comparison to females with unde-
tected pre-cancerous lesions and persistent infection. Finally, the parameter « 4 > 1
represents the assumed increase in the probability of HPV transmission by females
with detected CIN2 and CIN3, in comparison to females with detected CINT1.

It should be stated that, since the model to be developed in this section only considers
heterosexual transmission of HPV (i.e., transmission only occurs via sexual contacts
between males and females), the following conservation law of total number of sexual
partnerships per unit time must hold (i.e., the total number of sexual partnerships
sexually active females have (with males) in the community must balance those by
sexually active males (with females)):

Cmfo(t) =Cfm(t)Nm(t)~ (2.2)

It is assumed that females can always find enough number of male partners in the
community to have sexual contacts with, so ¢, is set to be a constant (this assumption
is justified by the fact that males generally have a higher desired number of female
sexual partners than females (Fenigstein and Preston 2007), and tend to overreport their
lifelong number of female sexual partners (Brewer et al. 2000), suggesting a higher
demand among males for multiple female sexual partners. In addition, an empirical
study using the famous online dating app, Tinder, shows that women attain a larger
number of men matches in a short time (Tyson et al. 2016), which supports the claim
that it is easier for women to find sexual partners than men). Hence, based on all
this, the parameter c 7, (for the average number of female sexual partners a male has)
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can be computed from (2.2) as (i.e., the rate ¢y, depends on the ratio of the total
sub-populations of males and females at each time)

Cmfo )

0 (2.3)

Cfm(t) =

Using (2.2) (with (2.3)), it follows that the expressions for the forces of infection, A, ¢
and A 7,,, given in (2.1), can now be re-written, respectively, as:

] R N @4
m
Ir+mpEf+0p[Pr+ Quy +kf(Qoy + O3u) +v{Q1a +kfa(Q2d + O3a0)H
Afm = (Bfmemp) y .
m

Based on the above formulation, derivations (for the conservation law (2.3) and forces
of infection (2.4)), and assumptions, the sex-structured model for the heterosexual
transmission of HPV and related cancers, in the presence of HPV vaccination and Pap
screening, in South Korea is given by the following deterministic system of nonlinear
differential equations:

Sp = (=qp)ms = Guny + & + WSy,

Vi =qpry+EpSp— (L= e)hmg V= uVy,

Ef = dmfSr+ (1 —e)hmsVy — (0f + WE;s,

Iy =oEr— W5+ mwly,

Pr = —bp)yrly — (ap+p) Py,

O = (1 —kpay P+ huayy Qo — (87 + 1) Q1.

02 = (1 = dit — di3)g 7 Qru + qu2z Q3 — (v + 1) Qus
O3 = (1= byt = hua = hu3)y £ Qo — (25 + 1) Qs

O1a = di3gr Quu + har2 Q2a — (41 + 1) Q1a,

024 = huzyy Qo + (1 — dg1)¢1 Q1a + qa283 03a — (&2 + 1) Q24
034 = qu3zy Q3u + (1 — hat — ha2)02 Q2a — (&3 + 1) Q34
Cu == qu — qu2 — 9325 Q3 — Wy +ru +8 + 1)Cu,
Cs = (1= qa1 — q2)53Q3a +wyCy — (ra + 84 + W Ca,

Females

R]g =rCy+rasCq — ,u,R]C;,
Ry =bpyplp+kpayPr+dugsQuu+ huryy Qo+ quizy Qs + dait1Qua

+ha152 024 + 44153034 — uRy,
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Sm = (1= qu)7m — fm + Em + 1) S,

Vie = qmTm + &mSm — (1 = €)Afm Vin — Vim,

Ew = dfmSm+ (1= &) Vi — (Om + 1) Enm,

In = owEm — Wm + 1) I,

Py = (1= by) VI — (@m + 1) P,

Males § Jim = (1 = k)atm P + hy2 Y Jom — (8m + 1) J1m. (2.5)
Jom = (1= d)gmTim + Gmazm F3m — Gm + 1) Jam,

J3m = (1= w1 = hm2)Ym Jam — @ + 1) Jam,

Cn = (1= Gm1 — qm2)zmJ3m — (rm + 1) C,

R,g =rmCm — [,LRC

m>

Rm = bV lIm + kim0t Py + din@m J1m + i1 Ym J2m + qm12m J3m — Ry

In the model (2.5), the population of sexually active unvaccinated susceptible
females (S 7) is generated by the recruitment of new sexually active individuals into the
community at arate (1 —q ) s (where the proportion g r is vaccinated against HPV),
and is reduced by the acquisition of HPV infection at the rate A,,, administration of
the catch-up HPV vaccination (at a rate & y), and natural death (at a rate ; individuals
in all epidemiological class are assumed to die naturally at this rate). The population of
sexually active vaccinated susceptible females (V) is increased by the cohort (at the
rate g r7 r) and catch-up (at the rate & ) vaccination. Breakthrough infection occurs at
the rate (1 —&y)Apr, where 0 < &, < 1is the efficacy of the vaccine to protect against
the acquisition of HPV infection. Exposed/pre-symptomatic infectious females (i.e.,
those in the E ; class) develop clinical symptoms of HPV at a rate o y. Symptomatic
infectious females (i.e., those in the /7 class) leave this class at arate V¢, a proportion,
b s, of these individuals recover (at arate b sy r), and the remaining proportion, 1 —b ,
progress to persistent HPV infection (at a rate (1 — b )y ). Females with persistent
HPV infection (i.e., those in the Py class) leave this class at a rate o ¢, a proportion,
k 7, of these individuals recover (at arate k s y ), and the remaining proportion, 1 —k,
move to the undetected CIN1 class (at arate (1 — ks)ay).

Females with undetected CIN1 (i.e., those in the Q;, class) transition out of this
class at arate g, and a proportion, d,1, of these individuals recover (at a rate dy,;1 g 1),
another proportion, d,3, are detected via Pap screening and move to the detected
CINI class (at a rate d,3¢ f), and, finally, the remaining proportion, 1 — (dy1 + dy3),
progress to the undetected CIN2 class (at a rate (1 — d,;1 — d,3)g ). Females with
undetected CIN2 (i.e., those in the O, class) leave this class at arate y r. A proportion,
hy1, of these individuals recover (at a rate 4,1y r), another proportion, &, regress to
the undetected CINI class (at a rate h,2y ), a proportion, h,3, are detected via Pap
screening and move to the detected CIN2 class (at a rate h,3y ), and the remaining
proportion, 1 — (h,1 + hy2 + hy3), progress to the undetected CIN3 class (at a rate
(1 —hy1 — hy2 — hy3)y ). Females with undetected CIN3 (i.e., those in the Q3 class)
leave this class at a rate z . A proportion, g1, of these individuals recover (at a rate
qu12f), a proportion, g,», regress to the undetected CIN2 class (at a rate g,2z ), a
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proportion, g,3, are detected via Pap screening and move to the detected CIN3 class
(at a rate g,32 ), and the remaining proportion, 1 — (qu1 + qu2 + qu3), progress to
the undetected cervical cancer class (at arate (1 — g,1 — gu2 — gu3)z r). Females with
detected CINT1 (i.e., those in the Q14 class) transition out of this class at a rate n;.
A proportion, dy1, of these individuals recover (at a rate dz17;), and the remaining
proportion, 1 — dg1, progress to the detected CIN2 class (at a rate (1 — dg1)n1).
Females with detected CIN2 (i.e., those in the Q4 class) leave this class at a rate 7.
A proportion, hg1, of these individuals recover (at a rate hg112), a proportion, 42,
regress to the detected CIN1 class (at a rate hy212), and the remaining proportion,
1 — (hg1 + ha2), progress to the detected CIN3 class (at a rate (1 — hg1 — hg2)n2).
Females with detected CIN3 (i.e., those in the Q34 class) leave this class at a rate
n3. A proportion, ¢g41, of these individuals recover (at a rate g4173), a proportion,
q42, regress to the detected CIN2 class (at a rate g4213), and the remaining proportion,
1—(qq41+4qa42), progress to the detected cervical cancer class (atarate (1—g41 —q42)13)-
Females with undetected cervical cancer (i.e., those in the C, class) recover from
cancer at a rate r,, are detected via Pap screening and move to the detected cervical
cancer class at a rate w 7, or die of cancer at a rate §. Females with detected cervical
cancer (i.e., those in the Cy; class) recover from cervical cancer at a rate r4, or die of
cancer at a rate 8.

The population of sexually active unvaccinated susceptible males (S,,) is increased
by recruitment at a rate (1 — g,,)7,, (Where the proportion g,, is vaccinated against
HPV), and is decreased by the acquisition of HPV infection (at the rate A ¢, ), catch-up
vaccination (at arate £, ), and natural death (at the rate 1¢). The population of vaccinated
susceptible males (V) is increased by the cohort (at the rate g,,,,) and catch-up
(at the rate &,,) vaccination. Breakthrough infection occurs at the rate (1 — €,) A, .
Exposed/pre-symptomatic infectious males (i.e., those in the E,, class) develop clinical
symptoms of HPV at a rate o,,,. Symptomatic infectious males (i.e., those in the 7,
class) leave this class at a rate ¥,,,. A proportion, by, , of these individuals recover (at a
rate by, V,), and the remaining proportion, 1 — b, progress to persistent infection (at
arate (1 — by,)y,). Males with persistent HPV infection (i.e., those in the P, class)
leave this class at a rate «;,,. A proportion, &, of these individuals recover (at a rate
kman), and the remaining proportion, 1 — k,,, move to the undetected CIN1 class (at a
rate (1 — k), ). Males with INM1 (i.e., those in the Ji,, class) transition out of this
class at arate g,,. A proportion, d,, of these individuals recover (at a rate d,, g;,,), and
the remaining proportion, 1 — d,,,, progress to the INM2 class (at a rate (1 — dp,) gm)-
Males with INM2 (i.e., those in the Jo,, class) leave this class at arate y,,. A proportion,
hm1, of these individuals recover (at a rate f,,1Y;,), a proportion, k2, regress to the
INM1 class (at arate h,,2y,, ), and the remaining proportion, 1 — (h,,1 + h,,2), progress
to the INM3 class (at arate (1 — hy,1 — hp2) yim). Males with INM3 (i.e., those in the
J3m class) leave this class at a rate z,,. A proportion, g,,1, of these individuals recover
(at a rate ¢,,12m), @ proportion, g2, regress to the INM2 class (at a rate ¢,,2z5, ), and
the remaining proportion, 1 — (g»1 + gm2), progress to the HPV-related cancer class
(at arate (1 — gm1 — gm2)zm). Males with HPV-related cancer (i.e., those in the C,,
class) recover from cancer at a rate r,,.

The main assumptions made in the formulation of the model (2.5) include (inter
alia):
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(i) Homogeneous mixing (i.e., every sexually active heterosexual individual is
equally likely to mix with, and have sexual contact, with every other sexually
active heterosexual individual)

(i1) Large population size (so that random or stochastic fluctuations can be ignored)
(iii) Exponentially-distributed waiting times in each epidemiological compartment
(iv) No prior immunity against HPV infection (i.e., no maternal immunity) and

recovery from previous HPV infection induces permanent immunity against the
acquisition of future infections (Elbasha and Galvani 2005; Malik et al. 2013)

(v) Immunity derived from HPV vaccine does not wane during the period of con-
sideration for the current study (i.e., during the simulation period considered in
this study) (Elbasha 2007)

(vi) Individuals in the detected CIN stages (Q;4; i = 1,2, 3) are females who got
detected for their pre-cancerous lesions during the regular Pap screening per-
formed in the population (South Korea) every 2 years (Shin et al. 2022)

(vii) Males do not die of HPV-related cancers (although males die of anal, penile, or
oropharyngeal cancers, the rates of occurrence of these deaths are quite negligible
compared to deaths due to HPV-related cancers in females (Bray et al. 2024; de
Martel et al. 2017)).

The model (2.5) is an extension of many HPV models in the literature, such as those
in (Alsaleh and Gumel 2014; Elbasha 2007; Elbasha and Galvani 2005; Javame and
Gumel 2016; Malik et al. 2013; Milwid et al. 2018) by (inter alia):

(a) including both cohort and catch-up vaccination for sexually active unvaccinated
susceptible females and males (only cohort vaccination is considered in (Alsaleh
and Gumel 2014; Elbasha 2007; Elbasha and Galvani 2005; Javame and Gumel
2016; Malik et al. 2013))

(b) incorporating multiple grades of pre-cancerous lesions (CIN for females, INM for
heterosexual males) in the HPV dynamics (pre-cancerous stages are not included
in (Elbasha 2007; Elbasha and Galvani 2005), and only CIN stages for females
are included in (Malik et al. 2013))

(c) allowing for regression from grade i to grade i — 1 (i = 2 and 3) of the pre-
cancerous CIN and INM stages for females and males, respectively (regression
of detected pre-cancerous lesions are not included in (Javame and Gumel 2016),
regression from grade 3 to grade 2 is not included in (Malik et al. 2013), and
regression of undetected pre-cancerous lesions from grade 3 to grade 2 are not
included in (Milwid et al. 2018))

(d) allowing for HPV transmission by individuals in the pre-cancerous stages (this is
notincluded in (Alsaleh and Gumel 2014; Malik etal. 2013), and HPV transmission
by individuals with CIN3 is not included in (Milwid et al. 2018))

(e) including a class of exposed (pre-symptomatic infectious) individuals (females
and males), and allowing for HPV transmission by these individuals (no exposed
class is included in (Elbasha 2007; Elbasha and Galvani 2005; Malik et al. 2013;
Milwid et al. 2018))

A flow diagram of the model (2.5) is depicted in Figure 1 (the state variables and
parameters of the model are described in Tables 1-3).
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Fig. 1 Schematic diagram of the model (2.5).

2.1 Basic qualitative properties

The basic qualitative properties of the model (2.5) will now be explored to assess its
well-posedness. Specifically, the non-negativity, boundedness, and invariance of its
solutions will be explored. We claim the following result (the proof of Lemma 2.1 is
given in Appendix A).

Lemma 2.1 Consider the model (2.5) with non-negative initial conditions and strict
positivity condition for the initial values of Qay, Qaq, and Jy, (i.e., 02,(0) >
0, Q024(0) > 0, and J»,,(0) > 0). Then, all solutions of the model remain non-

negative for all time t > 0.

Consider, next, the following biologically feasible region for the model: (2.5):
Ds =Ds, ¢ x Dgm C RY x R,
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Table 1 Description of the state variables of the model (2.5).

State variable (i =1, 2, 3) Description (i =1,2,3)

Sy (Sm) Number of unvaccinated susceptible females (males)

Vi(Vin) Number of vaccinated susceptible females (males)

E¢(Em) Number of exposed/pre-symptomatic infectious females (males)
Ly(Im) Number of symptomatic infectious females (males)

P (Pm) Number of females (males) with persistent infection

Qiu Number of females having undetected CIN of grade i

Qid Number of females having detected CIN of grade i

Jim Number of males having INM of grade i

Cy Number of females having undetected cervical cancer

Cyq Number of females having detected cervical cancer

Cm Number of males having HPV-related cancers

RJCC (Rg ) Number of females (males) recovered from cancer

Ry (Rim) Number of females (males) recovered from HPV infection before

developing cancer

where, Dsy = (S5, Vs, Ep, Iy, Pry Qrus Qous Q3us Q1as Q2ds Q3d> Cus Ca,
R?, Rf) < Rf 0= Nf = %} and DS,m = {(Sma Vins Ems Ims Pms Jims J2ms J3ms
Cn, RS, Ry) eRIN:0<N, < Ty,

We claim the following result.

Lemma 2.2 The region Dg is positively invariant with respect to the flow generated
by the model (2.5), and attracts all solutions of the model. Furthermore, all solutions
of the model are bounded for all time t > 0.

Proof Adding the equations for the rates of change of each of the epidemiological
compartment of the model (2.5) shows that the equations for the rate of change of the
total female and male populations are given, respectively, by

Ni(t) =nmf —puNs —8Cy —84Cq < 7f — uNy and Ny (1) = 7 — Ny (2.6)

from which it, respectively, follows, using a standard comparison theorem (Laksh-
mikantham et al. 2016), that

Ny(t) < Np(0)e ™ + %f[l —e "] and Ny (1) = Ny (0)e ™ + %m[l —e M.
2.7)

Consequently, N7 (t) < % and Ny, (1) < 22 for all # > 0 provided that N7 (0) < %
and N, (0) < % In addition, Lemma 2.1 shows that solutions with non-negative
initial conditions stays non-negative for all # > 0. Thus, these results (for the upper
bounds of Ny(t) and N,,(¢) and the non-negativity of the solutions of the model)

show that any solution of the model with initial condition inside Dy stays inside Dg
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Table 2 Description of the parameters of the model (2.5).

Parameter Description (i =1, 2, 3)

7T (7Tm) Recruitment rate of sexually active females (males)

q£(qm) Proportion of new sexually active females (males) vaccinated

ErEm) Catch-up vaccination rate of females (males)

1/ Average duration of sexual activity

Cmf (€ fm) Average number of sexual partners of females (males) per year

Bt (Bfm) Transmission probability from infected males (females) to
susceptible females (males) per partnership

n¢(m) Modification parameter for infectiousness of E ¢ (Ej) in
comparison to 1 ¢ (1)

01 (Om) Modification parameter for infectiousness of
P, Qius Qid(Pm, Jim) in comparison to [ ¢ (I;m)

K (kem) Modification parameter for infectiousness of Q2,, O3, (V2 J3m)
in comparison to Pr, Q1 (Pm, J1m)

v Modification parameter for infectiousness of Q14, Q24, Q34 in
comparison to Py, Qjy

Kfd Modification parameter for infectiousness of Q24, Q34 in
comparison to Q14

&y Efficacy of bivalent Cervarix® (quadrivalent Gardasil®) vaccine

of(om) Rate of symptom development of females (males)

Vr(Ym) Rate at which females (males) leave the symptomatic infectious
class

o f(om) Rate at which females (males) leave the persistent infection class

8 Vfr2f Rate at which females leave the undetected CIN1, CIN2, CIN3 class

1,802,843 Rate at which females leave the detected CIN1, CIN2, CIN3 class

&m> Yms im Rate at which males leave the INM1, INM2, INM3 class

wr Detection rate of cancer in females

ru(rq) Recovery rate of undetected (detected) cancer for females

rm Recovery rate of cancer for males

8(84) Mortality rate for females with undetected (detected) cervical
cancer

for 7 > 0, and the region Dy is positively invariant with respect to the model (2.5).
Moreover, it follows from (2.6) that N () < O whenever N7 (t) > L and Ny (1) < 0

m
%. Thus, any solution of the model (2.5) either enters Dy in a

finite time, or N ¢ (¢) and Ny, (¢) approach %’ and ”7'", respectively. Hence, all solutions

whenever N, (1) >

of the model (2.5) in Rf X RL‘ are bounded for all time # > 0, and Dy is attracting
(i.e., attracts all solutions of the model (2.5) in Rf X Ri_l). m|

Since the region Dy is positively invariant and attracting, it can be concluded that
the model (2.5) is well-posed mathematically and epidemiologically in the region Ds.
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Table 3 Epidemiological proportions associated with some of the parameters of the model (2.5) described

in Table 2.

Parameter Description

by (bm) Proportion of symptomatic infectious females (males) that recover

1 —by Proportion of symptomatic infectious females that progress to persistent
infection

1—by Proportion of symptomatic infectious males that progress to persistent
infection

k¢ (k) Proportion of persistently infected females (males) that recover

1 —ky Proportion of persistently infected females that progress to undetected
CIN1

1 —km Proportion of persistently infected males that progress to INM1

dy1 Proportion of females with undetected CIN1 that recover naturally

dy3 Proportion of females with undetected CIN1 that get detected for CIN

1 —dy1 —dp Proportion of females with undetected CINT1 that progress to undetected
CIN2

hy1 Proportion of females with undetected CIN2 that recover naturally

hyo Proportion of females with undetected CIN2 that regress to undetected
CIN1

hy3 Proportion of females with undetected CIN2 that get detected for CIN

L —hyy —hya — hy3

qul
qu2

qu3
1= qu1 — qu2 — qu3

dan

1 —dgn

hat

haz

1 —hg1 = haz

qd1

qd2

1 —q41 — qa2

dll

1—dpy

I

hm2

1=l — hn
dm1

qm?2

L= gm1 — gm2

Proportion of females with undetected CIN2 that progress to undetected
CIN3

Proportion of females with undetected CIN3 that recover naturally

Proportion of females with undetected CIN3 that regress to undetected
CIN2

Proportion of females with undetected CIN3 that get detected for CIN

Proportion of females with undetected CIN3 that progress to undetected
cancer

Proportion of females with detected CIN1 that recover

Proportion of females with detected CIN1 that progress to detected CIN2
Proportion of females with detected CIN2 that recover

Proportion of females with detected CIN2 that regress to detected CIN1
Proportion of females with detected CIN2 that progress to detected CIN3
Proportion of females with detected CIN3 that recover

Proportion of females with detected CIN3 that regress to detected CIN2
Proportion of females with detected CIN3 that progress to detected cancer
Proportion of males with INM1 that recover

Proportion of males with INM1 that progress to INM2

Proportion of males with INM2 that recover

Proportion of males with INM2 that regress to INM1

Proportion of males with INM2 that progress to INM3

Proportion of males with INM3 that recover

Proportion of males with INM3 that regress to INM2

Proportion of males with INM3 that progress to HPV-related cancer
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Hence, it is sufficient to study the dynamics of the model in the invariant and attracting
region Dy (Hethcote 2000).

2.2 Existence and local asymptotic stability of equilibria of the model (2.5)
2.2.1 Disease-free equilibrium (DFE)

The model (2.5) has a unique disease-free equilibrium (DFE) given by:

&os = (8%, V£,0,0,0,0,0,0,0,0,0,0,0,0,0, S, V,,,0,0,0,0,0,0,0,0,0),

» Pmo

(l_qf)ﬂf vV = ﬂf(éf'f‘lqu) S* = (A=gm)7tm VE = Tn Em+1qm)
Ertn > T T pGrtw) 0 Sm T Eytp 0 Tme T pEn )
(note that and ¢, are fractions, hence S% > 0 and S* > 0). The stability of

the DFE is explored using the next generation operator method (Diekmann et al.
1990; Van den Driessche and Watmough 2002). In particular, using the notation in
(Van den Driessche and Watmough 2002), the associated matrices Fy (for the new
infection terms near the DFE) and Vi (for the linear transition terms in the infected
compartments) are given, respectively, by (note that 0, is the zero matrix of order

o
where, S =

n):
01111 egfz} [ Vi 07><7]
Fy = and Vg = ,
$ |: elel 07><7 s 011x11 \%
where,

e; =(1,0,0,0,0,0,0),

*
f1 = ﬂfnf\l]—’ifpm (T]f, l, Qf, Gf, Qfo, Qfl(f, va, va, Gf\}l{fd, 0, 0),
m
*
e =(1,0,0,0,0,0,0,0,0,0,0), £, = %—mjw Mms 1, Oms Oy Ok s Ok, 0),
m
[ ky 0 O 0 0 0 0 0 0 0 0]
—of ko 0 0 0 0 0 0 0 0 0
0 -l k3 0 0 0 0 0 0 0 0
0 0 - ks —hpyr O 0 0 0 0 0
0 0 0 -k ks qu2zy 0O 0 0 0 O
Vi = 0 0 O 0 —ly ke 0 0 0 o 0 |,
0 0o 0 - u38f 0 0 k7 —hato 0 0 0
0 0 O 0 —hwgyr 0 —lg ks —ga2iz 0 O
0O 0 O 0 0  —quzy 0 —I ko 0 0
0O 0 O 0 0 —Is 0 0 0 kip O
0 0 0 0 0 0 0 0 g —wpkn |
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and,
[ e 0 0 0 0 0 0]
—Om e 0 0 0O 0 O
0 —(1—=bp)¥m e3 0 0O 0 0
Vo = 0 0 —(1 = kp)ay, e4 o 0 0],
0 0 0 —(1—-dn)gm es 0 0
0 0 0 0 —f1 e O
B 0 0 0 0 0 —f2 e7 i

with, p} = S+ (1 — &)V} = %(1 — & Eng"Zf) Py =Sp+ (1 —e)Vy

%(1—% —S'E;fﬁ'")’ ki=op+p,ka=vr+puks=oar+u ks =gr+u ks =
Yt ke=zr+u ks =0 +ukg=0+n ko =0+pu kio=ws+r,+5+
wokiy =ra+8a+u,ly = (A=bp)r, b =A—kpay,l3 =1—dy—dy3)gf, la =
(I=hyt —hw2 = hu3)ys, lIs = (1= qui — qua —qu3)zf, le = (1 —dq1)¢1, 17 = (1 —
hat —ha2)io,ls = (1 —qa1 —qa2)i3, 61 = o+, €2 = Y+ 4, €3 = oy + 4, e4 =
8mt .65 =Yn+ 66 =2m+n,e7=rn+u, fr = (1 = hp _hm2)ym’and
f> = — gm1 — gm2)zm- It is convenient to define the following quantity:

Ros = p(FVy ) = VR R, (2.8)
where,
_ Brmemprp [ny | o5 Oroyl
Rf= TTm ki * kiky * kikaks

N Ororlila(tpa + xplake + K pl3l4) N Opvorlila(jr1+kraif2 +dejf3)]

kikaksef kikoksipyips
Bmfcmfipy 0 Omo 1-b
Ry = fCm, f [ﬂﬂ_’_ m + mOm Wm m)
Tm el ejey ejezes
_{_emo'm‘ﬁm(1 — bm)om (1 — kp){tm2 + km&m (1 — dm)ee + kmgm (1 — dm)fl}]
ere2e3tm1 ’
with,

tf1 = kakske — I3hy2y fke — kalaquazf, ty2 = kske — laquazy,
L3 = kyksko — leha2&oko — k7174283,
Jr1 = duzg rkske — laquazy) (kgko — 17q4283) + I3hy3y rha2$okeko
+ 1314qu3z fqa253ha2 §2,
Jr2 = duzg fleko(kske — laquazr) + I3hy3y rkekiko + l3l4qu3z Fqa2g3ky,
J£3 = duzg flel(kske — laquazf) + l3husy rlrkeks + 13l4qu3z ¢ (kks — leha282),
tm1 = eqesee — (1 — dy) gmhm2Ymes — €4 f1qm2zm, tm2 = ese6 — f1qm2Zm.
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It can be shown that the expression for Ry, given in (2.8), is non-negative (see
Appendix B for the proof). The result below follows from Theorem 2 of (Van den
Driessche and Watmough 2002).

Theorem 2.3 The DFE, &y, of the model (2.5) is locally-asymptotically stable if
Rys < 1, and unstable if Rys > 1.

The epidemiological implication of Theorem 2.3 is that a small influx of HPV-infected
individuals into the community (i.e., initial number of infected individuals lie within
the basin of attraction of the DFE) will not generate a large outbreak of HPV in the
community if the interventions implemented in the community (vaccination and Pap
screening in this case) can bring, and maintain, R, to a value less than unity (and
the disease ultimately dies out). The threshold quantity R is the control reproduc-
tion number of the model (2.5). It measures the average number of new HPV cases
generated by a typical HPV-infected individual (female or male) if introduced into a
community where a certain proportion is vaccinated and/or receiving Pap screening.
It is convenient to let

*
oo U _Ertnar o Ve St Ha 2.9)
TN g TN Entm

be the fraction of females and males vaccinated at steady-state, respectively. It follows,
by using (2.9) in (2.8), that the control reproduction number R, can be re-written in
terms of these steady-state vaccination fractions as:

Rus (U} vj) = Res (1 = £,05)(1 = e, (2.10)
where,
Res = Ros |(1f=§f:qm=§:m =0 2.11)

is the control reproduction number of the model in the absence of vaccination (i.e., the
control reproduction number without vaccination but with screening). It is convenient

to define Ro = Ruslg =t =gn=t,=d3=hi3=q3=v=0 = / Rof Rom, Where,

Roy = B pmemy |:17f n o5 Ororly  Ororlhilh(if +Kfl3k6 +Kfl3l4)]
k1 kiko  kikoks kikoksif
Rom = ,Bmfcmf”f [Uﬂ n Om_ i Omom¥Ym (1 — bpy)
TTm el e|en erenxes
+5m0m1//m(1 — bm)am (1 — k) ta2 + kmgm (1 — dm)eg + kmgm (1 — dm)fl}] )
erexeslgl

with, T51 = tfi1lds=hs=0 = kakske — l3thYfk6 — kalaquoz s, (52 = tfalng=0 =

kske — [4qu2zry 13 = Blag=0 = (1 —du)g s, la = lalha=o = (1 — hy1 — hu2)yy.
The quantity Ry is the basic reproduction number of the model (which represents the
average number of new HPV cases generated by a typical HPV-infected individual
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introduced into a completely susceptible population). Then, the quantity R, given
in (2.11), can be expressed as R¢s = /Resy Rom, where

Tr1 Oro¢lila (2 + K rlzke + K £1314)

0ol (Bhuys + dsgrls — dusg rhuayy)
kikakst py
Opvorlilb(jr1 +kpajr2 + dejf3):|
kikakstritys '

+ ﬂfmcmf |:

Furthermore, it can be seen, using (2.10), that the gradient of R, is:

ORys Ry —&yRes 1 % %
at’ " = ( — &y, 1 —8va),
vy dvp, 2\/(1 — eyvp) (1 — £,v%)

and agj*m are strictly negative for 0 < ¢, < 1 and

m

from which it follows that both

AR ys
P

0< v’}, v} < 1. Thus, R, is a decreasing function of v* and v}, for any fixed values
of the other parameters (this is depicted in a 3-dimensional plot in Figure 2 (a), for
Rys as a function of the two vaccination coverages). Since a reduction in the control
reproduction number implies a reduction in the disease burden (as measured in terms of
the number of HPV infections, HPV-related cancer cases and mortality etc.), the above
analysis shows that the HPV vaccination program implemented in Korea will have a
positive impact in reducing HPV burden in the country. In other words, a vaccination
program (using an HPV vaccine with protective efficacy 0 < &, < 1) combined with
Pap screening will result in a decrease in HPV burden (and related cancers) regardless
of the values of the proportions of females and males vaccinated at steady-state. This
result is also illustrated in a contour plot of the control reproduction number, R, as a
function of v and v}, depicted in Figure 2 (b). This figure shows that R, decreases
(i.e., disease burden decreases), with increasing values of the proportion of females and
males vaccinated at steady-state. Furthermore, this figure shows that, using the model
(2.5) with the baseline values in Table 9, the use of an HPV vaccine (with protective
efficacy of 95%) and baseline Pap screening coverage can lead to the effective control
of HPV in Korea for a certain combination of the vaccination coverage for females
and males (e.g., 88% of females vaccinated combined with 65% of males vaccinated
at steady-state; since this combination of efficacy and coverages will bring R, to a
value less than one, which is needed for the local asymptotic stability of the disease-
free equilibrium, in line with Theorem 2.3). It can also be seen from this contour plot
that R, can be brought to a value less than one if nearly 100% of females or males
are vaccinated (but this is generally not realistically attainable).

Using the baseline values of the parameters of the model (2.5), given in Table 9, it
can be seen that the the control (R ) and basic (R¢) reproduction numbers for South
Korea before the implementation of the National Immunization Program for HPV in
2016 are Ry = 3.0764 and Ro = 3.9858 (this value of Ry is within the range of

@ Springer



Mathematical assessment of the roles. .. Page 190f 76 182
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Fig. 2 (a) Three-dimensional and (b) contour plot of the control reproduction number, R, of the model
(2.5), as a function of vaccine coverage of females at steady-state (v?) and vaccine coverage of males at

steady-state (v}},), for vaccine efficacy &, = 0.95. The white curve represents the 1-level set Ry (v;, vh) =
1. The other parameter values used to generate the plots are as given in Table 9.

Ro for HPV reported in (Baussano et al. 2018)), respectively. In other words, based
on the HPV vaccination coverage for females in Korea before the implementation of
the National Immunization Program (estimated to be about 42% (Choi et al. 2022))
and the baseline Pap screening coverage (estimated to be about 61%), HPV (and
associated cancers) will continue to persist in Korea (since Ry is about 4, and the
pre-NIP vaccination and Pap screening only reduce R by about 23%). However,
for post-NIP vaccination (where the vaccination coverage for females in Korea is
estimated to be 88% (Choi et al. 2022; Kim et al. 2018)), the baseline value of R
is 1.6181, which represents a 59% reduction of the basic reproduction number, R.
Here, too, HPV will persist (since Rys > 1), albeit HPV burden will be significantly
reduced, in comparison to the pre-NIP era.

Computation of vaccine-derived herd immunity threshold: A precise expression
for the vaccine-derived herd immunity threshold (i.e., the minimum proportion of
susceptible individuals in the community that needs to be vaccinated in order to protect
the ones that cannot be vaccinated) can be derived by setting the control reproduction
number (R ) to one and solving for the proportions of females and males vaccinated
at steady-state (vj‘, and v}) (Elbasha and Gumel 2021; Gumel et al. 2006; Malik
et al. 2013; McLean and Blower 1993; Pant and Gumel 2024). Let R.; > 1. Then,
setting the control reproduction number R, given by Equation (2.10), to one (and
simplifying) shows that (noting that 0 < ¢, < 1,0 < v}‘}, v <1,and Res > 1):

1

(I = &yv,)(1 — svvf) = m,

0< v;?, v <1, and R > 1. (2.12)

It follows from the level curve R, (v%, vi) = 1, represented by the white curve in
the contour plot depicted in Figure 2 (b), that increasing the steady-state vaccination
coverage of one gender group (females or males) will reduce the coverage level of the
other group needed to bring (and maintain) R, to a value below one. Some repre-
sentative (v?, vy pairs are illustrated in Figure 3 (a), showing that if no susceptible
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(a) (b)
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Fig. 3 (a) The level set Rys (v’}, vy) = 1 (shown in solid blue curve) for the model (2.5), as a function
of steady-state vaccination coverage for females (v;) and males (v}},), showing some of the, among the
infinitely many, (v}, v}) pairs that fall on the level set. (b) Geometric interpretation of the constrained
optimization problem (2.14) associated with the model. The optimal solution in the feasible (shaded gray)
set that minimizes n?v’} + njy vk is the point (ﬁ, 0) (i.e., the point in the shaded region that intersects the
blue line, which is the line closest to the origin among the infinitely many lines with slope —n*}/n* which

m>
also intersect the feasible set). The parameter values used to generate this figure are as given in Table 9.

males are vaccinated at steady-state, then at least 99% of the sexually active females
need to be vaccinated to bring the reproduction threshold R, below one (so that the
disease can be effectively controlled and/or eliminated). However, this figure further
shows that, if half of the males in the community are vaccinated, then 93% of the
females need to be vaccinated in order to bring the reproduction threshold below one.
Furthermore, Figure 3 (a) shows that if the vaccination coverage of males is increased
(from 50%) to 70%, then the vaccination coverage needed for the female population
decreases to 85%. Finally, if the post-NIP vaccination coverage of females in Korea
is maintained at the 88% level (i.e., v = 0.88), then it follows from Figure 3 (a) that
vaccinating 65% of males would be sufficient to bring R,s below one in Korea. In
other words, this study shows that HPV can be effectively controlled and/or eliminated
in Korea if the current HPV vaccination coverage in females is complemented with
HPYV vaccination of males with at least 65% coverage at steady-state. Solving for v}
from (2.12) gives:

. 1 ) 1
"o &y (Rcs)z(l - va})

=:(v))e, WwithO <eg, <1, and 0 < v} < 1.
(2.13)

It follows from (2.10) and (2.13) that the control reproduction number, R, is less
than one if and only if v}, > (V). = f(v;i; v, Ro), and it equals one if v}, = (v};)e.
Hence, the result of Theorem 2.3 can be re-written in terms of the vaccine-derived
herd immunity threshold ((vji)c) as follows:

Theorem 2.4 The DFE, &y, of the model (2.5) is locally-asymptotically stable if
v > () (ie, Rys < 1), and unstable if v}, < (v))¢ (i.e., Rys > 1).
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Theorem 2.4 implies that HPV will be eliminated in Korea if the proportion of
males vaccinated at steady-state exceeds the herd immunity threshold value (v};,).. In
other words, Theorem 2.4 shows that, using the post-NIP vaccination coverage for
females (i.e., v¥ = 0.88) and the other parameters of the model (2.5) maintained at
their baseline values given in Table 9, vaccine-derived herd immunity can be achieved
in Korea by vaccinating 65% of males (i.e., (v;,). = 0.65 for Korea). However, if
males are not vaccinated (i.e., v), = 0), then, v’;- = 0.99 (i.e., in this case, at least 99%
of females must be vaccinated to achieve herd immunity, and, consequently, eliminate
the disease).

Optimization of total vaccination coverage at steady-state: The objective here is
to determine the optimal values of the steady-state vaccination coverage pair, (v} LU,
needed to minimize the total vaccination coverage (for both females and males in
Korea) that results in R,s < 1 in the country. In other words, the aim here is to
minimize the following objective functional, for the total vaccination coverage in
Korea:

VE 4y N* v N* v
L (N ()

NE+ Ny~ \N;+N; ) NE AN+ NG ) N

subject to reducing the value of R, below one. More formally, the aim is to
minimize n’}v? +nvy subjectto 0 < v’}, v <1, and Rys <1,  (2.14)

where R, is given by (2.10) with fixed vaccine efficacy ¢, = 0.95. The solution
to this nonlinear optimization problem is obtained by using the geometric approach
introduced by Elbasha and Gumel (Elbasha and Gumel 2021). The approach entails
defining the feasible set (that satisfies the constraints of the optimization problem) and
finding the points on the lines n;v’ + ny, vy, = k (with k € R, and with slope of the
line, dv}}, /d v;’i, equal to —n*} /n,) which intersect the feasible set. The optimal points
will then lie on the line with the lowest y—intercept on the (v}i, vy )-plane. The feasible
set for the optimization problem (2.14) is {(v?, vi) € [0, 112 v > (Uh)e = f(v}i)},
and is depicted by the shaded region in Figure 3 (b)). Since the line n“}v}i +nivr =k
has slope —n“} [N = =7y /7y > —1, it follows (from the fact that the feasible set is
symmetric with respect to the line v;;, = v} (i.e., the inequality v}, > f (vji) remains
the same if the two variables are interchanged) and Figure 3 (b)) that k is minimized
when the line intersects the feasible set uniquely on the x-axis. The intersection occurs

at the unique point on the v;‘i -intercept of the line v, = f (v}‘i), given by (where E
denotes the optimal value for v;):
%, v5) = (v%,0) = (i (1 —L) 0) (2.15)
f s Ym f’ &, R%S )

Since the value of v_}‘-, computed using the baseline values of the parameters in the
expression for Rg given in Table 9 with ¢, = 0.95, is 0.99, it follows from (2.15)
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that the total vaccination coverage is optimized if 99% of females and 0% of males
are vaccinated at steady-state. Thus, this study shows that the current (post-NIP) HPV
vaccination coverage (of 88% vaccination of females) is insufficient to lead to vaccine-
derived herd immunity. More (11%) unvaccinated females need to be vaccinated to
achieve such immunity (with minimum number of vaccinated individuals). If 88%
(i.e., the current vaccination coverage of females) is the maximum achievable vaccine
uptake in Korea in each group (females and males) due to factors including vaccine
hesitancy, limited availability and access to public health resources, and individual
medical conditions, then the optimal steady-state vaccination coverage is 88% of
females and 65% of males.

2.2.2 Existence and local asymptotic stability of endemic equilibria: special case

In this section, conditions for the existence of endemic equilibria (EE) of the model
(2.5) will be explored for a special case with negligible mortality for females due to
cervical cancer (i.e., the model with § = §; = 0 will now be considered). Although this
assumption (for the negligible disease-induced mortality) is made for mathematical
tractability, it can also be epidemiologically justified for the dynamics of HPV and
its related cancers in South Korea, where the average number of deaths caused by
cervical cancer each year ranges from 1, 000 to 1, 500 (which represents about 0.006%
to 0.009% of the sexually active females in South Korea). Setting § = §; = 0 in the
model (2.5) shows that Ny(t) — 7¢/u and Ny, (1) — /e ast — oo. For the
purpose of the analysis in this subsection, the total populations N ¢ () and N, (t) will
now be replaced by their limiting values N;i = my/p and m, /[, respectively. It
should be mentioned that, since females with cervical cancer (i.e., individuals in the
C, and C; compartments) do not transmit HPV, the control reproduction number R ¢
of the special case of the model (2.5) is the same as that for the full model (2.5). Let

_owk oy Rk sk pksk sk kk kk kk ks okk ok ok pCkk pkk
E1s = (SF7 VET EX5 16T, Pr™, Oy Q50 Q30 Qs Qg0 Q305 Cu > €™ R RS
kk Kk kk sk kk skk skk skk kk C** skk
S Vi s Em s I Py s It Joms Jams Con s R > Ryy)

1m>

represent any arbitrary endemic equilibrium (EE) of the aforementioned special case
of the heterosexual model (2.5). In addition, substituting N ¢ (t) = 7 ¢/ and Ny, (t) =
7, /10 into the expressions for the forces of infections, given in (2.4), shows that:

L A Bt 4 O [P 4 T+ ke (S5 + 13*,2)]}

TTm

:Fy:(f = (,Bm_/'cm_/'ll) [ (2 1 6)

[1_7* T g EF 46 IPF 4+ 0T, +wp (@5 + O3 +vIQ7g +kra(Q3 + Q%‘Z)}]}

N = (Bymemy1t) -

It follows then that the special case of the model (2.5) at the endemic equilibrium
satisfies the following steady-state relations:

o A —aqp)my o Tf (L—qp)%y
Sf = ’ Vf = 1 *% Ft o= >
)‘mf+sf+’u“ ( _SU))‘mf-i_l’L )‘mf+£‘:f+u'
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AHE

JTf(l —ev))»j;;; +7Tf/L(1 —Qfgv) +7Tf(1 —€v)§f

HK mf
F "k (e + &7 + I = e0) A + ]
[ — UfE;* PEE — 111.9;* sok IZP;* +h”2yf Qﬁz Q** _ B3 QT: +q“2Zf Qi;;k
- k2 ’ f - k3 ’ lu — k4 ’ 2u — kS ’
w1403 duzgrOfn Fha28 05 huzypQn + 1607+ qa2830%
Q3u = k6 s Qld = k7 s de = kg s
Q** — qu3zf Q;: +Z7Q;Z’ Hk 15Q§Z CFF = ISQ})k; + wfclj* RC** — rqu;* +rdC;;*
3d ko o ko "~ 4 ki1 T I '

1
Ry = *(bf'//fl?* +kpopPF+dng O, +hnyr Oy +quizr Q% +da16107y (2.17)

+ha152055 + 44153 0%)).

Kk _ (I — gm)mm VEE Tm (1 = gm)ém
S = e Femtn " T e | T e+
fm m T L Ev fm TH fm Em + 1
£ _ }”)?;n 7Tm (1 —Ev))\ + (1 — gmey) + wm (1 — v)ém
e Wi Em + w1 — e + 1 ’
I omEp P A = bm)ym Ly
m — - m — -
€2 €3
. (I = km)am Py + hyn2ym Jz*;,; x (1 —dm)gm Jl*,fl + dm2zm ‘13*,:; . f Jz*,i;
Jlm = e ) JQm = ’ J3m = ’
4 es €6
C** _ f2‘,3*nt RC** _ rmcfh*
m - e ’ m - )
7 1
*k *k
Ry = (bm‘pm +km05mP +dn1gm11m +hml}’mJQm +’1m12m‘13m)

Substituting (2.17) into (2.16), and simplifying, gives

o )\me T (& + {1 _81)))\ + (1l — gmey) + (1 — ey)sm}

mf = mrlu( —gren) + (1 — e)§r A7, + &m + I — €)AT, +ul’
(2.18)

and,

. Mot Ry pieGm + {1 — €)% + u(l —grey) + (1 — &0)é s}

I (] = gmey) + (1 — sv)sm]umf +Er I — e + 1l
(2.19)

Substituting (2.19) into (2.18) leads to the following quartic in )»m =

Za,( mf) —0, (2.20)

where the coefficients a; (withi = 0, 1, --- , 4) are given in Appendix C. It follows
from the expressions for a; (in Appendix C) that the coefficient a4 is always non-
negative (given that the parameters of the model (2.5) are all non-negative), and the
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coefficients aj, az, and a3 are all non-negative if R, < 1. Furthermore, ay > 0 if
and only if Rys < 1, and ag = 0 if Rys = 1. Thus, it follows, using the Descartes’
Rule of Signs, that the special case of the model (2.5) can have one or three positive
(endemic) equilibria whenever the control reproduction number R, exceeds unity,
and no endemic equilibria otherwise. This result is summarized below.

Theorem 2.5 The special case of the model (2.5), with § = 84 = 0, has one or three
positive endemic equilibria whenever Rys > 1, and no endemic equilibrium whenever
Rys = 1.

The various possibilities for the number of equilibria for the special case of the model
are tabulated in Table 4, from which it can be deduced that the special case of the
model can have one or three endemic equilibria when the associated control reproduc-
tion exceeds one. Table 4 also shows that the special case of the model does not have
multiple endemic equilibria when the control reproduction number R, is less than
one, thus ruling out the existence of backward bifurcation (a dynamic behavior char-
acterized by the co-existence of multiple stable attractors (one disease-free and one
endemic) when the reproduction number of the model is less than unity) in the special
case of the model. The presence of backward bifurcation in the transmission dynam-
ics of an infectious disease makes its effective control or elimination more difficult
(Alsaleh and Gumel 2014; Brauer 2004; Dushoff et al. 1998; Gumel 2012; Malik et al.
2013; Sharomi et al. 2007). This result (for the non-existence of backward bifurcation
in the model (2.5) when the disease-induced mortality is negligible) is consistent with
the result in (Gumel 2012) (Theorem 6, see also (Sharomi et al. 2007)).

In order to explore the local asymptotic stability of an endemic equilibrium of the
aforementioned special case of the model (2.5), an additional assumption of perfect
vaccine efficacy (¢, = 1) is made. Although also made for mathematical tractability,
this additional assumption can be justified considering the fact that the HPV vaccines
currently being used in Korea (Cervarix® and Gardasil®) are highly efficacious, with
efficacy above 90% (Cheng et al. 2020).

It is convenient to define 7~2vs = Rysle,=1. We claim the following result.

Theorem 2.6 The special case of the model (2.5) with no cancer-induced mortality in
Jemales (i.e., 5 = 64 = 0) and with perfect vaccine protective efficacy (i.e., &, = 1) has
a unique endemic equilibrium that is locally-asymptotically stable whenever Rys > 1.

The proof of Theorem 2.6, based on using a Krasnasolskii sub-linearity argument
(Esteva and Vargas 2000; Hethcote and Thieme 1985; Thieme 1985), is given in
Appendix D. The epidemiological implication of Theorem 2.6 is that, for the special
case of the model (2.5) with 6 = §; = 0 and ¢, = 1, HPV will persist in the
community whenever Rus > 1. The result of this theorem is illustrated in Figure
4, showing convergence of initial solutions to the unique endemic equilibrium when
§=038;=0,e,=1,and Ry > 1.
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Fig.4 Simulations of the special
case of the model (2.5) with
§=38;=0andey =1,
showing convergence of initial
solutions to the unique endemic
equilibrium when Ros > 1.
Parameter values used in the
simulations are as given in Table
9,withd =863 =0and gy =1
(so that, Rys = 3.0212).

3 Calibration and Analysis of Simplified Model: No Screening
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In order to fit the model (2.5) to available data and estimate its unknown parameters, a
simplified version of the model with no Pap screening and with the three CIN and INM
stages lumped into one CIN and INM compartment, respectively, is considered. The
resulting model, tagged as the simplified model, is given by the following deterministic
system of nonlinear differential equations:

Females Pf
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Sm = (A= gu)mm — O+ &m + 1) Sm.

Vi = qmTm + &mSm — (1 — &)X fin Vin — 14Vim,

Em = ApmSm+ (1= e)Apm Vi — Om + 0 Em,

Im = omEm — Wm + 101,

Males \ Py = (1 — by)Vm L — (@m + 1) P, 3.1
Jm = (1= km)otm P = @Gm + 1) I

Cn = (1 —dm)gmdm — (rm + 1)Crns

RS = rmCm —/AR,E,

Rm = bm¥mIm + kmom Pn +ng’m‘/m — 1R,

where the forces of infection, A,y and A r,,,, defined in (2.4), are now given by (note
that the conservation law (2.3) is also applied in these expressions):

I + m Em + O (P + & )
)‘mfz(ﬁmfcm_f)|: m T NmEm Nm m mJIm :|’
m
Ip+npEr+07(Pr+ikpQp)
,\fm:(ﬂfmcmf)[f AL ALY, }
m

The state variables of the simplified model (3.1) are as described in Table 1, except
now that the compartments for females in the undetected and detected CIN stages
(Qiu(t) and Q;4(t), with i = 1,2, 3) are lumped into the Q s(¢) compartment of
females having CIN. Similarly, the populations C, () and C;(t), of females having
undetected and detected cervical cancer, are now lumped into the compartment C 7 (t)
of females with cervical cancer. The compartments for males in the three INM stages,
Jim(t),1 =1, 2, 3, are also lumped into the compartment J,, (#) of males having INM.
The parameters of the simplified model (3.1) are as described in Tables 2 and 3, with
a few others described in Table 5.

Here, too, it can be shown (using the approach in Section 2.1) that all non-negative
solutions of the simplified model (3.1) stay non-negative for all time 7. Furthermore,
using the approach in Section 2.1, the following region

D=Ds x Dy CR) xR,

with, Dy = {(Sp, Vs, Ep, Iy, Pr, Qp, Cy, RS, Ry) € RS 1 0 < Ny < 7L} and
Dy = {(Sms Vis Ems s Py I, C, RS, Ry) € RY. 1 0 < N, < ”7'"}, can be
shown to be positively invariant with respect to the simplified model (3.1). Hence, the
simplified model is well-posed in the region D. The disease-free equilibrium of the
simplified model (3.1) is given by:

Eon = (87, V7,0,0,0,0,0,0,0, S, V,,0,0,0,0,0,0,0),

s Mmoo
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Table 5 Description of parameters of the simplified model (3.1) with modified description.

Parameter Description

0 i (GNm) Modification parameter for infectiousness of P £+ Qf (Pmy Im), in
comparison to the infectiousness of 1 ¢ (1)

K £ (Km) Modification parameter for infectiousness of Q (J;) in comparison to
p f (Pm)

8 (&m) Rate at which females (males) leave the CIN (INM) class

Ty Recovery rate of cervical cancer for females

5 Mortality rate of females due to cervical cancer

dy Proportion of females with CIN that recover

l—dy Proportion of females with CIN that progress to cervical cancer

dm Proportion of males with INM that recover

1—dn Proportion of males with INM that progress to HPV-related cancer

where, now,

55 = (M =qgpmy o wplrtugr) o (1 —gm)m

Ertu T T Gt T Entu
_ Tt Em + 1gm)

V= (3.2)
wm + 1)

m

It is convenient to define the following quantity (the control reproduction number for
the simplified model):

Ron = vV anRmna 3.3)

where,

R, = Bmensurn | oy Oror(L—bp)yy
Tm (0 + 1) Yrt+n  (r+wlay+up)

éfl?fof(l —bp)yr(— kf)afj|

Wy +p)oy + )@y + u)

Bmfcms iy L _Om Omom(1 = b)Y
T m 10 | ™ U1 Y + 1) + )

OO (1 — by Y (1 — ki Yot
(Y + 1) (o + /*L)(g'm + )

Rmn =
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12 Em
duction number of the simplified model is given by:

with, p§ = ”—f<1 — gy SLHHAE ) angd P = ”7’”(1 — & M—fﬁ"‘) The basic repro-

Ron = Rvn|qf=$f=qm=ém=0' (34)

The result below follows from Theorem 2 of (Van den Driessche and Watmough 2002)
(see Appendix E.1 for detailed proof).

Theorem 3.1 The DFE, &y, of the simplified model (3.1) is locally-asymptotically
stable if Ry, < 1 and unstable if Ry, > 1.

This local asymptotic stability result (Theorem 3.1) is extended to the global asymp-
totic stability of the DFE of the special case of the simplified model with negligible
disease-induced mortality (i.e., the model (3.1) with § = 0). It is convenient to define
the DFE of the special case of the simplified model (3.1) by gOn = Eoul 5_0- The
following result will be needed in proving the global asymptotic stability of the DFE,
Eon-

Lemma 3.2 The region

D* ={(Sf, Vs, Ef, Iy, Pr, Qf,Cy, R? R, Sm. Vin, Em. I Pms Jm, Cm. RS R) € D :
Sy =83 Vy<VE Sm =Sy Vim = Vy}

is positively-invariant, and attracts all solutions of the simplified model (3.1) with
§=0.

Proof Consider the special case of the simplified model (3.1) with § = 0. Substituting
8 = 0 into the equations for the rate of change of the total populations of females
and males of the simplified model shows that N;(t) — % ast — oo, fori = f,m,
respectively. Thus, from now on, N; () will be replaced by their respective disease-
free equilibrium values (or the respective maximum total populations in the absence
of disease), 2 (for i = f, m). Then, it follows from the first and 10th equations of
the simplified model that for i, j € {f, m} and i # j,

Si=—g)m — ji +& + WS
< —g)mi — (& + S, since Aij; >0
= (& + (8] = S,

so that, by a standard comparison theorem (Lakshmikantham et al. 2016), S;(z) <
S (0)e~ Gt 4 §¥[1 — =&+ Thus,

Si(t) < S forall +>0 providedthat S;(0) <S;. (3.5)

Similarly, from the second and 11th equations of the simplified model (noting that
Ni(t) < % in D):

Vi=qimi +&Si — (1 —&p)hji Vi — uV;

@ Springer



182 Page300f76 S. Park, A.B. Gumel

-

EQiﬂi‘l“i"i(;l_Vi_Ei_Ii_Pi_Qi_Ci_Ric_Ri)_MVi
.+ )T

SM—(&-FM)W

n
=& +w(VF =V

Hence, by the comparison theorem, V; (1) < V;(0)e~ it 4 V*[1 — e~ G+ from
which it follows that

Vi(t) < V' forall t+>0 providedthat V;(0) < V. (3.6)

Hence, based on the bounds in (3.5) and (3.6), the region D* is positively-invariant
with respect to the flow generated by the special case of the simplified model (3.1)
with § = 0. In fact, it can also be shown that each solution in D either enters D* in
finite time or limits to 5’0,1 (Gumel et al. 2006). O

We claim the following result (the proof, which is based on using a standard com-
parison theorem (Lakshmikantham et al. 2016), is given in Appendix E.2):

Theorem 3.3 The DFE, &,, of the special case of the simplified model (3.1) with
negligible disease-induced mortality (i.e., § = 0) is globally-asymptotically stable in
D* whenever Ry, < 1.

Unlike in the case of Theorem 3.1 (where the effective control of the disease when
Run < 1 depends on the initial number of infected individuals being within the basin
of attraction of the DFE of the simplified model), the epidemiological implication of
Theorem 3.3 is that bringing the control reproduction number of the aforementioned
special case of the simplified model below one is necessary and sufficient for the
effective control of the disease, regardless of the size of the initial number of infected
individuals.

3.1 Data fitting and parameter estimation for the simplified model

Although the values of most of the parameters of the full model (2.5) are reliably
known from the literature (as tabulated in Table 9) and demographic data from Korea,
the values of some of the parameters are not known. These unknown parameters
will be estimated by fitting the simplified version of the model (3.1) to the observed
cumulative HPV-related cancer cases and mortality in the Republic of Korea, for both
females and males, for the period from 1999 to 2020 (National Cancer Center Korea
Central Cancer Registry 2022). For fitting purposes, it is assumed that males are not
vaccinated (i.e., g,, = &, = 0) and the vaccination coverage of females remains low
(g = 0.05 peryear, & = 0.01 per year (Choi et al. 2022)) before South Korea started
the National Immunization Program (NIP) on HPV in 2016. Furthermore, since HPV
is not the only cause of some cancer types (de Martel et al. 2017), an estimate for the
average number of cancer cases attributable to HPV (needed for the data fitting) is
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obtained by taking the weighted average of cancer cases from different cancer sites
with their HPV-attributable fraction given in Table 6.

It should be noted that, although the parameters related to disease progression and
recovery in females are well-known in the literature, the corresponding parameters for
males are unknown. In other words, although the values of the female progression and
recovery parameters (i.e., 1=b )Y r, 1—=kp)ayp,(1—=dp)gr,byr, kyay,anddsgy)
are known (and their baseline values are tabulated in Table 8), the values of the male-
related progression and recovery parameters (i.e., (1—by,) ¥, (1—ky) oy, (1 —c?m )&m>
b VWm s kmoty,, and c?m &m) are unknown. These unknown male-related parameters will
be estimated by fitting for the ratio of these rates for males, in relation to those for
females (this is to take advantage of the fact that males recover faster from HPV
infection and are less likely to have persistent infection than females (Giuliano et al.
2008a; National Cancer Center Korea Central Cancer Registry 2022; Moscicki et al.
2004, 1998; Shin et al. 2004; Van Doornum et al. 1994)). To do this, we assume that
the ratio of the rate at which males progress from the I, class to the P, class (i.e.,
(I = b)) to the rate at which females progress from the /¢ class to the Py class
(i.e., (1 = by)Yy), defined as 1 € (0, 1], equals the ratio for the progression rate of
males from the P, class to the J,,, compartment (i.e., (1 — k;; ), ) to the progression
rate of females from the Py compartment to the Q y compartment (i.e., (1 — ky)or).
The justification for r1 € (0, 1] stems from the fact that HPV prevalence in males is
lower than in females (National Cancer Center Korea Central Cancer Registry 2022;
Shin et al. 2004; Van Doornum et al. 1994). Similarly, we assume that this ratio is the
same as that for the progression rate of males from the J,, class to the C,, class (i.e.,
(1 —=dy) &m) to that for the progression rate of females from the Q r class to the C
class (i.e., (1 — dy)gy). Thatis, we set

U= bw)¥n _ (L= knom _ (L= dn)gn _,
(I=bpyy  (—kpay  (A—dpgy

3.7)

The objective then is to use the observed data for cumulative cancer cases and cancer
mortality in South Korea (National Cancer Center Korea Central Cancer Registry
2022) to fit the simplified model for ;| (this entails replacing every occurrence of the
terms in the numerators of (3.7) in the simplified model (3.1) with their respective
product of their denominators with r1). In other words, once the fitted value of ry is
obtained, equation (3.7) is then be used, together with the baseline values of the female-
related parameters in Table 8, to obtain the estimated values of the three unknown
male-related progression parameters (namely, (1 — b)Y, (1 — ky)oyy,, and (1 —
c?m) &m)- Similarly, it is assumed that the ratio of the recovery rate of males from the
Iy, class (i.e., by Yyy) to that of females from the Iy class (i.e., bsy), defined as
ry > 1, equals that for the recovery rate of males from the P,, class (i.e., ky, ;) to that
of females from the Py class (i.e., ks ). This ratio is also assumed to be the same
as that for the recovery rate of males from the J,, class (i.e., c?m &m) to that of females
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Table 6 HPV-attributable fraction by cancer sites (de Martel et al. 2017)

Cancer sites (ICD-10 code) HPV-attributable Cancer sites HPV-attributable
fraction (%) (ICD-10 code) fraction (%)
Cervix uteri (C53) 100 Oropharynx (CO1, 30.8
C09-10)
Anus (C21) 38 Vulva (C51) 24.9
Vagina (C52) 78 Larynx (C32) 2.4
Penis (C60) 50 Oral cavity 2.2
(C02-06)

Table 7 Baseline values of

estimated (fitted) parameters for Parameter Estimated Value 95% CI

the simplified model (3.1) Bunfms 1.45 per year (0.91,1.48)
Brm€ fm 2.5 per year (2.49,5.57)
r1 0.42 (dimensionless) (0.38,0.44)
) 1.24 (dimensionless) (1.21, 1.58)

from the Q7 class (i.e., drg ). In other words, we set

b kot A gm .
= = — =.1r. (38)
by kpay  drgy

Here, too, once the fitted value of r, is obtained, equation (3.8) can then be used,
along with the baseline values of the female-related parameters in Table 8, to obtain
estimated values of the three unknown male-related recovery parameters (namely,
bW, kmoty, and dp, 8.

Thus, the unknown parameters (or combination of parameters) of the simplified
model (3.1) (and, by extension, the unknown parameters or combination of parameters
for the full model (2.5)) to be estimated from the data fitting are:

(a) the effective transmission rate from infected males to susceptible females
(Cmf Bmys)s

(b) the effective transmission rate from infected females to susceptible males
(c fm B f m)s

(c) theratio (r; € (0, 1]) of the progression rates of males (from 7, to Py,, Py, to Jy,,
and from J,, to Cy,) in comparison to progression rates of females (from [ to Py,
Pyto Qr,andfrom Q f to C ). This allows us to estimate (1 —b,,) ¥, (1=K,
and (1 = dy)@m;

(d) the ratio (1 > 1) of the recovery rates of males (from I, Py, and J,; to R;;) in
comparison to recovery rates of females (from /¢, Py, and Q r to R ). This allows

us to estimate by, ¥, , ko, and dy, &m-
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Fig. 5 Data fitting of the simplified model (3.1), using cumulative data on the incidence and mortality of
HPV-related cancers in females and males in Korea from 1999 to 2020 (National Cancer Center Korea
Central Cancer Registry 2022). (a) Cumulative cervical cancer cases in females, (b) Cumulative cervical
cancer mortality in females, (c) Cumulative HPV-related cancer cases in males. The first 17 years of data
are used for data fitting, the next 5 years of data are used for cross-validation, and the calibrated model (3.1)
predicts the next 5 years.

The simplified model (3.1) is fitted to the data using a standard nonlinear least
squares approach. Specifically, the "Isqcurvefit" function in-built in MATLAB is used
to minimize the sum of the squared differences between each observed data point (for
the cumulative cancer cases and mortality) and the corresponding cumulative cancer
cases and mortality projection obtained from the simulation of the simplified model
(3.1). The baseline values of the aforementioned eight unknown parameters obtained
from the data fitting, together with their corresponding 95% confidence intervals, are
tabulated in Table 7.

The results of the data fitting of the simplified model is depicted in Figure 5, showing
a good fit (R> = 0.99997). The goodness of the fitting is further corroborated by
simulating the simplified model (3.1) using the estimated and fixed parameters (in
Tables 7 and 8) to predict the yearly cancer cases and mortality in both females and
males, and compare these with the corresponding observed data. The results obtained,
depicted in Figure 6, also show a very good prediction. It should be stated that, using
the baseline values of the fixed and estimated parameters given in Tables 7 and 8,
Equations (3.3) and (3.4) show that the vaccination reproduction number (R, ) and
the basic reproduction number (R, ) of the simplified model (3.1) take the values
Royn = 3.1206, and Ry, = 4.0389, respectively. Thus, this study shows that the pre-
NIP vaccination coverage level (which is what we used to fit the simplified model)
will not lead to the effective control of HPV in Korea (since it fails to bring R, to a
value less than one).

The baseline values for the fixed and estimated parameters of the simplified model
(given in Tables 7 and 8) are used to acquire the baseline values of the remaining
parameters of the full model (2.5), as tabulated in Table 9. For instance, the detection
rates of females with CIN1, CIN2, and CIN3 (denoted by d,38 7, hu3y s, and g,32,
respectively) are obtained by multiplying the Pap screening coverage (assumed to be
61% (Shin et al. 2022)) with sensitivity of the Pap test (assumed to be 60% for CIN1
and 78% for CIN2/CIN3 (Van de Velde et al. 2007)), and dividing by the frequency
of the Pap test (which, in Korea, is recommended to be every two years for females of
age 20 to 74 (Shin et al. 2022)).
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Fig. 6 Simulation of the calibrated model (3.1) using parameters estimated from the cumulative data on
the incidence and mortality of HPV-related cancers in females and males in Korea (National Cancer Center
Korea Central Cancer Registry 2022). The fixed and fitted parameter values used are as given in Table 8. The
shaded regions represent 95% confidence bands propagated from the bootstrap samples of fitted parameters
in Table 7. (a) Annual cervical cancer cases in females, (b) Annual cervical cancer mortality in females, (c)
Annual HPV-related cancer cases in males.

4 Sensitivity Analysis for the Model (2.5)

The model (2.5) contains 62 parameters. Although the baseline values of these param-
eters are known (either available directly from the literature, or are obtained by fitting
the simplified model (3.1) to the available data, as tabulated in Table 9), uncertain-
ties are expected to arise in the estimate of their values. Therefore, it is crucial to
evaluate the impact of these uncertainties on the overall outcome of the numerical
simulations of the model, and determine which parameters have the most influence on
achosen response function (Blower and Dowlatabadi 1994; Marino et al. 2008; Safdar
et al. 2022). The sensitivity analysis entails defining distributions of each parameter
and finding the partial rank correlation coefficients (PRCCs) for each parameter in
relation to the response function (Blower and Dowlatabadi 1994; Marino et al. 2008;
Safdar et al. 2022). PRCC values range from —1 to 1, and a higher magnitude of
the PRCC value (typically greater or equal to 0.5 in magnitude) implies a stronger
correlation with the response function (Safdar et al. 2022). In addition, parameters
with positive PRCC values are positively correlated, while those with negative val-
ues are negatively correlated with the response function. To implement the method, a
response function is chosen first of all (specifically, the control reproduction number
Rys 1s chosen as the response function), and distribution of each parameter is chosen
as uniform distribution with range defined by taking 20% to the left and 20% to the
right of the baseline values given in Table 9 (Safdar et al. 2022). It should be mentioned
that, since the response function (i.e., the control reproduction number, R,s) contains
56 of the 62 parameters of the model (2.5), the remaining six parameters of the model
(namely, w s, ry, 74, "m, 8, 84) do not feature in the sensitivity analysis with respect
to Rys. Moreover, the factor fixing approach (Saltelli 2008) was used to determine
the parameters that are not influential to the value of R,;. This analysis revealed that
the value of R, is not sensitive to 31 of the 56 parameters in R,s. Consequently, the
sensitivity analysis was conducted for the remaining 25 parameters, after the mono-
tonicity of R, was confirmed in each of them by generating respective scatter plots of
Rys as a function of each of the parameters (as depicted in Figure 12 in Appendix F).
Specifically, the parameter ranges are divided into 1, 000 sub-intervals of equal length,
and parameter sets are chosen from the sub-intervals without replacement. This leads
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Fig.7 Partial rank correlation coefficients (PRCCs) of the most significant coefficients (with [PRCC| > 0.5)
in the chosen response function (R ;) of the model (2.5). The baseline values of the parameters used are
as given in Table 9, and their ranges are taken to be 20% to the left and 20% to the right of their baseline
values, assuming a uniform distribution.

toa 1,000 x 25 matrix, and each row of the matrix is used to calculate the response
function R . Then, the Pearson correlation coefficient is calculated for each parame-
ter (which implies the degree of influence of each parameter on the response function
in the absence of the influence of the other parameters) (Blower and Dowlatabadi
1994; Marino et al. 2008).

Figure 7 depicts the PRCC values of the most influential (i.e., PRCC value greater
or equal to 0.5 in magnitude) parameters of the response function obtained from the
sensitivity analysis. This figure shows that the top-six parameters that have the highest
impact on the response function (R,y) are:

(a) the average number of sexual partners for females per year (c;,r; with PRCC =
+0.997). It should be stated that the parameter for the average number of sexual
partners for males per year (cyp) is also highly correlated with the response
function, since it is proportional to ¢, s, by the conservation law (2.3).

(b) the transmission probability of HPV from infected females to susceptible males
(B fms; with PRCC = +0.976).

(c) the recovery rate of symptomatic infectious females from HPV infection (b s r;
with PRCC = —0.959).

(d) the catch-up vaccination rate of females (§ r; with PRCC = —0.919).

(e) the recovery rate of symptomatic infectious males from HPV infection (b, ¥,,;
with PRCC = —0.918).

(f) the transmission probability of HPV from infected males to susceptible females
(Bms; with PRCC = +0.917).

These sensitivity analysis results indicate that, with respect to the reproduction
number (R,s) as the response function, the parameters related to HPV transmis-
sion (i.e., Cinf, Cfm,> Bfm» Bmys), recovery of symptomatic infectious individuals (i.e.,
b ¢, by ), and vaccination (i.e., & r) have the most influence on the control repro-
duction number R s (hence, on the burden of HPV and HPV-related cancers in Korea).
Thus, public health control and mitigation efforts against HPV infection and associated
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cancers should be targeted towards these highly influential parameters (i.e., increasing
(decreasing) their value if their PRCC is negative (positive)). Specifically:

(i) the values of the transmission-related parameters (¢ f, € fm, Bfm, and By, r) can
be decreased by implementing public health strategies that encourage safer sexual
practices, such as condom use (which reduces B, and By, r), and reduction of
average number of sexual partners (which reduces ¢,y and c rp,).

(ii) the values of the recovery-related parameters (b sV ¢, by, and also k ror ) can
be increased by increasing the testing, detection and treatment of individuals
with clinical symptoms of HPV.

(iii) the values of the vaccine-related parameters (£, and also g 7, &,) can be increased
by increasing the coverage of the HPV vaccine among the target population (the
efficacy of both the Cervarix® and Gardasil® vaccine are already very high
(Cheng et al. 2020)).

It should be mentioned, based on the PRCC values in Figure 7, that other parameters,
such as the rate of symptom development of males (oy,, with PRCC = -0.773), the
progression rate of infectious symptomatic females to persistent infection (1 —b s) ¥ 7,
with PRCC = +0.671), the rate of symptom development of females (o s, with PRCC
= -0.644), and the modification parameter for the infectiousness of pre-symptomatic
males compared to symptomatic males (7,,, with PRCC = +0.540), are also highly
correlated to the response function, R ;.

5 Numerical Simulation and Assessment of Control Strategies

The full model (2.5) will now be simulated, using the estimated and fixed parameters
(given in Tables 7 and 9), to assess the population-level impact of the combined
vaccination and Pap screening strategies currently being implemented in an effort to
effectively control the spread of HPV and related cancers in Korea. The impact of other
extended versions of these strategies will also be assessed. Specifically, the following
strategies will be assessed:

(a) Strategy A: This strategy is based on the post-NIP vaccination strategy (which
entails the routine annual vaccination of 80% of girls in the 12-17 year age group),
the annual catch-up vaccination of 30,000 females in the 18-26 year age group
(which corresponds to the baseline catch-up vaccination coverage of females,
calculated using the baseline value of the catch-up vaccination rate parameter
for females, & ¢, given in Table 9), and the routine Pap screening strategy (which
involves the cervical cancer screening of 61% of adult females in the age group
20-74 (Min et al. 2015)). This strategy does not include the vaccination of boys or
males.

(b) Strategy B: This is the same as Strategy A (and boys and males are not vaccinated),
but with the vaccination coverage for girls increased to 95% (as against the 80% in
Strategy A) and the vaccination coverage for the 18-26 year old females increased
to 175,000 (as against 30,000 in Strategy A). This increase allows the vaccination

coverage of females at the disease-free equilibrium (v;‘c = st;_—_ﬁf) obtained by
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solving for v? from equation (2.12) for the case when v}, = 0, to reach the herd
immunity threshold (v = 0.99, as described in Section 2.2.1).

(c) Strategy C: This is the same as Strategy A, but with the annual routine vaccination
of 80% of boys in the 12-17 year age group (the catch-up vaccination rate for
males, &,,, is set to zero in the numerical simulations).

Simulations will also be carried out for the aforementioned three strategies with the
Pap screening coverage increased to 90%.

5.1 Disease burden corresponding to each strategy

The control reproduction number, R, corresponding to each of the three strategies
are tabulated in Table 10, for the cases where Pap screening is at 61% baseline and
when it is increased to 90%. It follows from this table that, while the reproduction
numbers for Strategies B and C are below one, the reproduction number for Strategy A
is above one. In other words, based on the parameter values (tabulated in Table 9 and the
caption of Table 10) used in these simulations, HPV can be eliminated under Strategies
B and C, but will persist under Strategy A. Thus, the increase in the annual vaccination
coverage for girls (from the current post-NIP baseline of 80% to 95%) combined with
the increase in the catch-up vaccination coverage for females (from 30,000 to 175,000),
corresponding to Strategy B, will significantly alter the trajectory and burden of the
disease in Korea (from persistence, as shown for Strategy A, to possible elimination).
Hence, extending the current post-NIP routine vaccination in Korea to also include
catch-up vaccination for females of ages 18-26 will strongly enhance HPV elimination
prospect in Korea. Similarly, Table 10 shows that the additional vaccination of 80%
of boys (corresponding to Strategy C) can change the trajectory and burden from
persistence (for Strategy A) to possible elimination. Here, too, extending the post-NIP
vaccination strategy to include the vaccination of boys will significantly enhance the
aforementioned elimination prospect. These increases in vaccination coverage (for
girls, adult females, and even boys) are generally realistically-attainable in Korea
(considering the high coverages for infant vaccination series covered by the NIP in
Korea (KCDC Center for Infectious Disease Control 2023)). Table 10 also shows that
increasing the screening coverage from the 61% baseline to 90% only has marginal
impact in the values of the reproduction numbers for the three strategies (this may be
due to the assumption in the model that screened or detected HPV-infected individuals
have reduced transmissibility, compared to undetected individuals).

Although the National Immunization Program for HPV in Korea started in 2016
(providing routine vaccination to 12-year old girls) (Kwak and Hwang 2024), its real
effect did not begin to be felt in the population until the vaccinated girls reach the
age of commencement of sexual activity (which is assumed to be 17 years in Korea).
Consequently, the simulations to be carried out in the study will start in the year 2021
(when the vaccinated girls have started to become sexually-active).
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Fig. 8 Simulation of the model (2.5) to assess the combined impact of Pap screening and vaccination (of
girls, females, and boys) on the burden of cervical cancer in females and HPV-related cancers in males, for
the aforementioned Strategies A, B, and C and varying Pap screening coverages. (a) Yearly cervical cancer
cases in females as a function of time from 2021 to 2130 for Pap screening coverage at 61%, (b) Yearly
cervical cancer cases in females from 2021 to 2130 for Pap screening coverage at 90%, (c) Yearly cervical
cancer-induced deaths in females from 2021 to 2130 for Pap screening coverage at 61%, (d) Yearly cervical
cancer-induced deaths in females from 2021 to 2130 for Pap screening coverage at 90%, (e) Yearly HPV-
related cancer cases in males from 2021 to 2130 for Pap screening coverage at 61%, (f) Yearly HPV-related
cancer cases in males from 2021 to 2130 for Pap screening coverage at 90%. Parameter values used in these
simulations are as given in Table 9, but with the following changes: (i) Strategy A: g = 0.8, (ii) Strategy
B: gy = 0.95, & = 0.06 per year, (iii) Strategy C: gy = g = 0.8. In all simulations for the 90% Pap
screening coverage, the following values were used: dy3g ¢ = 0.27, hy3yf = qu3zf = wy = 0.35 per
year.

5.2 Impact of vaccination and pap screening on cancer cases and mortality

The first set of simulations carried out are for assessing the impact of Pap screening and
vaccination (of girls, females, and boys; corresponding to Strategies A, B, and C, as
described above) on the yearly incidence and mortality caused by HPV-related cancers
in Korea for the period between 2021 and 2130. These simulation results, obtained
using the parameter values in Table 9 and the caption of Figure 8 to simulate the model
(2.5), show a pronounced decline in the number of cervical cancer cases and mortality
in females (for any of the three strategies) under both the baseline (61%) and improved
(90%) Pap screening coverages, as depicted in Figure 8 (subplots (a)-(d)). Specifically,
Figure 8 shows that while Strategy A induces the highest cervical cancer burden in
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females (red curve in subplots (a)-(d)), Strategies B and C incur much lower (and nearly
the same) burden over the same period. These figures also show that vaccinating boys
at 80% coverage (Strategy C) induces very strong reduction in cervical cancer burden
in females, at alevel almost the same as the reduction recorded under Strategy B, which
entails allocating all the vaccine resources to girls and females only (compare the blue
and gold curves in subplots (a)-(d)). These results suggest a strong spillover benefit
(i.e., the vaccination of boys reduces the incidence and mortality due to cervical cancer
in females). Furthermore, this figure shows that although the increase in Pap screening
coverage (from 61% to 90%) has only marginal effect on the incidence of cervical
cancer (compare subplots (a) and (b)), such an increase has a significant impact in
reducing cervical cancer mortality (compare subplots (c) and (d)). It should be noted
from these plots that while the burden of cervical cancer persists under Strategy A,
such burden dies out with time under Strategies B and C (this is because the control
reproduction number for Strategy A exceeds unity, while those for Strategies B and C
are below unity, as tabulated in Table 10; the time to elimination of the HPV burden,
for Strategies B and C, are given in Table 11).

The simulations depicted in Figure 8 also show that while the number of HPV-related
cancer cases in males initially increases during the first 10-15 years (for any of the three
strategies), it sharply declines reaching elimination levels, except for Strategy A, which
rebounds after about 70 years of implementation (see subplots (e) and (f) in Figure 8).
This figure further shows that vaccinating girls and females has a significant spillover
effect in reducing the burden of HPV-related cancers in males (see red and gold curves
in subplots (e) and (f)). In these subplots, Strategy C consistently does better than
Strategy B for most of the simulation duration, suggesting that if the objective is
to reduce cancer cases in males, then allocating more vaccination resources to boys
(Strategy C) would be more effective than allocating these resources to girls and
females (Strategy B). Furthermore, this figure shows that increasing Pap screening
coverage of females (from 61% to 90%) induces very marginal spillover effect on the
incidence of HPV-related cancers in males (compare Figure 8 subplots (e) and (f)).
Overall, the simulations for the impact of Pap screening and vaccination strategies
implemented in Korea (depicted in Figure 8) show that increasing the vaccination
coverage for girls and females (Strategy B) or the vaccination of boys at 80% coverage
(Strategy C) will have a significant effect in reducing (and eliminating) cervical cancer
burden in Korea (with Strategy B mostly marginally better than Strategy C, particularly
during the first 60 years of implementation), and that vaccinating boys induces strong
spillover effect in reducing the cervical cancer burden in females (subplots (a)-(d)
of Figure 8). Furthermore, increasing the vaccination coverage for girls and females
(Strategy B) or the vaccination of boys at 80% coverage (Strategy C) will have a
significant effect in reducing (and eliminating) HPV-related cancer burden in males in
Korea (with Strategy C always marginally better than Strategy B), and that vaccinating
girls and females induces a strong spillover effect in reducing the HPV-related cancer
burden in males (subplots (e) and (f) of Figure 8). The results in Figure 8 are also
displayed using bar charts in Figure 9, showing similar trends and profiles, but also
allowing for clear comparison of the impact between baseline (61%) and improved
(90%) Pap screening coverage under each strategy. It should also be mentioned that
similar trends (of the aforementioned simulation results in Figure 8 or Figure 9, for
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(a) Cancer cases in females during 2080 (b) Cancer deaths in females during 2080 (c) Cancer cases in males during 2080
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Fig. 9 Simulation of the model (2.5) to assess the combined impact of Pap screening and vaccination (of
girls, females, and boys) on the burden of HPV-related cancers in females and males during the year 2080,
for Strategies A, B, and C and varying Pap screening coverages. The panels depict the number of (a) cervical
cancer cases in females, (b) cervical cancer-induced deaths in females, and (¢c) HPV-related cancer cases
in males, during 2080. Parameter values used in these simulations are as given in Table 9, but with the
following changes: (i) Strategy A: gy = 0.8, (ii) Strategy B: gy = 0.95, § y = 0.06 per year, (iii) Strategy
C:gqf = gm = 0.8. In all simulations for the 90% Pap screening coverage, the following values were used:
dy3gr =027, hy3yr = quazy = wy = 0.35 per year.
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Fig. 10 Simulation of the model (2.5) to assess the combined impact of Pap screening and vaccination
(of girls, females, and boys) on the burden of HPV-related cancers in females and males in Korea by the
year 2080, for Strategies B and C in comparison to Strategy A under baseline Pap screening coverage.
The panels show reduction in the cumulative number of (a) cervical cancer cases in females, (b) cervical
cancer-induced deaths in females, and (c) HPV-related cancer cases in males, by 2080. Parameter values
used in these simulations are as given in Table 9, but with the following changes: (i) Strategy A: g ¢ = 0.8,
(ii) Strategy B: gy = 0.95, § y = 0.06 per year, (iii) Strategy C: gy = gm = 0.8.

the yearly incidence and mortality of HPV-related cancers in Korea) are observed with
respect to the reductions in the cumulative incidence and mortality for the HPV-related
cancers, when Strategies B and C are compared with the prevailing Strategy A in Korea
(as depicted in Figure 10). The reductions in the cumulative incidence and mortality for
HPV-related cancers are also depicted for various vaccination coverages for boys (set
at 25%, 50%, and 75%) in addition to Strategy A, and the results (depicted in Figure
13 of Appendix G.1) showed lower reductions in disease burden (compare Figure 13
with Figure 10). Similarly, simulations for Strategy A with increased vaccination of
girls (set at 85%, 90%, 95%) show greater reductions in cancer incidence and mortality
compared to Strategy A (compare Figure 14 in Appendix G.2 with Figure 10).

Since the simulations in Figure 8 show convergence to the disease-free equilibrium
under strategies B and C (which is also in line with the corresponding results in
Table 10, showing that the reproduction number, R, for each of the two strategies
is always less than one, so that, by Theorem 2.3, the disease will die out if the initial
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Table 11 Simulation of the model (2.5), showing time-to-elimination of cervical cancer in females in Korea
for Strategies B and C and varying Pap screening coverages (using parameter values such that the control
reproduction number, Ry, is less than one, as given in Table 10, so that the disease-free equilibrium of
the model is locally-asymptotically stable, by Theorem 2.3). Parameter values used in these simulations
are as given in Table 9, but with the following changes: (i) Strategy B: gy = 0.95, § = 0.06 per year, (ii)
Strategy C: g = gm = 0.8. In all simulations for the 90% Pap screening coverage, the following values
were used: d,38 ¢ = 0.27, h,3yf = qu3zy = wy = 0.35 per year

Control strategy Strategy B Strategy C
Pap screening coverage 61%(baseline) 90% 61%(baseline) 90%
Time of cervical cancer elimination (year) 2088 2085 2097 2094

number of HPV-infected individuals in the community is low enough), it is instructive
to determine the expected time-to-elimination associated with the implementation of
these strategies (B and C) under the long-term scenario. For simulation purposes,
we consider elimination to occur when the total number of cervical cancer cases in
Korea is less than 10. This figure is much lower than the figure corresponding to
the World Health Organization’s elimination standard of four cervical cancer cases
per 100,000 females (World Health Organization 2020) (which translates to 1,020
cervical cancer cases in Korea). Table 11 depicts the simulation results of the model
(2.5), under the long-term scenario, showing the first time the total number of females
with cervical cancer in Korea fall below 10. It follows from this table that cervical
cancer elimination could be achieved faster under Strategy B with improved Pap
screening coverage (with such elimination achieved by 2085) than under Strategy B
with baseline Pap screening coverage (this achieves elimination by 2088) or Strategy C
(which achieves elimination by 2097 or 2094 for baseline and improved Pap screening
coverages, respectively). In other words, this study shows that, based on the parameter
values used in our simulations, the combined anti-HPV vaccination and Pap screening
strategy can lead to the elimination of cervical cancer in Korea in about 60 years if the
routine vaccination coverage for girls (12-17 years of age) and the catch-up vaccination
coverage for females (18-26 years of age), are increased from their current levels of
80% and 30,000 per year, respectively, to 95% and 175, 000 per year, respectively.

5.3 Spillover effect of vaccination-only strategy

In this section, the model (2.5) will be simulated for the case where vaccination is the
only anti-HPV intervention implemented in Korea (i.e., no Pap screening), with the aim
of quantifying and evaluating the potential spillover effect of vaccinating individuals
of one gender on reducing the burden of HPV and related cancers in the other gender.
Specifically, the following hypothetical scenarios of the vaccination-only strategy are
considered:

(1) Girls-only vaccination strategy: This entails the annual vaccination of 99% of
girls in the 12-17 year age group for the period between 2021 and 2060, and no

vaccination of females (of age 18-26), boys, or males.
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(i1) Boys-only vaccination strategy: This involves the annual vaccination of 99% of
boys in the 12-17 year age group, and no vaccination of males (of age 18-26),
girls, or females.

The model is simulated, using the baseline values of the parameters in Table 9 and
in the caption of Figure 11, for the period from 2021 to 2060. The simulation results
obtained are then compared with those generated under the worst-case scenario (when
neither vaccination nor Pap screening is implemented).

The simulation results obtained, depicted in Figure 11, show that vaccinating boys
only or girls only reduces cumulative cervical cancer cases in females, in comparison
to the worst-case scenario without vaccination or screening. In particular, boys-only
vaccination causes 24% reduction in cervical cancer cases by the year 2060 compared
to the worst-case scenario, clearly showing a significant spillover benefitin vaccinating
boys in reducing cumulative number of cervical cancer cases in females in Korea.
Similarly, girls-only vaccination causes about 26% reduction in cumulative number of
cervical cancer cases by the year 2060 in comparison to the worst-case scenario (see
blue curve of Figure 11 (a)), which, as expected, is slightly higher than the spillover
reduction generated by the boys-only vaccination (red curve in Figure 11 (a)). A
similar trend is observed with respect to reductions in cumulative mortality due to
cervical cancer in females (Figure 11(b)), where boys-only vaccination reduces 26%
of cumulative cervical cancer-induced deaths in females by 2060, in comparison to the
worst-case scenario (which is quite close to the 29% cumulative reduction obtained by
vaccinating girls only at 99% coverage, in comparison to the worst-case). Finally, boys-
only vaccination is, as expected, more effective in reducing the cumulative number of
HPV-related cancer cases in males, than the spillover related to the implementation of
girls-only vaccination (Figure 11(c)). In particular, while boys-only vaccination causes
an 18% reduction of cumulative HPV-related cancers in males by the year 2060, in
comparison to the baseline (where there is no vaccination or screening), girls-only
vaccination only causes 11% reduction of these male cancers by the same time period,
in comparison to the baseline (compare blue and red curves in Figure 11(c)). It is
worth noting that the spillover effect of vaccinating boys in reducing cervical cancer
cases and mortality in females is larger than that of vaccinating girls in reducing
HPV-related cancer cases in males (compare subplots (a) and (b) with subplot (c) in
Figure 11). This may be due to the fact that HPV-infected females are more likely
to develop cancer, compared to HPV-infected males (Giuliano et al. 2008a; National
Cancer Center Korea Central Cancer Registry 2022; Moscicki et al. 2004, 1998; Van
Doornum et al. 1994).

6 Discussion and Conclusion

HPV (Human Papillomavirus) accounts for virtually all cervical cancer cases and
significantly contributes to anal, penile, vaginal, and head and neck cancers (de Martel
et al. 2017). Although cervical cancer is one of the few human cancers that is vaccine-
preventable and curable if detected early and treated, it continues to pose major health
burden globally (causing an average of over 300,000 deaths annually (Bray et al.
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Fig. 11 Simulation of the model (2.5) to assess the spillover benefit of vaccinating adolescents of one gender
on the burden of HPV-related cancers in the other gender, in comparison to the worst-case scenario (with
no vaccination or screening). The panels depict reduced proportion of cumulative (a) cervical cancer cases
in females, (b) cervical cancer-induced deaths in females, and (c) HPV-related cancer cases in males, by
2060. Parameter values used in these simulations are as given in Table 9, but with the following changes:
(i) Girls-only vaccination: g5 = 0.99, g, = 0, (ii) Boys-only vaccination: g, = 0.99, g = 0. In all
simulations, the following values are used: §f = &, = 0 per year (no catch-up vaccination), dy3g5 =
hy3yf = qu3zy = wy = 0 per year (no routine Pap screening).

2024; Schiffman et al. 2007)). It is the third most common female cancer in the
Republic of Korea in the 15-44 year age group (causing an average of over 1,000
deaths per year (Bruni et al. 2023)). In order to curtail or mitigate the burden of
cervical cancer (and other HPV-related cancers in females and males), Korea started
the National Immunization Program (NIP) for HPV in 2016. This program provides
routine HPV immunization to girls in the 12-17 year age group (Kwak and Hwang
2024). Korea also has the National Cancer Screening Program (NCSP), which offers
free Pap screening to females over age 30 every 2 years since 2002, and to females
over age 20 since 2016 (Shin et al. 2022). The purpose of the current study was to
use mathematical modeling approaches, together with data analytics and numerical
simulations, to assess the population-level impact of the aforementioned vaccination
and Pap screening programs on the transmission dynamics of HPV and its related
cancers in South Korea. A sex-structured mathematical model for the heterosexual
transmission of HPV in Korea, in the presence of HPV vaccination and Pap screening,
was formulated. Although only females are vaccinated in Korea under the current NIP,
the model developed in this study allows for the vaccination of males (particularly boys
of age group 12-17 years). This allows for the hypothetical assessment of the potential
impact of male vaccination on reducing the burden of HPV and related cancers in
Korea.

The disease-free equilibrium of this model was shown to be locally-asymptotically
stable when a certain epidemiological threshold, known as the control reproduction
number, is less than one. The epidemiological implication of this result is that the
combined vaccination and Pap screening program implemented in South Korea could
lead to the elimination of HPV and related cancers if the control reproduction number
could be brought to (and maintained at) a value less than one, provided that the initial
number of HPV-infected individuals is small enough. Numerical simulations of the
model showed that vaccine-derived herd immunity cannot be achieved in Korea under
the current NIP coverage (which essentially amounts to 88% of females vaccinated at
steady-state). The herd immunity can be achieved if, additionally, at least 65% of males
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are vaccinated at steady-state (if males are not vaccinated, which is the current situation
under the NIP, then at least 99% of females need to be vaccinated to achieve herd
immunity). Further rigorous analyses showed that the special case of the model with
negligible disease-induced mortality could have one or three endemic equilibria when
the associated reproduction number exceeds one. Using a Krasnoselskii sub-linearity
argument, it was shown that, for this special case and with vaccine efficacy assumed
to be perfect, the unique endemic equilibrium of the model is locally-asymptotically
stable whenever its associated reproduction number exceeds one. The implication of
this result is that vaccination and Pap screening, at these coverage and efficacy levels,
are inadequate to lead to the elimination of HPV and related cancers in Korea (since,
in this case, HPV and related cancers will persist in the population).

In order to estimate some of the unknown parameters of the model, a simplified
version of the model without Pap screening and with the three cervical intraepithelial
neoplasia (CIN) and intraepithelial neoplasia in males (INM) stages lumped into
one epidemiological compartment, was calibrated using observed data for cumulative
cases and mortality for HPV-related cancers in Korea for the period from 1999 to
2020 (National Cancer Center Korea Central Cancer Registry 2022). The disease-
free equilibrium of the model is shown to be locally-asymptotically stable when the
reproduction number of the model is less than unity. The epidemiological implication
of this result is that the interventions implemented (i.e., vaccination and Pap screening)
can lead to the effective control and elimination of HPV when the reproduction number
of the model is less than one provided the initial number of infected individuals is small
enough (i.e., fall within the basin of attraction of the disease-free equilibrium). The
local asymptotic stability was extended to the global asymptotic stability of the disease-
free equilibrium for a special case when the disease-induced mortality and the coverage
for catch-up vaccination (for both females and males) in Korea are negligible, when
its associated reproduction number is less than one. Epidemiologically-speaking, this
result show that HPV (and, hence, HPV-related cancers) will be eliminated in Korea if
the associated control reproduction number can be brought down to (and maintained
at) a value less than one, regardless of the initial size of the number of HPV-infected
individuals in the community.

Using the estimated values of the unknown parameters obtained from this calibra-
tion, the full model was then used to conduct global parameter sensitivity analysis
to determine the parameters of the model that have the highest impact on a chosen
response function, namely the control reproduction number R . The results of the
sensitivity analysis revealed that parameters related to the transmission of HPV, recov-
ery from symptomatic HPV infection, and HPV vaccine coverage and efficacy were the
most influential in determining the value of the control reproduction number (hence,
the burden of HPV and related cancers in Korea). The implication of these results are
that effective control and mitigation strategies could be formulated by targeting these
identified parameters.

The full model was simulated to assess the population-level impact of the com-
bined vaccination and Pap screening strategies currently being implemented in Korea
(defined as Strategy A), and to evaluate the potential impact of two hypothetical
extended versions of these strategies (namely Strategies B and C). These strategies
are formally defined below:
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e Strategy A: This is the post-NIP vaccination strategy that entails the annual vac-
cination of 80% of girls (12-17 years of age) and annual catch-up vaccination of
30,000 females (18-26 years of age) with baseline Pap screening (of 61% of adult
females in the age group 20-74 years of age).

e Strategy B: This contains Strategy A together with the increase in the annual
vaccination coverage for girls from 80% to 95% and for females from 30,000 to
175,000.

e Strategy C: This contains Strategy A together with the annual vaccination of 80%
of boys (12-17 years of age).

The simulation results obtained showed that while all three strategies will lead to a
significant reduction in the disease burden (measured in terms of yearly cases and
mortality of HPV-related cancers), only Strategies B and C will lead to the elimination
of HPV and related cancers in Korea. This is because only the latter two strategies will
result in bringing the associated control reproduction number of the model (denoted
by Rys) below one. In particular, it was shown that, based on the parameter values
used in our simulations, that cervical cancer can be eliminated in Korea using Strat-
egy B in about 60 years (Strategy C could achieve elimination in about 70 years).
These simulations suggest that increasing the current levels of the vaccination and
Pap screening coverages in Korea, as well as extending the vaccination coverage to
adult females and males (to specifically attain the levels in Strategies B and C) could
lead to a dramatic reduction (and even elimination) of the burden of HPV and related
cancers in Korea.

The model was further simulated to assess the potential impact of vaccinating one
gender (only) on reducing the burden of HPV and related cancers in the other gender
for the hypothetical case where Pap screening is not implemented. In other words, the
model was used to explore and quantify the potential spillover benefit of vaccination of
one gender on the other (when Pap screening is not implemented). These simulation
results obtained, which are based on vaccinating 99% of one gender only, showed
that vaccinating 99% of boys only induced a significant spillover benefit in reducing
the cumulative number of cervical cancer cases and mortality in females in Korea,
in comparison to the worst-case scenario where no vaccination or Pap screening is
implemented. This reduction was larger than the spillover benefit achieved (in reducing
the disease burden in males) by vaccinating 99% of girls only. Thus, this study showed
that extending the current post-NIP strategy in Korea to also include the vaccination of
boys (and catch-up vaccination of adult females) will significantly reduce the burden
of HPV and related cancers in both females and males in Korea.

Some of the limitation of the model developed in this study include not accounting
for homosexual transmission of HPV, reinfection of HPV and waning of infection-
acquired and vaccine-acquired immunity against HPV. Adding the dynamics of MSM
(men who have sex with men) into the model might affect the level or size of some
of the epidemiological thresholds presented in this study. The authors hope to address
these limitations in a future study. It should, however, be mentioned that the modeling
framework presented in this study, for the dynamics of HPV and related cancers in
Korea, can be adapted and applied to other countries or regions or jurisdictions inter-
ested in assessing the population-level impact of vaccination and Pap screening on
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reducing the burden of HPV and related cancers, by adjusting demographic param-
eters, the vaccination and Pap screening parameters, and the parameter for number
of sexual contacts pertinent to the area. Overall, this study showed that the prospect
of the effective control or elimination of HPV and related cancers in Korea, using
the combined vaccination and Pap screening program, is promising, provided that the
coverage levels are high enough and the program is extended to include the vaccination
of boys and adult females (with high enough coverage).

Appendices
A Proof of Lemma 2.1

Proof Consider the model (2.5) with Q2,(0), 024(0), J2,,(0) > 0, and all other state
variables being non-negative at time ¢ = 0. The equation for the rate of change of the
compartment for unvaccinated susceptible females (S (¢)) can be rewritten as:

d t
o |:Sf(t)exp ((éf—i—u)t—l—/ Amy £ () ds>:|
t 0
t
= —qy)myrexp ((Sf + it +/0 Amg £ (5) dS>,

and integrating both sides with respect to ¢ gives,

t

Sy(t)exp ((éf + )t —l—/(; Amg £ (8) ds)

t

1
=sf(0>+<1—qf>nf/0 exp (<sf+u>z+f0 Aoy £ (5) ds) dr,

from which it follows that (noting that 0 < g5 < 1),

t
Sy(t) = exp (—@f + )t — /0 Mg f(5) ds)

t t
|:Sf(0) + (1 _qf)nf,/(.) exp </0 Ep 4+t + Ay £ (5) ds) dt]

>0, for all r > 0.

Next, given the non-negativity of Sy (¢), the equation for the rate of change of the
vaccinated female population (V (1)) satisfies the following:

dv
Tzf =apmp + &Sy = (= ehmgf Vi = uVy 2 qpmp = (L= e0)hmy f Vi = 1Vy,

which can be rewritten as,

t
i |:Vf(t) exp <W —l—/ (1 —&p)hm, £ (s) ds>i|
dt 0
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t
= qfmfexp (Mt+/ (T — &) Am, £ (s) ds) )
0

from which it follows (by integrating both sides) that,

t
V() exp (,ut + / (I = &p)Am, £ (5) ds)
0
t

t
> V¢(0) +qf7'rf/(; exp </Ll‘ +/0 (I = &) Am, £ (s) ds) drt.

Hence, V¢ (t) > 0 for all + > 0. Similarly, using this approach, it can be shown that
the state variables E ¢ (¢), I7(t), Pr(t), Su(t), Vi (t), Eq(t), In(t) and Py, (¢) of the
model (2.5) are also non-negative for all # > 0. The next step is to prove the non-
negativity of the state variables Q;y, Qi4, Jim (i = 1,2, 3) of the model (2.5). This is
done by contradiction as follows. First of all, the equations for the rate of change of
Qiu(i = 1,2, 3) can be rewritten as:

d

o [Quexp ((gr +mt)] = [(1 —kp)os P+ huoy s Qaulexp((gs + 1)),

d

o [Qauexp ((yr +mt)] = [(1 —du1 — du3)gr Qiu + quazy Q3ulexp((y s + 1),
(A.1)

d
o [Q3uexp ((zf + 1)1)] = [(1 = hut — huz — hu3)y 5 Q2ul exp((zf + 1),

which, by integrating both sides with respect to ¢, gives

Qi) = Q14(0) + :/:Kl —kp)ayPr(s) + huayy Qou(s)}
exp((g + w)s) ds|exp((—gy — ),
Q2 () = Q2/(0) + :/Ot{(l —dy1 — du3)g £ Qu(s)
+qu2zf Q3u()} exp((y + )s) ds]exp((—ys — u)1),
034 (1) = 03,(0) + :(1 —hut — hu2 — hy3)yy /Ot 024(s)

exp((zf + w)s) ds]|exp((—z5 — wir). (A.2)

Suppose, now, that 0>, (¢) < 0 for some ¢ in (0, 00). Since Q7,(0) > 0 (by assump-
tion), there existsafy > Osuchthatfy = inf{r > 0 : O2,(¢) = 0}. Note that Ps(¢) > 0
for all ¥ > 0 from the proof above. Furthermore, all the model parameters, as well
as the proportions 1 — k¢, 1 — dy1 — dy3, 1 — hy1 — hyz — hy3, are non-negative (as
defined in Section 2). Hence, it follows from (A.2) and the definition of z;, that both
Q14(t) and Q3, () are non-negative for any ¢ € [0, #9]. Furthermore, it can be seen
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by evaluating the second equation of (A.2) at r = f, that

o
Q24 (1) = Q2,4(0) + |:/0 {1 —dy — duS)nglu () + quaz f Q3u ()} exp((yy + p)s) dS:|

exp((—yy — wip).

Using the non-negativity of Q1,(t) and Q3,(¢) on [0, fp], and the strict positivity
of 02,(0), the above expression for Qo (ty) is strictly positive. This contradicts the
definition of #y (which requires Q»,(f9) = 0). Thus, Q,(¢) > 0 for all + > 0. Using
the fact that Q»,(¢) is strictly positive for all t+ > 0, it can be seen from the first
and third equations of (A.2), that Q1,(¢) and Q3,(¢) are also strictly positive for
all + > 0. Similarly, the non-negativity of Q;4(¢), with i = 1,2, 3, can be proved,
using the fact that Q1,(¢), Q2,(¢t) and Q3,(t) are all strictly positive for t > O.
Furthermore, the proof by contradiction can also be used to show that J;,, (¢), withi =
1,2, 3, are strictly positive for all # > 0. Finally, the non-negativity of the remaining
state variables, C,(t), C4(1), R?(t), Ry(t), Cpn(1), R,i (1), and R, (¢), follows from
the non-negativity of the state variables established above. Hence, all non-negative
initial conditions of the model (2.5), with Q»,(0), Q24(0), J2,, (0) > 0, remain non-
negative for all # > 0. O

B Non-negativity of the Control Reproduction Number (R ys)

Recall from Section 2.2.1 that the control reproduction number of the model (2.5) is
given by

Rys = ,O(FXVX_I) = \/W,

where (with all the associated parameters and quantities as defined in Section 2.2.1),

R _.Bfmcmflipj;l ny af QfO'fll
T ki kika | kikaks
n Ororlila{tya + Kk plske + Kk pl3l4} n Orvorlilba(jri +krajra + deij)]
kikakstry kikaokstpiefs ’
R, = miCnr kP [’L L Oy OnOn¥n (1 = )
TTm el erey ejepes
+9m01n1[fm(1 — b))y (1 — kp){tm2 + kmgm (1 — di)es + kngm(1 — dm)fl}]
ejexesin| '

Since the parameters of the model are all non-negative and the proportions related
to some of the parameters are between zero and one, the non-negativity of R
and R, (hence that of R,s) depend on the non-negativity of the expressions for
LFLLF2, LF3y JF1s Jf2s J 30 tm1, and ty2. In order to prove the non-negativity of
Jri, jr2, and jr3, it is convenient to rewrite their expressions by factoring out g
(which is automatically non-negative) and organizing the inner expressions in terms
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of d,3 (for jr1) and u (for js» and jr3) in descending order (note that d,,3 and  are
non-negative), as follows:

Jr1 = grtradys +tys),
Jr2 =g Wper® + e pan® + Lpgi 4 Lpo),
Jrs = grtriol® + i+ tpnn),

where,

tra ={r2p (1= quy (1= huy = huy — b)) + w(yp + 27) + 117}
{62631 — qa,(1 — hay — hay))
+ 1+ 83) + 1),
trs =yrohahyy (1 —dyy — dyy) (25 + 1) (&3 + 1)
+ Yrz2£0283qusqar ha, (1 — dyy — dyy) (1 — hyy — hyy — hys),
tre =duy$1(1 — day) + huyyr (1 — dyy — dyy),
tp7 =du; &1 (1 —da)(yy + 83+ 25)
+ (A —dyy —du)husy (&1 + 83+ z25),
trg =dus Si{ypss +yrzp(1 = (1 = hyy — hy,
— hu3)quy) + &3z, —dgy) + (1 — dyy — duy)
huyy (6163 + iz + &3zp) + (1 —dy,
- du3)(1 - hul - huz - hu3)4dzqu3yf§3zf,
tro =du; y 61632, (1 — da) ) (1 — quy) + hus yr 61832, (1 — dyy — dus)
+ (1 —dy; —dus)
(1 = huy = huy — hu3)qar qus y 616325 + (1 — day)
(hul +hu2 +hu3)dusqu2yf§1 &3z,
tF10 =duz$182(1 — hay — hg,)(1 — dgy)
+huy 8l —dyy —dyy)(1 = hgy — hay)
+ yr2qus(1 — dyy — dyy) (1 — by — hyy — hyy),
L1 =du;§180(1 — hay — hay)) (1 —da) ) (Y + 2f) + hus Y £82(81 + 2f)
(I —dyy, — dus)(1 — hgy — hay)
+ qusyrzp (&1 + ) (1 —dyy — duz)(1 — hyy — huy — hus),
tr12 =dy;$182ypz (1 —dg ) (1 — hgy — ha,)
(1 = qu, (1 = hyy — hyy — hyy))
+ husy 160z (1 —dyy — dyy)(1 — hgy — hay)

+ quyYrzr6182(1 — dyy — dyy ) (1 = hyy — hyy — hyy) (1 — hg, (1 —dgy)).
(B.1)

Then, it immediately follows from the non-negativity of the parameters of the model
(and the proportions in equations (B.1) being less than one) that ¢4, trs, ..., 1712
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are all non-negative, hence jr1, jy2, and jr3 are non-negative. The non-negativity
of the remaining terms, ¢ 71, (2, tf3, tm1, and 2, can be shown by rewriting their
expressions as follows:

tir =10 4 s+ yr +2p) + ulgryr (= ho(l = du — di3))
+yrzf( = qua(l — hyt — hyz — hy3))
+grzpt+gryrzp{(l — qua)(1 — hy2)
+hu2(dut + dus) + qua2(hur + hyz)},
tpp = —=qu(l —hyy —hyy —hu))yrzg +u(yr +z5 + 1,
L3 = 10+ PG+ O+ )+ {8l = hay + dg hay)
+083(1 — qa, (1 — hagy — hay)) + 5183}
+8168{(1 — hay))(1 — ga,) + qarha, + da ha,}
tmt = 1+ 17 (@m + Y + 2m) + 1{gmYm (1 = ha (1 = di))
+Ymzm (L — gma(1 — hmt — him2))
+8mZm} + &nYmZm{(l — qm2)(1 — hiy2)
thmadm + gm2hm1},
b2 = W+ 1 Om + zm) + Ymzm (1 — gua(1 — hay — hay)). (B.2)

Thus, since all the parameters of the model are non-negative and the proportions in
equations (B.2) are less than or equal to one, it follows from (B.2) thate r1, ¢ r2, t £3, tm1,
and (,,» are all non-negative. Hence, the control reproduction number, R, of the
model (2.5) is non-negative.

C Coefficients of the Polynomial (2.20)

The expressions for the coefficients of the quartic (2.20), given in in Section 2.2.2, are
given by:

ag =(u(l = evqp) + &7 — e p (1 — e0) (R 70 f (Em + 10p + T (1 (1 = £um) + Em (1 = £0)))
(A —e)RympEm + )+ wm(u — evgm) +&m(1 —ep))ut >0,
az =(n(l —eyqp) +&p (1 — &) p (1 — &) Em + WI2(1 — &)
R 5 Em + W (11 = svq ) + &1 — )
+ R (el — evq ) + E (1 — ) (1 — evgm) + Em (1 — e))((1 — £0)Em + 1)
+ 1) + 27 (11— ugm) + En (1 — ) > (1 = ) Ep + 1) + 1) + R ptmpt
(1(1 = £ygm) + Em (1 — £))((1 = £)(Ef + ) + 10 (1 = £)Em + 10) + )] = R fRn T p70m
(1= )€ + W Em + WuHR (1 = e) Em + Wit
+ T (1 (1 = evgm) + Em (1 — £0))%)
>(u(l = evgp) +Ep(1— e (1 = £0) Em + Wl (el = eugm)
FEm(1— )? (1 — £0)(Ef + 1) + 1)
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+ Rt (1 = evgm) + Em (1 — £)) (1 = ) + ) + (1 = e0) Em + 1) + )]
— Rus 7 ptm (1 — )2 + 1) Em + AR p7 (1 = £0) (Em + 1
+ T (1 = eugm) + Em (1 — €))%}
=l = evgm) + Em (1 — )7 i (1 = £0) (Em + W{(L(1 — £0qp)
FEp(L— ) (1 — ) + ) + 1)
— Rus (1 = e0)Ef + W) + Rz mm (1 — e0)En + wu{((1l — evq )
+Er(1— ) (i(l — evgm)
FEm (1= ) (1= £)Ef + 1) + ) (1 = £0) Em + ) + 10)
— Rus (1 — &)2(Ep + 1) Em + 1)1*}

>(1 = Ros) (L = e9gm) + &m (1 — e))27 712 (1 — £0)Em + 10Ol — 0)*(Ef + W) Em + u?

+ Rfﬂ]zrﬂm(l —&u)Em + i — eu)z(éf + 1) Em +wu*y =0 (if Rous <1 )

ay =(u(l = sug ) + & (1 = e Em+ (A=) R 7 Em+n* (11 =20 1) +E (1 — £2))

+ R it (el = evq )+ Ep(1— ) ((1 = epgm) + Em (1 — e0)) (1 — £0) (Em + 1) + )
(L= e0)Ef + ) + ) + 1 1 (11— evgm) + Em (1 — e))* (1 — ) (7 + ) + w)*
+ T (11— evgm) + Em (1 — ) + WUHR g1 (1 = £)
(1= &) (Em + 1) + ) + 270 (1 — £0)
(11— evgm) + Em (L — e} = R Ront p7im (1 — ) + 1) Em + )2
Q2R (1= £0)Em + 1)1
(Ml —evgp) +5r(1 —ev)) + Tm (Ul —evgyp) + 55 (1 — ) (Ul — gvgm) + Em (1 — £))?
+ T (1 (L = evgm) + Em (1 — e0)>((1 — e0) Ef + ) + 1)}

>R p(u(l = evqp) + & (1= )7 Fmp{((1 = 0gm)
+FEm(L— e G + (1 — ) (1 — £y)
(Em + W) + ) + (1 = evgp) + 71— ) (1 — 9gm) + Em(1 — £)) (1 — £0) (G + ) + 1)
(1= &) Em + 1) + 1) = 2Ry (1 — )> (E ¢ + 10 Em + *} + (11 = evgm)
+&En(l — su))znfn,%t
Em + R = evgp) +Ep(1— e = ) Ef + 1) + 17 = Rug (1 — ) (Ef + 1)
(1= e)(Ef + )+ wp? + (u(l = evgp) + (1 —e)( — &) Ef + Wp? 2 — Rug))

>(1 = R [R (1 = eugp) + &5 (1 = ep)mmmp(l — £0)2Ep + 1) Em + mop?
+ (1 = evgm)
+Em (1 — )27 72 Em + 1L — )G + (L — e)(Ef + w) + W + (w( — evqp)

+Ep(1 =) —e)Ep +0p?)] 20 (ifvzvs <1 )

ap =(u(l —evgp) + & (1 — )l — evgm) +Em (1 — e pm Eyp + 1) Em + H)Mz[Rfﬂf
(= evq ) + &7 (1= ) (1 = £0)Em + 10) + 10) + 270m (11 (1 = £ugm) + Em (1 — £)) (1 — £3)
Ef + 1) + ] = Ry Rt p7tm (€ + 10)Em + pop?
{7om (1 = e0)(E f + (el = evgm) + & (1 — e0))?
+R (1= e0)Em + Wl = evgp) +Ep(1— ) + 7w (1 — evgp) +E7(1 — &)
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(11— evgm) + Em (1 — ) (1 — ex) E + ) + 1)}

>((1 — eugm) + &m (1 — e0))?7 p2 (E f + 1) Em + 102201 — evq )
FEL(L— ) (1 — ) (Ep + )
+ 1) = Rus(1 = £)(E 5 + 101 — Rus (u(1 = evgp) + & (1 — ex))((1 — e0)(Ef + ) + )}
+ Rl = eugp) + & (1= 80)) 7 fm Ef + 10 Gm + U] = sugm) +Em (1 = £0)
(1= &) Em + 1) + 1) — Rus (1 — &) Em + )it}

>(1 = Ros) (1t (1 = evgm) + Em (1 — )7 p 2 Ep + 1) Em + 100> {(1 — e0)Ef + Wit
+ (= euqp) +Ep(1— ) (1 — ) Ef + 1) + 10} + Ry (u(l — evgy)
+Er(L—80) 273 7m

Ef + W Em +wu (1 = e)Em +0pl >0 (ivas <1 )

ag =(u(l —evqy) + (1 — ) (u(l — cvgm)
+Em(1 = e0)? 7 (E p + W2 Em + 01311 = R f R

>0 <ifandonlyif72vs < 1).

It should be mentioned that the inequalities above use the fact that (for i = f, m):

p(l —eyqi) + &1 — &) = (u+E)(1 — &),

since0 < g¢g; < 1.

D Proof of Theorem 2.6

Proof Consider the special case of the model (2.5) with negligible disease-induced
mortality (§ = 8; = 0) and a perfect vaccine (¢, = 1). Then, the coefficients of the
polynomial (2.20) satisfy a4 = a3 = Oanday > 0, hence the quartic equation becomes

quadratic in )\;‘:f In this case, the special case of the model (with § = §; = 0 and

&y = 1) has a unique endemic equilibrium if ag < 0 (i.e., 7~€US > 1), by the Descartes’
Rule of Signs. It is convenient to define this unique endemic equilibrium by &y =
E1sle,=1- The local asymptotic stability of the associated unique endemic equilibrium
(EE) of the special case of the model can be established, when Ros > 1, using the
Krasnoselskii sub-linearity approach (as in (Esteva and Vargas 2000; Hethcote and
Thieme 1985; Pant and Gumel 2024; Thieme 1985)). The method is based on the
fact that, for a given n—dimensional system of nonlinear differential equations of the
form X = f(x), its equilibrium £ is locally-asymptotically stable if its corresponding
linearized system, Z=0D f(E)Z does not have a solution of the form Z(¢) = Ze*",
where Z € C"\ {0}, w € C, and Re(w) > 0. Since § = §; = 0, it follows that the total
female (N7 (7)) and male (N, (¢)) populations at time ¢ are asymptotically constant.
Thatis, (N¢(1), Ny (1)) — (N}, N,i), as t — oo. Substituting N, and N; for N, (t)
and N7 (t) in the model shows that,

Sf=Nj—Vy—Ef—1Ir—Pr—Quu— Qu— Q3 — Qia— Qu
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— Q3a — Cy, — Ca — RS — Ry,
SmZNI:;_Vm_Em_Im_Pm_Jlm_JZm_J?am_Cm_RnC;_Rm- (Dl)

Using (D.1), the special case of the model (2.5), with § = §; = 0 and ¢, = 1, can be
rewritten as:

Vi =qprp+& Ny =Vy—Ep =I5 = Py = Q1u — Qo — Q34 — Qua
Q24— Q3¢ — Cy — Cqg — R]Cc — Ry) —nVy,

Ef = dmg(N3 = Vy—Ep— Iy — Pp — Qi — Qo — Q3 — Qua
—024 — Q3¢ — Cy — Cq — R? —Ry)—kiEy,

Iy =0pEp—kaly,

Py =hl; —ksPy,

Otu = P+ hpyy Qo —kaQ1u,

02 = 1301 + quazy Q3u — ks Qau,

Females { O3 = 1402 — k6 Q3u.

014 = di3gs Quu + har2Q2a — k7014,

024 = huzys Qo +16Q1a + qa283 034 — ks Q2a.

034 = quszf Q3u + 17024 — k9 Q34.

Cu = 1503, — kioCu.

Ca =1303¢+wsCy —k11Ca,

R? = ruCy +raCq — 1R, (D.2)

Ry =bsysls +kposPs+dugsrQuu+haysQou + gz Qs+ dar¢1 Qra
+ha1$2024 + qa183 Q34 — Ry,

Vm =dqdmTTm +$m(N:;1 = Vi — Em — In — P — Jim — Jom — J3m
_Cm - R,% - Rm) _ﬂvm,

Em = )tfm(N,:, — Vi — Emn — Ln — Py — Jim — Jom — J3m
~Ciw = R — Rip) — €1 Em.

im =onEn —exly,

Bo = (1= bu)¥mln — €3Pn,

Males | jy,, = (1= kn)am P + hy2Ym Jom — €aJim,
Jom = (1= dp)gmIim + qmazm J3m — 5 Jom.
J3m = fidoam — €6J3m.

Cn = frJsm — e71Cm,

RC =1rmCn — MRC

m?

Rm = b VYmIm + kn0m Py + din&m J1m + Bt Ym J2m + Gqm1Zm I3m — U Rm,
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where the associated forces of infection, A,y and A s, obtained by substituting
N,, = N, in the special case of the model, are given by:

Ly +mEp + 0Py + Jim + km (J2m + J3m)]
)me = (,Bmfcmf) N ,
m
Afm = (BfmCms)
|:If +nrEf+07[Pr+ Qu+ kr(Q2u + Q3u) +v{Q1a + k5a(Q2a + Q3d)}]i|
Ny

andky =of +p, ko =Vr+p, ks =ap+ ks =g+, ks =yr+p. ke =
Zft, k7 =1+ u, ks = S+, ko = S3+u, ko = wetry+8+p, ki = rg+8a+
w, i =0 =bp)r, b =0~kpay,ls =0—dy—dy3)gr, la =1 —hy1 —hyo—
hu3)yr,ls = (1 —qu1 —qu2 —qu3)zf. le = (1 —dg1)1, 17 = (1 —haq1 —ha2) 2, g =
(I —qa1 — qa2)83,€1 = O + 1, €2 = Y + |4, €3 = Ay + 4, €4 = g + U, €5 =
Ym+ MW, €6 = Zm+ M1, €7 =Fy+MU, fl ={0-hm _hm2)ymv f2 = (I—=qm1 —qm2)zm
are as given in Section 2.2.1. Suppose that the linearized system

Z=JEZ (D.3)
around the unique endemic equilibrium f:'lx has a solution of the form:

Z(t) = Ze™", D.4)
WithZ = (Z1, Za, - - - , Z24) € C**\ {0}, w € C (i.e., assume that Z(r) is a nontrivial

solution). Substituting the solution of the form (D.4) into the linearized system (D.3)
gives

14

wZi = (—Er—WZ1 —&r Y Zi,
i=2

wly = — )»:;:}Zl + (—)»::?} —k1)Z,

14
— )»;:‘} Z Zi+a1Z16+axZy7 +azZis +azZio
i=3
+ asZro + asZyy,
wZy=057Z) —kyZ3,
wZy =1173 — k3Zy4,
wZs =hZy —kaZs + hiyyZs,
wZe =13Z5 —ksZe + quazyZ7,
wZ7 =l4Zs — keZ7,
wZy =d;38rZs — k123 + harto Zo,
wZo =h3ysZe +l6Zs — ksZo + qart3Z 0,
wZ1o = quszfZ7 + 1729 — koZyp,
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wZy =527 — kioZ11,
wZyy =18Z10+wsZy — k11212, (D.5)
wZiz =ryZy tralin —pnZis,
wZiy=bryrZs+krarZa+digrZs +huyrZe + quizyZs
+danZg +ha182Z9
+ 44153210 — w214,

24
wZis = (—&n — W Z1s —Em Y _ Zi,

i=16
wZi6 =b1Zy +b2Z3 4+ b3Z4 +b3Zs5 +baZe 4 bsZ7 4+ bs5Zg + bsZo + b Z10

24
— Wi Zis + (=M — e Zis = M5 Y Zi,
i=17

wZi7 =0mZie — 2217,
wZig =1 —bm)¥ymZ17 — e3Z1s,
wZig =1 —km)oamZis — eaZ19 + hm2ymZ20,
wZyo = (1 —dw)gmZ19 — esZ20 + qmazmZ21,
wZs = f1Zx — ecZ21,
wZyn = f2Zy —e1Z2,
wZy3 =rmZyn — W23,
wZo = bm¥mZ17 + kmotm Z18 + dmgm Z19 + hm1YmZ20 + qm1zm Z21 — L 224,

ok ok

ﬁmfcmf77}'&'15?k /Smfcmfs}H ﬁmfcmfgmsf ﬁmfcmfgm’(msf

N—;,az = N—:l,a?, = N;f, , A4 = N,*,; )

by = BimenlliSi py = PrwtatSi = Bemon00S = BmonfGrisSi g -
m m m

where a; =

m
mCm 0 ok mCmt0 koK . .
W, b = MV+WMS"’. The third to the 14th equations of the system
m m
(D.5) can be rewritten, by moving their negative terms to the left-hand side and dividing
by their respective coefficients, as:

0] of w I
l+—)Z3=—"25, |1+ —)Z4=—2Z3,

ko ka k3 k3
(1 + k%) Zs = %24 + h“;%zf,, (1 + %) Zs = 1%—25 + %Z%
(1 + k%) Z7 = 2—126, (1 + %) Zy = du;ff Zs + hffz Zy,
(1 + k%) Zy = h]:gyf Ze + Il{—ZZs + q‘fg“zlo, (1 + %)
Zio = %2%27 + 1%29’
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Is Ig wy
1+—)Z —Z, 1+—)Z _—Z —Z11,
<+k0> 1= k1o 7 (+k1> 12 ki 1o+k 11

(1 + —) Zi3 = —uZu + —dzlz,
w 5 5

0} b kra d h
(1+_) Zig = —fI//fZ3+—f fZ4+ Mlng5+ utf
2 2 M % 7

d
qulZfZ7+ dlé“lZ
"

Zs +

h
d162 Zo + qd183

+ Zyo. (D.6)

Similarly, the 17th through the 24th equations of the system (D.5) can be rewritten
as:

a) Y 1) 1 —by)
(1+—> Zi1 = —"Zis. <1+—> Zig = Q= bm)¥m men,
€2 (] e3 e3
w 1 —kn)a h
<1 + _) Zio = ( m)%m Zis + m2Ym Zoo.
es es n
w 1—4d Z
(1 + e_> ZZ() = ( em)gm 219 + Qmez m 221’
> f : : ¥ (D.7)
w w
<1 + —> Zy = —1220, (1 + —) Zo = 27,1,
€6 €6 e7 e7
w T
(1 + —> Zy3 = —Zn,
w I
w b ko d, h z
(1 + _) Zoy = mwm Zi7 + m%m Zis + m8m Z1o + mlYm Zao + qm1 mZ21
M M M 0 M

To get a similar expression from the first and second equations of the system (D.5),
all equations in (D.6) are rewritten in terms of Z; as:

zi=—1 7 = AZ
=R =: A1Z,,
l
Zy = Lzz =:AyZ,,
(@ + k2) (@ + k3)
I ks)[w? + (ks + k
Zszﬁflz(w-l- s)w” + (ks + 6)0)+lf2]22 . AsZs.
(w+ ko) (w+ k3)B
orliblz(w + ke)
Zg = 1123 ) = AyZ>,
(w+ k) (w+ k3)B
L1151
Z7 = 12 2 =: As5Z,
(w+ ky)(w+ k3)B
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Zo = <du3gf[w2 + (kg + ko) + (143 + lehaat2ke) /k7] As

C
ko)h h h
+(a)+ 9) g3yf d2C2A4+ qu3Z 94283 d2§2A5) Z . Ao,
(@ + ko) hy3y f A + qa283qu3zf As + (@ + ko)lg A _
Zg = > ZZ =. A7ZZ9
w= + (kg + ko)w + (tf3 + lhar82ko) k7
Qu3zf I7
Zio = As + A7) Z =: AgZ»,
10 <a)+k9 St o ke 7) 2 8Z>
o 1112131415
Z1 = f Zs =: AgZ>,
(0 + k2)(@ + k3) B(w + k10)
Zin= (B Ag+ —"1 a0)z = AZ
12 = +k11 st o) =: Aj9Z2,
z " a0)z — AnZ
13 = w+u w+ 4 =: Ay12Z,,
b k d, h
( fl//fA L ey o ulng n ulyjA n qulZfAS
otp o odn T orp o tp
da181 ha1&2 qa183 )
+ Ag + A7 + Ag | Z =: A1nZ>,
L et K 122>
(D.8)
where,

= (0 +ka)(@ + ks)(@ + ko) — (0 + ka)laquazy — l3hu2y (@ + ko)
= 0 + (ks + ks + ke)o* + (51 + kalaquaz p)w/ke + (Lp2 + keka)w + ¢ 41,
= (@ +k7)(@ + k) (@ + ko) — (0 + k7)l794283 — l6har§a(w + ko)
= + (k7 + ks + ko)o* + (13 + k7l1qaa&3) ko
+ (13 +l6hartoko)w/k7 + kokyw + 173,

and tyy = kakske — lshuoyrke — kalaquozy, ty2 = kske — laquozy, ty3 =
k7ksky — lehgaloko — k7l7g4283 are as given in Section 2.2.1. It should be noted
that sy, t 42, and ¢ r3 are non-negative (as shown in Appendix B). Hence (note also the
aforementioned definitions of ku, ks, k¢, k7, kg, ko, I3, 14, I, I7), B and C have non-
negative coefficients. Then, solving for Z; from the first equation of the system (D.5)
gives:

14

_ §r ) .
7 = <w+§f+u gzl. (D.9)
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The second equation of (D.5) can be rewritten (by moving its negative terms to the
left-hand side and dividing with k1) as:

S ’"fz mo
T +(k +

4+ mf Zzi = Ezm +2 s 27+ —(ZIS + Z19) + —(Zzo + Z31). (D.10)

Then, substituting (D.8) and (D.9) into the left-hand side of (D.10) gives:

+_+(w+sf+u)k1 +.Z’ 2

= k—1216+ 3 Zl7+—(218+Z19)+—(220+221) (D.11)

To get a similar expression from the 15th and 16th equations of the system (D.5), the
equations in (D.7) are rewritten in terms of Z¢ as follows:

Om
70— Zi6 =: A13Z16,
w+ep
1-b
. MZM =: A14Z16,
(0 + e2)(w + e3)
1—b 1 —k i
= o ) U m)om[w” + (es —|—eé)a)~|—tmz]z16 = AsZ1.
(w+ e2)(w+e3)D
Om (1 — by) Y (1 — k)t (1 — diy) g (@ + 66) .
2o — Z16 =: A16Z16,
(w + e2)(w+e3)D
(D.12)
1—b 1—k 1—-d
7o = I ( m)¥m ( m)%n ( m)8m Ji Zis = A11Zis,
(w+ e2)(w + e3)D
A7 f2
Z _ Z =: A Z ’
n= 2222, 18216
Ay7 far
Zor = $Zm =: A19Z16,
(0 +e7)(w+ )
b k d
z24=< Vi gy g Sy g
+u w4+ W® o+
h z
A15 + ml)’mA 16 + dm1 mA17> Z16 = Azozlé,
o+ U

where,

= (o +e4)(@ + e5)(@ + e6) — (0 + eq) figmazm — (1 — dw) gmhm2ym (@ + e6)
= + (es + €5+ e6)0” + (tm1 + €4 figmazm)®/e6 + (tn2 + €6ea)® + 1,
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and 1,1 = eqeseg — (1 —dim) 8mhmaYmee — €4 f1qmazm, tm2 = €56 — f1qm22m are as
given in Section 2.2.1. It should be noted that ¢,,,; and ¢,,> are non-negative (as shown
in Appendix B). Hence (note also the aforementioned definitions of e4, es, eg, f1), all
the coefficients of D are non-negative. Then, solving for Zis from the 15th equation
of the system (D.5) gives:

_
Z15 = (‘“+5m+“>121:62 (D.13)

The 16th equation of (D.5) can also be rewritten (by moving its negative terms to the
left-hand side and dividing with e7) as:

_Zlﬁ‘i‘ﬂZlS‘i‘(ﬂ—Fl) Zl6+ ZZ ——Zz—i- Z3+—(Z4+Zs)
el el (4]

i=17
(D.14)
b b b
+ = (Ze+ Z7) + = Zs + —(Zg + Z10).
el el el
Then, substituting (D.12) and (D.13) into the left-hand side of (D.14) gives:
1+2 4 Mm@+ 1) 1+§:A Zio= 221 22 1 Bz 4 29)
—_ i 16 = —Z42+ —43+ —(44 5
et (@+&m+pwer = et e e
(D.15)

by b5 be
+ —(Ze+ Z7) + —Zg + —(Z9 + Z19).
el el el

Hence, equations (D.6), (D.7), (D.11), and (D.15) can be rewritten in the following
matrix-vector form (where Y = (Z», Z3, -+ , Z12, Z16, Z17, - - - , Z22) is the projec-
tion of the vector Z from C2* \ {0} to C!8\ {0}):

[1+ Fi(w)]Y; =(HY);, i=1,2,---,18, (D.16)

where,
PR SWACE T - »
Fio) = —+ ————— 1+ Y Ai), Fjw)=— (j=2.3,.1D),
1 . 4
i=1

(w+&f + ki
A (o + ) 20

© _ _Sm TR ]+2Ai ,
i=13

F@) = ot e ¥ e

ej—11
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and H is the non-negative 18 x 18 matrix given below:

ro oo o o o0 0 0 0 00%x g & “ @ w0
o0 0o 0 0 0 0 0 000 0 0 0 0 0 0
0o 0o o 0o 0o 0o 0 000 0 0 0 0 0 0
00 & 0 ”“;“’ 0 0 0 0 000 0 0 0 0 0 0
0000 £ 0 Lo 0 0 000 0 0 0 0 0 0
0000 0 £ 0 0 0 0 000 0 0 0 0 0 0
00 0 %L o o o Me o 000 0 0 0 0 0 0
0 0 0 0 h"[x" 0 £ 0 ®& 0 00 0 0 0 0 0 0
00 0 0 0 %L o £ 0 000 0 0 0 0 0 0
000 0 0 £ 0 0 0 000 0 0 0 0 0 0
0000 0 0 0 0 0 & oo 0 0 0 0 0 0
000 0 O ©0 0O 0 0 002 o0 0 0 0 0 0
0000 0 0 0 0 0 0 000 Uhw g 0 0 0 0
000 0 O ©0 0O 0 0 000 0 ke 0
000 0 O ©0 0O 0 0 000 0 0 0
0000 0 ©0O ©0 0O 0 0 000 0 0 0
Lo oo o o 0o 0 0o 0 000 0 0 0]

Furthermore, it can be shown that the projection of the endemic equilibrium s
defined by

Sp . sk PRk pokk $ok sk o *x *k Rk vkk o vkk
El = (EF 1T, PEY, 0%, Qo Qs Qlas @2g Q30 €75 s
kek kk kk kk kk kk kk
Em’lm ’Pm ’Jlm"]Zm’ 3m’Cm )’

satisfies
El =HEP. (D.17)

Since all components of é ﬁ are strictly positive and Y is a nonzero vector (otherwise,
(D.5) shows that Z is also a zero vector, which contradicts the assumption), there exists
a minimal positive number s, depending on Y, such that

Y| < s&F, (D.18)

where |Y| = (1221, 1Z3], - -+, 1Z12|, 1 Z16l, |1 Z17l, - -+, | Z22]) and | - | is the norm in
C. Next, to show that Re(w) < 0, we suppose the contrary. That is, we suppose that
Re(w) > 0, and consider the following two cases (Esteva and Vargas 2000; Pant and
Gumel 2024).

Case 1: v = 0.
Since plugging w = 0 into (D.4) gives Z(t) = Z and hence Z(1) = 0, it follows that
(D.3) is a homogeneous linear system J (£15)Z = 0, and its determinant is given by

A = kikaksiritgzeresesim | 1 — R%S% (1 +Ep) (1 + Enhrokierp?
m* f
+ [ FmGmkikokstprep3(u + &) + A G rereresim (1 + Sm)] kiokiie7ut
+ A GmG p, (D.19)
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where,

Gm = e2estmi it + omestmi (1 + by Ym)
+ o (1 = b)) Umtm1 (1 + k@) + 0 (1 — b)) W (1 — k)@ tima (10 + din &m)
+om (1 = bp)Ym (1 = k)t (1 — dy) gm{(es + f1) 1
+ figm1zZm + hm1Ymes + f1/2},
Gy =koksipiipapn +orlibbllalsips +orliblgjrs
+orkstpiipa(u+bpipry)
+orhipez(n+kray)
+orhibipata(u +durgr) +oplibalz(y + ko)t (e + hu1yy)
torhilb{(Gri+Jjr2+ Jjpdn+ jridaiéy + jrahai &2 + jriqai§sl

To determine the sign of A, the system (D.2) is solved at the endemic equilibrium &l
as:

;:‘}S k]Ef s
of Gfl] Gfl]lztfz orlihlzke
It = L E% P = , = = = - ,
F " T T ks Ef. O kakst f1 - O koksipr
- o‘flllzl3l4 s . O'flll2jfl o sk Ufl112jf2 o
Ow =7 Ef Qu=_,— Ef Qu="—"""EF.
kokstpr - kaokstritps kaokstritys
0" — orhl2jrs o
3d kokst it f3 £
?f;ns** _ 61E**
om(1 = by)¥m
I = E**, P* — m E**,
m e m eres m
sk Om (1 = b)) Ym (1 — k) otmtim2 e
Jlm = Em ’
exe3lp]
sk om (1 = b)Y (1 — ko (1 — diy) gmes ok
J2m = Em ’
€283lm1
ok om(1 = b)Y (1 — k)t (1 — dp) gm f1 -
J3m = Em .
exe3lm]
Then, we observe that
mef —alE**—i-azI**—i—ag(P**—i—J )+a4( >k*)
0, on(l —b on(l —b 1 — kot
_ |:a1+a2_m+a3 m( m)l/fm +a3 m( m)l/fm( m) mbim?2
e eres exe3lm]
1—-b 1—k 1—4d,
+ a4am( m) W m )% ) 8&m (€6 + fl):| E:;z*
€2€3im1

@ Springer



Mathematical assessment of the roles. .. Page 67 of 76 182

k%

S

Win Sut = b E¥* + bzl +b3(Pf* + 0OF,)
+ ba(Q5y + O50) + bs Q5 + bs(Q5 + O3)
orh orlibty orliblz(ke +14)
by ~|—bz— + b3 + b3 + by
[ ko koks k2k3Lf1 k2k3Lf1
orlibjr Oflllz(jf2+jf3)] o
5 be E
kokst it fs kokstfieys

kek

S
—klRfS f —elE**

- - Gk gk
Since ey E5f, k1 EZ* > 0 and R2, = RmRy,itfollows that | —R2 ;;;L_S% = 0, which

means (D.19) can be simplified as

A= [)‘?:n Gmkikakstpiips(u +&5) + 2, G rerezesim (n + fm)] kiokie7u
+ ?:” mmeGf > 0.

Since the determinant (A) is positive, it follows that the system (D.5) has a unique

solution, given by Z = 0, which contradicts the assumption that Z is not a zero vector.
Case2: w # 0.

The objective here is to show that when @ # 0, then Re(w) > 0 gives a contradiction.

It is convenient to define

F(w) = min{|1 + Fi(®)|, i =1,2,---,18}.
Then, it follows, by taking absolute values in (D.16), that:
F(w)Y| < H|Y|. (D.20)

It can be shown (since w # 0 and Re(w) > 0) that, in this case, |1 4+ F; (w)| > 1 for all
i=1,2,---,18, and therefore F (w) > 1.1t can be seen from (D.18) and (D. 20) (and
noting (D. 17)) that F(w)|Y| < H|Y| < sHEP = s&F, and hence |Y| < o] &P
Since F(w) > 1, we obtain a contradiction to the minimality of s. Thus, Re(w) < 0.
This completes the proof. O
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E Proofs of Theorems 3.1 and 3.3
E.1 Proof of Theorem 3.1

Proof Consider the simplified model (3.1). Recall from Section 3 that the disease-free
equilibrium (DFE) of the simplified model is given by:

50n = (S*s V*s Os Ov Os 07 0» 01 O S* V*s Os Ov Os 07 0» 01 0)1
VAR m

s Pmo

where, now,

oo U =apmy G+ igy)

/ Er+nu / wEr +p1)

S;; _ (I = gm)mm ’ y;,k _ Tm Em + Uqm) (E.1)

Em + 1 wEm + 1)

The local asymptotic stability of &gy, is derived using the next generation operator
method (Diekmann et al. 1990; Van den Driessche and Watmough 2002). The matrices
F (for new infection terms near the DFE) and V (for linear transitions in the infected
compartments) are given, respectively, by

0sys |el o, Vin 05x5]
F, = 1 and V, = ,
" |:e1Tnf1n 055 " 0s5x5| Van

where,
. - - -
et = (1,0,0,0,0), fy, = 22 Pin gy 1y G Gz ),
Nm
BmfCmf P o
B = L s 1, G O, 0,
Nm
Cof 4 1 0 0 0 0
—of Yr+u 0 0 0
Vin = 0 —(A=bp)yyr oar+p 0 0 ,
0 0 ~(—kpay Frtu 0
0 0 0 A —dpgsrr+8+u
Com + 1 0 0 0 0
—Om Ym + 1 0 0 0
V2n - 0 _(1 - bm)wm A +/’L 0 0 5
0 0 —(—kaw Fmtn 0
L 0 0 0 (A —dn)gmrm+n1
with, p* = 55+ (1 —e,)V = %(1 —& @—fgf> and p¥ = S* + (1 —&,) V' =

o (1 — &y %) It is convenient to define the quantity:
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Ron = p(FaV, ) = /R taRonn,s

where,

BfmCms 1Dy,

Tm(of + 1)

|:77f /A Orop(1—bp)yy N bripor(l —bp)vs( — kf)af}
Yrtu  (Yr+wilar+u) W+ ay+m)(gr+wn

R =

Ry = ﬂmfcmfﬂp?
T (Om + 1)
+ Om émam(l —bw)Vm é;m’hémo'm(l — b)Y (1 — k) otm
R N7 Y 7S N /MRy Yoy T My R

It follows from Theorem 2 of (Van den Driessche and Watmough 2002) that the DFE,
Eon, of the simplified model (3.1) is locally-asymptotically stable if R,, < 1, and
unstable if R, > 1. O

E.2 Proof of Theorem 3.3

Proof Consider the special case of the simplified model (3.1) with no disease-induced
mortality (i.e., § = 0); so that N; (t) — ”’ ast — oofori = f,m.Let Ry, < 1.1tis

convenient to define W;(t) = M and W* = %, fori = f,m.
It can be seen from the bounds (3. 5) and (3.6) that
Wi(t) < W forall r>0 in D" (E.2)

Furthermore, let x(1) = (Ef (@), Ir(t), Pr(t), Qr(t), Cr(t), Ep(t), In(t), P (),
On@), Cy ()T be the vector of the infected compartments of this special case of
the simplified model (3.1). The equation for the rate of change of x(¢) can then be
re-written in terms of the next generation matrices Fy, and V" := V| 5o (with F; and
V,, matrices given in Section 3) as:

X(t) = (Fy — V,)x(t) — Jpx(1), (E.3)

where,

I - [ 055 elT,,jzn}
n — . )
€, Jin| Osxs

with, e;, = (1,0,0,0,0), ji, = ,Bfmcmf(W;; — W)y, 1,07,07ikr,0), and jo, =
,Bmfcmf(W}" - W), 1, Oy Okom s 0). Since ji, and jy, are non-negative vectors
(from (E.2)), it follows that J,, is a non-negative matrix. Consequently, equation (E.3)
can be written in terms of the following inequality:

X(1) < (Fy — V,)X(2). (E.4)
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Consider the linear ODE system given by the equality (1) = (F, — V,/)x(¢) in
(E4). If Ryn < 1, then p(F, V> _1) < 1 (based on the local asymptotic stability
result given in Theorem 3.1), which is equivalent to all eigenvalues of the Jacobian,
F, — V¥, of the linear system x(¢) = (F,, — V,*)x(¢), having negative real parts (Van
den Driessche and Watmough 2002). Hence, the linearized differential inequality (E.4)
is stable whenever R,,, < 1. Thus, it follows, by the standard comparison theorem
(Lakshmikantham et al. 2016; Smith and Waltman 1995), that x(r) — 0 as t — oo.
Substituting x(#) = 0 into the equations of the special case of the simplified model
(3.1) shows that S; () — S* and V;(t) — V*,ast — oo, fori = f, m. Hence, the
disease-free equilibrium (c‘:'o,,) of the special case of the simplified model (3.1) with
negligible disease-induced mortality (i.e., § = 0) is globally-asymptotically stable in
D*, whenever Ry, < 1. m]

F Monotonicity Verification for Sensitivity Analysis

Scatter Plots of R vs. Input Parameters
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Fig. 12 Scatter plots of the control reproduction number, Ry, of the model (2.5), with respect to each of
the parameters in R included in the sensitivity analysis. For each plot, the other parameter values used
are as given in Table 9.
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G Additional Simulations

G.1 Impact of vaccination of boys

0 0
(a) (c)

2000 1000

4000 - 2000
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—50% Boys Vaccination £ 1200|509 Boys Vaccination —50% Boys Vaccination
75% Boys Vaccination E 75% Boys Vaccination 75% Boys Vaccination

10000
2030 2040 2050 2060 2070 2080 1400 130 2040 2050 2060 2070 2080 2030 2040 2050 2060 2070 2080
Time (years) Time (years) Time (years)

o
=3
=]

Reduction in cervical cancer deaths in females
Reduction in HPV-related cancer cases in males

Reduction in cervical cancer cases in females

Fig. 13 Simulation of the model (2.5) to assess the combined impact of Pap screening and vaccination (of
girls, females, and boys) on the burden of HPV-related cancers in females and males in Korea by the year
2080, for three vaccination coverages for boys in addition to Strategy A, in comparison to Strategy A under
baseline Pap screening coverage. The panels depict reduction in the cumulative (a) cervical cancer cases
in females, (b) cervical cancer-induced deaths in females, and (c) HPV-related cancer cases in males, by
2080. Parameter values used in these simulations are as given in Table 9, but with the following changes:
(i) Strategy A: g = 0.8, (ii) 25% boys vaccination: ¢ = 0.8, g, = 0.25, (iii) 50% boys vaccination:
qr =0.8,gm = 0.5, (iv) 75% boys vaccination: g y = 0.8, g = 0.75.

G.2 Impact of vaccination of girls

2 2 E
[ F o
<& & k] (¥
L < = ©
2 1000 % . g
z 3 5
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€ 2000 53 g
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E 3 3
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~ 2030 2040 2050 2060 2070 2080 & 2030 2040 2050 2060 2070 2080 ~ 2030 2040 2050 2060 2070 2080
Time (years) Time (years) Time (years)

Fig. 14 Simulation of the model (2.5) to assess the combined impact of Pap screening and vaccination
(of girls and females) on the burden of HPV-related cancers in females and males in Korea by the year
2080, for three vaccination coverages for girls in addition to Strategy A, in comparison to Strategy A under
baseline Pap screening coverage. The panels depict reduction in the cumulative (a) cervical cancer cases
in females, (b) cervical cancer-induced deaths in females, and (c) HPV-related cancer cases in males, by
2080. Parameter values used in these simulations are as given in Table 9, but with the following changes:
(i) Strategy A: gy = 0.8, (ii) 85% girls vaccination: g y = 0.85, (iii) 90% girls vaccination: g 5 = 0.9, (iv)
95% girls vaccination: g y = 0.95.
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