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Background: The 2021 Chinese Expert Consensus on the Clinical Application of
the Human Papillomavirus (HPV) Vaccine recommended vaccination for women
who previously received ablative or excisional treatment for high-grade
squamous intraepithelial lesion (HSIL). This study evaluates the cost-
effectiveness of HPV vaccination in women previously treated for cervical
precancerous lesions.

Methods: We used a Markov model to simulate the disease progression of both
low- and high-risk HPV subtypes. We followed a cohort of 100,000 women aged
18-45 years who received treatment for cervical precancerous lesions for a
lifetime (80 years). We used the Incremental Cost-Effectiveness Ratios (ICER)
with a 5% discount rate to measure the cost-effectiveness of nine vaccination
strategies, including a combination of HPV bivalent (HPV-2), quadrivalent (HPV-
4) and nonavalent vaccine (HPV-9), each with three vaccination doses (one-,
two- and three-dose). We conducted one-way sensitivity analysis and
probabilistic sensitivity analysis. We followed the CHEERS 2022 guidelines.

Results: Compared to the status quo, the nine vaccination strategies would result
in $3.057-33.124 million incremental cost and 94-1,211 incremental quality-
adjusted life-years (QALYs) in 100,000 women previously treated for cervical
precancerous lesions. Three vaccination strategies were identified on the cost-
effectiveness frontier. In particular, ICER for one-dose HPV-4 vaccination was US
$10,025/QALY compared to the status quo (no vaccination); ICER for two-dose
HPV-4 vaccination was US$17,641//QALY gained compared to one-dose HPV-4
vaccination; ICER for three-dose HPV-4 vaccination was US$27,785/QALY
gained compared with two-dose HPV-4 vaccination. With a willingness-to-pay
of three times gross domestic product per capita (USS37655), three-dose HPV-4
vaccination was the most cost-effective vaccination strategy compared with the
lower-cost non-dominated strategy on the cost-effectiveness frontier. A
probabilistic sensitivity analysis confirmed a 99.1% probability of being cost-
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effective. If the cost of the HPV-9 is reduced to 50% of the current price, three-
dose HPV-9 vaccination would become the most cost-effective strategy.

Discussion: Three-dose HPV-4 vaccination is the most cost-effective
vaccination strategy for women treated for precancerous cervical lesions in

the Chinese setting.

KEYWORDS

health economics (cost-effectiveness analysis), HPV vaccination, cervical precancerous
lesions, women, healthcare provider

1 Introduction

Cervical cancer is the second most common cancer among
women in low- and lower-middle-income countries and is a major
challenge for global health (1). According to the International
Agency for Research on Cancer (IARC), there were 604,127 new
cases and 341,831 deaths of cervical cancer worldwide in 2020, of
which 109,741 new cases and 59,060 deaths occurred in China,
accounting for 18.1% and 17.3% of new cases and cervical cancer
mortality worldwide respectively (2). Moreover, the age-
standardized mortality rates of cervical cancer age-standardized
mortality rate (ASMR) in urban has approximately increased from
2%o to 5%o during 2008-2018, posing a major threat to the health of
Chinese women (3).

Vaccination is the primary strategy to prevent HPV infection
and hence consequent cervical cancer in women. Available HPV
vaccines in China include bivalent (HPV-2), quadrivalent (HPV-4),
and nonavalent vaccines (HPV-9). HPV-2 includes the
domestically-produced products Cecolin and Vozevir and the
imported product Cervarix. Previous studies have shown that
there is little difference in safety and efficacy between domestic
and imported HPV-2 (4), but the price of domestic HPV-2 is about
half as much as imported HPV-2. HPV-4 and HPV-9 provide more
comprehensive protection against HPV-related diseases than HPV-
2, although they are more expensive. Several studies have confirmed
the effectiveness of the HPV vaccine in preventing HPV infection,
genital warts, and cytological and histological abnormalities of the
cervix (4-9). Moreover, although the HPV-4 selected by our model
is a preventive HPV vaccine, a relevant study has found that the
HPV-4 after treatment may have a therapeutic effect in women with
residual/recurrent CIN 1 or high-grade CIN (CIN 2-3) (10). In
addition, some studies have shown that universal HPV vaccination
for pre-adolescent girls is significantly cost-effective (11-17). In
2020, the World Health Assembly adopted the Global Strategy for
the Elimination of Cervical Cancer, one of the strategic objectives of
which is to increase HPV vaccination coverage.

Cervical precancerous lesions often present as cervical
intraepithelial neoplasia (CIN1, CIN2, and CIN3) and reflect the
potential severity of cervical carcinogenesis (18). Treatment options
for cervical precancerous lesions currently include cryotherapy,
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thermal ablation, loop electrosurgical excision procedure (LEEP),
cold knife and hysterectomy, etc (19-22). A review study has shown
that the risk of cervical cancer is much higher in women treated for
precancerous cervical lesions than in the general population (23).
The recurrence rate of highly squamous intraepithelial lesions
(HSIL) after conservative local treatment is as high as 5%-10%,
and the risk of invasive cancer is 2-4 times higher than that of the
general population (24). A retrospective analysis conducted in
Korea showed that HPV-4 vaccination in patients with HSIL after
LEEP treatment significantly reduced the risk of recurrence of HSIL
associated with HPV16/18 (25). In addition, the results of a
prospective case-control study and a prospective RCT conducted
in Ttaly in 2018 both showed that HPV-4 vaccination significantly
reduced the recurrence rate of HSIL (CIN2+) after treatment of
HPV-related diseases such as CIN 2+ (26, 27). Accumulating
evidence demonstrates that the HPV vaccine can induce a large
number of antibodies in the basal layer of the cervix, which prevents
the regenerating tissue from self-infecting and prevents HPV from
entering the uninfected basal layer cells, thus preventing the
recurrence of HSIL (CIN2+) (25). The 2021 Chinese Expert
Consensus on Clinical Application of Human Papilloma Virus
Vaccine states that HPV vaccination is recommended for women
who have undergone ablative or excisional treatment for previous
HSIL (28).

Studies have been conducted to evaluate the cost-effectiveness
of HPV vaccination in the Chinese population (11, 29-33),
however, these studies have focused on the general population
and there are no studies to evaluate the cost-effectiveness of HPV
vaccination in women after treatment for cervical precancerous
lesions. Therefore, we conducted the present study to inform
clinical practice and treatment guidelines for HPV vaccination in
women after treatment for cervical precancerous lesions.

2 Methods
2.1 Model construction

We constructed a Markov model using TreeAge Pro 2021 to
simulate the transition from low-risk type HPV infection to genital
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warts and from high-risk type HPV infection to cervical cancer in
100,000 women aged 18-45 years after treatment for cervical
precancerous lesions for a lifetime (life expectancy 80 years)
(Figure 1) . The Consolidated Health Economic Evaluation
Reporting Standards 2022 (CHEERS 2022) is used for this health
economic evaluation (34).

The model contained a total of 21 health states, including HPV
negative, low-risk HPV positive, genital warts, high-risk HPV
positive, CIN2, CIN3, hysterectomy, local cancer, regional cancer,
distant cancer, death from cervical cancer, etc. HPV-positive
individuals may clear the infection or progress to HPV-related
lesions (genital warts or CIN2+), genital warts may regress to HPV
negative or low-risk HPV positive, CIN2 and CIN3 may regress to
HPYV negative, high-risk HPV positive or progress to local cervical
cancer, A proportion of CIN3 patients who undergo hysterectomy
will no longer be at risk of developing cervical cancer. We set an
age-specific natural mortality rate for all health states and an
additional rate of death from cervical cancer at each stage for
patients with cervical cancer. A proportion of patients diagnosed
with cervical cancer were treated and we considered survivors of
cervical cancer treated for more than 20 years to be cured. The
length of each cycle of the model was 1 year, and we made a half-
cycle correction.

2.2 Definition of scenarios

The WHO Strategic Advisory Group of Experts on
Immunization (SAGE) concluded that single-dose schedules
provide comparable efficacy to the two or three-dose regimens.
We set up nine different vaccination strategies in the model,
including one, two, and three doses of HPV-2, HPV-4, and HPV-
9 vaccination. The status quo is no vaccination. In consideration of
price and protection, the HPV-2 we have chosen is a domestic
vaccine named Cecolin. A study of women aged 27-45 years in
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China showed that nearly 60% of this age group were willing to
receive the HPV vaccine (35), so we assumed that the vaccine
coverage was 60%. The vaccine efficacy of each vaccine is derived
from the published literature (7, 36-38). We assumed that one-
dose, two-dose, and three-dose vaccinations have the same efficacy
but the duration of protection varies. Based on the results of the two
follow-up studies (39, 40), we estimated the duration of protection
for the one-dose vaccination to be approximately 9 years, after
which we set the antibody titer at year 9 after the one-dose
vaccination as the effective antibody titer threshold for the
vaccine and thus estimated the effective duration of protection for
the two-dose and three-dose vaccinations, which was 9 years (3.4-
14.5) for the one-dose vaccination, 22 years (19.3-26.2) for the two-
dose vaccination and 44 years (41.0-47.5) for the three-dose
vaccination. We assumed the same duration of protection for all
three HPV vaccines and did not consider cross-protection of
the vaccines.

2.3 Model parameters

We obtained the probability of annual transition from the
published literature (Supplementary Table 1), and the incidence
of HPV infection at each age was fitted to the results of the follow-
up studies (Supplementary Table 2). Mortality rates from other
causes were obtained from the Chinese Yearbook of Health
Statistics 2021, while mortality of cervical cancer was obtained
from the published literature (13). We conducted this study from a
healthcare provider perspective, so we only considered all direct
medical costs within the health system, including the cost of
vaccination, treatment of genital warts, treatment of cervical
cancer, and health care. The cost of vaccination includes the price
of the vaccine and vaccination consumables. The price of the
vaccine is the winning bid price announced by Shanghai Health
Affairs Service Center in 2021 for the HPV-2 (Cecolin, $51.0 per
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Markov model of the natural history of low and high risk type of HPV. HPV, human papillomavirus; CIN, cervical intraepithelial neoplasia; LR-HPV(+):
HPV6/11 only, no other low-risk HPV infections considered; HPV-16/18(+): infected with HPV-16 alone, with HPV-18 alone or with both HPV-16 and
18; HPV-31/33/45/52/58(+): HPV-31, HPV33, HPV45, HPV52 or HPV58 alone, or co-infection with two or more of these five types of HPV; Other
HR-HPV(+): Infection with high-risk HPV types other than HPV16, HPV18, HPV-31, HPV33, HPV45, HPV52 or HPV58.

Frontiers in Immunology

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1119566
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zou et al.

dose), HPV-4 (Gardasil, $123.7 per dose), and HPV-9 (Gardasil 9,
$201.2 per dose), and the vaccination service fee is based on the
non-immunization vaccination service fee ($3.4 per dose) measured
by the Development and Reform Commission of Hainan Province.
Through domestic substitution and negotiations, we expect further
reductions in vaccine prices in the future. Visual inspection with
acetic acid (VIA), Colposcopy, Biopsy, and Papanicolaou test (Pap)
was used for the diagnosis of CIN2, CIN3, and cervical cancer. The
cost data for these tests are derived from the published literature
(13). Cost data for genital wart treatment, cervical cancer treatment,
and health care was based on published literature (41-43). Costs
were converted to US dollars in 2021 based on the published
Consumer Price Index (CPI), the CPI, and gross domestic
product (GDP) per capita obtained from the National Statistics
Office. Health utility values for each health state in the model were
obtained from the published literature (44, 45). The parameters
used in the model are shown in Table 1.

TABLE 1 Variables used in the model.

10.3389/fimmu.2023.1119566

2.4 Cost-effectiveness analysis

We assumed a discount rate of 5% for the cost and quality-
adjusted life-years (QALYs). We analyzed the results by comparing
the incremental cost-effectiveness ratios (ICER). As China does not
currently have a specific willingness-to-pay (WTP), we compared
the ICER to 1 and 3 times GDP per capita to determine the cost-
effectiveness of the program (in 2021, China’s GDP per capita is
$12551.5) (51).

2.5 Sensitivity analysis

We determined the effect of each parameter on the results
through a one-way sensitivity analysis. By conducting a
probabilistic sensitivity analysis through 10,000 simulations, we
determined the probability of each strategy being cost-effective.

Distribution Reference
Vaccine coverage 0.6 0.4-1.0 Triangular (0.4, 0.60, 1.0) Assumed
Duration of protection (years) (39, 40) and assumed
One-dose 9.0 3.4-14.5 Triangular (3.4, 9.0, 14.5)
Two-dose 22.0 19.3-26.2 Triangular (19.3, 22.0, 26.2)
Three-dose 44.0 41.0-47.5 Triangular (41.0, 44.0, 47.5)
Vaccine efficacy
Against HPV6 and 11 infection (7, 36)
—HPV-4 0.896 0.793-0.954 Triangular (0.793, 0.896, 0.954)
—HPV-9 0.896 0.793-0.954 Triangular (0.793, 0.896, 0.954)
Against HPV-16 and 18 infection (36-38)
—HPV-2 0.829 0.538-0.951 Triangular (0.538, 0.829, 0.951)
—HPV-4 0.862 0.694-0.947 Triangular (0.694, 0.862, 0.947)
—HPV-9 0.862 0.694-0.947 Triangular (0.694, 0.862, 0.947)
Against HPV-31, 33, 45, 52 and 58 infection (36) and assumed
—HPV-9 0.851 0.837-0.862 Triangular (0.837, 0.851, 0.862)
Efficacy of LEEP 0.92 0.85-0.99 Beta (50.49, 4.45)
Compliance of treatment (40, 46-48)
CIN2+ 0.95 0.80-1.0 Triangular (0.80, 0.90, 1.0)
Genital warts 0.75 0.50-0.80 Triangular (0.50, 0.75, 0.80)
Proportion of hysterectomies 0.20 0.10-0.50 Triangular (0.1, 0.2, 0.5)
in CIN3
Costs, $
Vaccination (49, 50)
—HPV-2 (per dose) 54.4 40.8-54.4 Triangular (40.8, 54.4, 54.4)
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TABLE 1 Continued

10.3389/fimmu.2023.1119566

Reference

Distribution

—HPV-4 (per dose) 127.1 95.3-127.1 Triangular (95.3, 127.1, 127.1)
—HPV-9 (per dose) 204.6 153.5-204.6 Triangular (153.5, 204.6, 204.6)
VIA 2.8 2.1-34 Triangular (2.1, 2.8, 3.4) (13)
Pap 7.3 6.5-8.2 Triangular (6.5, 7.3, 8.2) (13)
Colposcopy 6.5 1.9-11.2 Triangular (1.9, 6.5, 11.2) (13)
Biopsy 18.1 12.2-24.1 Triangular (12.2, 18.1, 24.1) (13)
LEEP 136.6 102.2-200.8 Triangular(102.2, 136.6, 200.8) (13)
Hysterectomy 349.0 167.3-530.6 Triangular(167.3, 349.0, 530.6) (13)
Cervical cancer and genital warts treatment (41, 42)
costs ($)
Genital warts 773.8 386.9-876.2 Triangular (386.9, 773.8, 876.2)
Local cancer 47542 2263.7 Triangular (2263.7, 4754.2,
~72435 7243.5)
Regional cancer 5993.9 _11(9)(5):;;)7 Triangulall'o(ol: 35;')0’ 59939,
Distant cancer 7935.8 5164.5 Triangular (5164.5, 7935.8,
-10707.2 10707.2)
Annual health-care costs ($) (43)
Local cancer 700.0 349.5-1049.5 Triangular (349.5, 700.0, 1049.5)
Regional cancer 882.5 441.2-1323.7 Triangular (441.2, 882.5, 1323.7)
Distant cancer 1167.8 583.9-1752.8 Triangular (583.9, 1167.8,
1752.8)
Utility score (44, 45)
Genital warts 0.83 0.70-0.94 Triangular (0.70, 0.83, 0.94)
CIN2 after LEEP 0.98 0.9-1.0 Beta (183.64, 3.75)
Post-hysterectomy 0.85 0.82-0.88 Triangular (0.82, 0.85, 0.88)
Local cancer 0.83 0.79-0.87 Beta (280.36, 57.42)
Regional cancer 0.72 0.65-0.78 Beta (131.26, 51.05)
Distant cancer 0.60 0.43-0.77 Beta (18.54, 12.36)
Cancer survivor 0.87 0.70-0.99 Triangular (0.70, 0.87, 0.99)
Discount rate 0.05 0.0-0.08 China Guidelines for Pharmacoeconomic

Evaluations

HPV, human papillomavirus; HPV-2, HPV bivalent vaccine; HPV-4, HPV quadrivalent vaccine; HPV-9, HPV nonavalent vaccine; CIN, cervical intraepithelial neoplasia; VIA, Visual inspection

with acetic acid; Pap, Papanicolaou test; LEEP, loop electrosurgical excision procedure.

3 Results

Compared to the status quo, nine vaccination strategies would
incur US$3.057-33.124 million incremental costs and result in 94-
1211 incremental QALYs for the 100,000 women cohort
(Supplementary Table 3). When the same dose of HPV-2, HPV-
4, and HPV-9 was administered, HPV-2 vaccination incurred the
lowest incremental QALYs. HPV-4 vaccination would result in
higher incremental costs as well as incremental QALYs than HPV-

Frontiers in Immunology

2. HPV-9 vaccination increased QALYs marginally compared with
4-valent, but the cost was much higher. When comparing various
doses of vaccination, for the same vaccine, the incremental cost and
incremental QALYs resulting from three-dose vaccination were
greater than two-dose vaccination, and two-dose vaccination is
greater than one-dose vaccination.

We calculated the ICER value according to the incremental cost
and incremental QALYs (Figure 2). The ICER for one-dose HPV-4
vaccination compared to the status quo is US$ 10,025/QALY
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FIGURE 2

Cost-effectiveness frontier for nine vaccination strategies (100000
cohort members). QALYs, quality-adjusted life years, GDP, gross
domestic product, HPV-2: HPV bivalent vaccine, HPV-4, HPV
quadrivalent vaccine, HPV-9, HPV nonavalent vaccine.

gained, and the ICER for two-dose HPV-4 vaccination compared to
one-dose HPV-4 vaccination is US$ 17,641/QALY gained. The
ICER for three-dose HPV-4 vaccination compared to a two-dose
HPV-4 vaccination is US$ 27,785/QALY gained, and the ICER for
three-dose HPV-9 vaccination compared to three-dose HPV-4
vaccination is US$ 1,263,641/QALY gained.

Probability sensitivity analysis illustrates the potential for
individual vaccination strategies to be cost-effective when the WTP
varies between zero and three times GDP per capita ($37655, Figure 3).
We found that when the WTP ranged from 0 to $9200, no vaccination
was the most cost-effective strategy (100%). When the WTP increased
from $9200 to $16600, one-dose HPV-4 vaccination was the most
likely to be cost-effective (94.2%); when the WTP increased from
$16600 to $26300, two-dose HPV-4 vaccination was the most likely to
be cost-effective (86.1%); when the WTP increased to $26300 to
$37655 (three times GDP per capita), three-dose HPV-4 vaccination
was the most likely to be cost-effective (99.1%).

A univariate sensitivity analysis showed that the cost of the vaccine
had a significant impact on the results, and we assumed that the cost of
the three vaccines would be 50% and 75% of the current cost respectively.
The results show that if the cost of the HPV-4 is reduced to 50% of the
current cost, three-dose HPV-4 vaccination is the most cost-effective
even ata WTP of three times GDP per capita (Supplementary Figure 1).
When the cost of imported HPV-9 is reduced to 50% of current costs,
when WTP is as low as three times GDP per capita, three-dose HPV-9

One-times per capita GDP Three-times per capita GDP

L N -

---=+No intervention

~——Onetimes per capita GOP

——Three-times per capita GOP

Probability of being cost-effective

2000 6000 10000 14000 18000 22000 26000 30000 34000 38000 42000
Willingness-to-pay (US$ per QALY)

FIGURE 3

Cost-effectiveness acceptability curves for all strategies. QALYs,

quality-adjusted life years, GDP, gross domestic product, HPV-2:
HPV bivalent vaccine, HPV-4, HPV quadrivalent vaccine, HPV-9,

HPV nonavalent vaccine.
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vaccination would replace three-dose HPV-4 vaccination as the most
cost-effective vaccination strategy (Supplementary Figure 1). We found
that if the vaccine efficacy of HPV-2, HPV-4, and HPV-9 vaccines all
decreases to 70%, at a WTP of three times GDP per capita, two-dose
HPV-4 vaccination is the most cost-effective (Supplementary Figure 2).
Moreover, even if the incidence of infection increases by 20%
(Supplementary Figure 3), the conclusions on the cost-effectiveness of
these vaccination strategies remain unchanged.

4 Discussion

Our results showed that for women after treatment for cervical
precancerous lesions, the most cost-effective vaccination strategy was a
three-dose HPV-4 vaccination when the WTP reached three times
GDP per capita. Although the HPV-2 is less expensive than the HPV-4
and HPV-9, the HPV-2 vaccination also produces lower incremental
QALYs. While the HPV-9 vaccination demonstrated the largest
incremental health benefits, its cost is also the most expensive. The
ICER of the HPV-9 vaccination strategy is far greater than the WTP of
three times the GDP per capita in China and hence not cost-effective.

The duration of vaccine protection increases with the number of
vaccine doses. Three-dose vaccination presented the best protective
effect in our model for women after treatment for cervical precancerous
lesions. The duration of vaccine protection is an important factor
influencing vaccination schedules. However, the implementation of
HPV vaccination has only been available for a relatively period
worldwide. There is a lack of data from follow-up studies of sufficient
duration to explore the duration of HPV vaccine protection. While
some studies assume that the protection of HPV vaccines is for life (52),
others suggest protection duration varies between one-, two- or three-
doses vaccines (16). Currently, reducing vaccine doses may help
improve coverage, but the use of single-dose HPV vaccination
regimens remains controversial (53). A 2022 randomized control trial
showed that single-dose bivalent and nonavalent HPV vaccines were
highly effective in preventing oncogenic HPV infection to a level similar
to multidose regimens (54). Consistent with this, the WHO Strategic
Advisory Group of Experts on Immunization recommends that
expanding one- or two-dose vaccination for adolescents 20 years and
younger may alleviate the problem of insufficient supply and high costs
of vaccines (55). However, further research is still required to inform the
effectiveness of single-dose HPV vaccines in older women (27-45
years). In the current context of the global strategy for accelerated
eradication of cervical cancer, one- and two-dose vaccination may
become increasingly accepted in adolescent women and younger,
especially in developing country settings.

Currently, two domestic vaccines and three imported HPV
vaccines are on the Chinese market, but all are relatively expensive
for an average Chinese family. The high vaccine cost together with the
limited supply has resulted in low HPV vaccination coverage in China.
With the advance in domestic HPV vaccine development, more
domestic HPV vaccines are expected to be marketed in the near
future. Further, as Guangdong province has led the way in deploying
the country’s first free HPV vaccination programs for school girls (56),
the price of HPV vaccines is expected to decline with increased usage
and government negotiation. We expect the high price and insufficient
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supply of vaccines, at least for HPV-2would be mitigated in the
foreseeable future, although HPV-4 and HPV-9 may still rely on
imports. In our sensitivity analysis, we found that even when the cost of
HPV-4 reduces by 50%, the most cost-effective vaccination strategy
remains the three-dose HPV-4 vaccination. In contrast, while the cost
of HPV-9 reduces by 50%, three-dose HPV-9 vaccination will replace
three-dose HPV-4 vaccination as the most cost-effective intervention
strategy, at a WTP of three times GDP per capita. HPV-9 has a more
comprehensive preventive effect than HPV-4. Several domestic HPV-9
vaccines are currently in clinical trials in China (57), and if successful, a
massive reduction in HPV-9 may come into play. However, until this
price happens, three-dose HPV-4 vaccination remains the most cost-
effective vaccination option for women after treatment for cervical
precancerous lesions.

Our study contributes to HPV research by specifically
investigating the cost-effectiveness of HPV vaccination among
women who had been treated for precancerous cervical lesions.
Compared to infection-naive women, women with a history of HPV
infection and cervical lesions may be at a higher risk of HPV re-
infection and also less protected by the HPV vaccine (13, 58). With
this in mind, we reduced the efficacies of HPV-2, HPV-4, and HPV-
9 vaccines in women treated for cervical precancerous lesions to as
low as 70% of the corresponding efficacies in HPV infection-naive
women in our sensitivity analysis. Even with this reduction, we
found that two-dose HPV-4 vaccination remains the most cost-
effective vaccination strategy for women treated for cervical
precancerous lesions. Similarly, we also increased the HPV
incidence in women treated for precancerous cervical lesions to
20% higher than that of HPV infection-naive women. This increase
did not change the conclusion regarding the cost-effectiveness of
two-dose HPV-4 vaccination either. Both sensitivity analyses
indicate our conclusion is robust.

Our study also has several limitations. First, we did not consider
the cross-protective effects of the vaccines and HPV adverse
outcomes outside of precancerous cervical lesions, cervical cancer
and genital warts. A recent randomized trial showed that the
prophylactic HPV-4 vaccine after treatment has also reduced the
occurrence of high-grade CIN (CIN2-3) in the participating women
(10), and HPV-2 and HPV-9 vaccines may have similar effects. As
our model did not account for these additional health benefits due
to the HPV vaccines, our model may underestimate the potential
overall health benefits of vaccination. Second, our study focused on
adult women with post-treatment cervical precancerous lesions in a
Chinese setting and generalization to other country settings may
need to be considered with caution. Third, in our model, models for
the transmission of low- and high-risk HPV subtypes were
simulated independently and did not consider co-infection of
low- and high-risk subtypes. Further investigations may be
required to validate our conclusions.

In conclusion, our study demonstrated that the three-dose
HPV-4 vaccination was the most cost-effective vaccination
strategy. However, a substantial reduction in the price of three-
dose HPV-9 vaccination may enable it to become the most cost-
effective vaccination strategy. Our study provides important
evidence for the development of HPV vaccination guidelines and
health policies in China.

Frontiers in Immunology

10.3389/fimmu.2023.1119566

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Author contributions

MZ designed the project, designed and constructed the model,
ran the modeled analyses, interpreted, graphed, and tabulated the
results, and was responsible for the write-up of the document.
HanL, HuaL and MW contributed to technical and modeling advice
throughout the project and critically revised the manuscript. ZZ and
LZ supervised all aspects of the study, contributed to the design of
the project, the design of the model, and the interpretation of the
results, and critically revised the manuscript. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported in part by the National Key R&D
Program of China (2022YFC2505100). LZ is supported by the
National Natural Science Foundation of China (Grant number:
81950410639); Outstanding Young Scholars Support Program
(Grant number: 3111500001); Xi’an Jiaotong University Basic
Research and Profession Grant (Grant number: xtr022019003,
xzy032020032); Epidemiology modeling and risk assessment
(Grant number: 20200344) and Xi’an Jiaotong University Young
Scholar Support Grant (Grant number: YX6J004).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1119566/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1119566/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1119566/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.1119566
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zou et al.

References

1. Arbyn M, Weiderpass E, Bruni L, de Sanjosé S, Saraiya M, Ferlay J, et al. Estimates
of incidence and mortality of cervical cancer in 2018: A worldwide analysis. Lancet Glob
Health (2020) 8:¢191-203. doi: 10.1016/52214-109X(19)30482-6

2. Bruni L AG, Serrano B, Mena M, Collado JJ, Gomez D, Muiioz J, et al. Human
papillomavirus and related diseases in China, ICO/IARC information centre on HPV
and cancer (HPV information centre). (2021). Available at:https://hpvcentre.net/
statistics/reports/ CHN.pdf?t=1652620911848.

3. Guo M, Xu J, Du J. Trends in cervical cancer mortality in China from 1989 to
2018: An age-period-cohort study and joinpoint analysis. BMC Public Health (2021)
21:1329. doi: 10.1186/s12889-021-11401-8

4. Qiao YL, Wu T, Li RC, Hu YM, Wei LH, Li CG, et al. Efficacy, safety, and
immunogenicity of an escherichia coli-produced bivalent human papillomavirus
vaccine: An interim analysis of a randomized clinical trial. J Natl Cancer Inst (2020)
112:145-53. doi: 10.1093/jnci/djz074

5. Lehtinen M, Paavonen J, Wheeler CM, Jaisamrarn U, Garland SM, Castellsague
X, et al. Overall efficacy of HPV-16/18 AS04-adjuvanted vaccine against grade 3 or
greater cervical intraepithelial neoplasia: 4-year end-of-study analysis of the
randomised, double-blind PATRICIA trial. Lancet Oncol (2012) 13:89-99. doi:
10.1016/51470-2045(11)70286-8

6. Paavonen J, Naud P, Salmero6n J, Wheeler CM, Chow SN, Apter D, et al. Efficacy
of human papillomavirus (HPV)-16/18 AS04-adjuvanted vaccine against cervical
infection and precancer caused by oncogenic HPV types (PATRICIA): Final analysis
of a double-blind, randomised study in young women. Lancet (2009) 374:301-14. doi:
10.1016/50140-6736(09)61248-4

7. Joura EA, Giuliano AR, Iversen OE, Bouchard C, Mao C, Mehlsen J, et al. A 9-
valent HPV vaccine against infection and intraepithelial neoplasia in women. N Engl J
Med (2015) 372:711-23. doi: 10.1056/NEJMoal405044

8. Van Damme P, Olsson SE, Block S, Castellsague X, Gray GE, Herrera T, et al.
Immunogenicity and safety of a 9-valent HPV vaccine. Pediatrics (2015) 136:28-39.
doi: 10.1542/peds.2014-3745

9. Giuliano AR, Joura EA, Garland SM, Huh WK, Iversen O-E, Kjaer SK; et al. Nine-
valent HPV vaccine efficacy against related diseases and definitive therapy: Comparison
with historic placebo population. Gynecologic Oncol (2019) 154:110-7. doi: 10.1016/
j.ygyno.2019.03.253

10. Karimi-Zarchi M, Allahqoli L, Nehmati A, Kashi AM, Taghipour-Zahir §,
Alkatout I. Can the prophylactic quadrivalent HPV vaccine be used as a therapeutic
agent in women with CIN? a randomized trial. BMC Public Health (2020) 20:274. doi:
10.1186/512889-020-8371-z

11. Mo X, Gai Tobe R, Wang L, Liu X, Wu B, Luo H, et al. Cost-effectiveness analysis
of different types of human papillomavirus vaccination combined with a cervical cancer
screening program in mainland China. BMC Infect Dis (2017) 17:502. doi: 10.1186/
512879-017-2592-5

12. Chesson HW, Ekwueme DU, Saraiya M, Markowitz LE. Cost-effectiveness of
human papillomavirus vaccination in the united states. Emerg Infect Dis (2008) 14:244—
51. doi: 10.3201/eid1402.070499

13. Zou Z, Fairley CK, Ong JJ, Hocking J, Canfell K, Ma X, et al. Domestic HPV
vaccine price and economic returns for cervical cancer prevention in China: A cost-
effectiveness analysis. Lancet Glob Health (2020) 8:e1335-44. doi: 10.1016/52214-109X
(20)30277-1

14. Cheung TH, Cheng SSY, Hsu DC, Wong QW, Pavelyev A, Walia A, et al. The
impact and cost-effectiveness of 9-valent human papillomavirus vaccine in adolescent
females in Hong Kong. Cost Eff Resour Alloc (2021) 19:75. doi: 10.1186/s12962-021-
00328-x

15. Durham DP, Ndeffo-Mbah ML, Skrip LA, Jones FK, Bauch CT, Galvani AP.
National- and state-level impact and cost-effectiveness of nonavalent HPV vaccination
in the united states. Proc Natl Acad Sci USA (2016) 113:5107-12. doi: 10.1073/
pnas.1515528113

16. Cody P, Tobe K, Abe M, Elbasha EH. Public health impact and cost effectiveness
of routine and catch-up vaccination of girls and women with a nine-valent HPV
vaccine in Japan: A model-based study. BMC Infect Dis (2021) 21:11. doi: 10.1186/
512879-020-05632-0

17. Majed L, Bresse X, El Mouaddin N, Schmidt A, Daniels V], Pavelyev A, et al.
Public health impact and cost-effectiveness of a nine-valent gender-neutral HPV
vaccination program in France. Vaccine (2021) 39:438-46. doi: 10.1016/
j.vaccine.2020.10.089

18. Wang J-d. Diagnosis and treatment of precancerous lesions of cervical cancer
during pregnancy. J Pract Obstetrics Gynecol (2018) 34:85-8.

19. Santesso N, Mustafa RA, Wiercioch W, Kehar R, Gandhi S, Chen Y, et al.
Systematic reviews and meta-analyses of benefits and harms of cryotherapy, LEEP, and
cold knife conization to treat cervical intraepithelial neoplasia. Int ] Gynaecol Obstet
(2016) 132:266-71. doi: 10.1016/j.ijg0.2015.07.026

20. de Fouw M, Oosting RM, Rutgrink A, Dekkers OM, Peters AAW, Beltman JJ. A
systematic review and meta-analysis of thermal coagulation compared with
cryotherapy to treat precancerous cervical lesions in low- and middle-income
countries. Int ] Gynaecol Obstet (2019) 147:4-18. doi: 10.1002/ijgo.12904

Frontiers in Immunology

10.3389/fimmu.2023.1119566

21. Sandoval M, Slavkovsky R, Bansil P, Jeronimo J, Lim J, Figueroa J, et al.
Acceptability and safety of thermal ablation for the treatment of precancerous cervical
lesions in Honduras. Trop Med Int Health (2019) 24:1391-9. doi: 10.1111/tmi.13315

22. Al-Mandeel HM, Sagr E, Sait K, Latifah HM, Al-Obaid A, Al-Badawi IA, et al.
Clinical practice guidelines on the screening and treatment of precancerous lesions for
cervical cancer prevention in Saudi Arabia. Ann Saudi Med (2016) 36:313-20. doi:
10.5144/0256-4947.2016.313

23. Kalliala I, Athanasiou A, Veroniki AA, Salanti G, Efthimiou O, Raftis N, et al.
Incidence and mortality from cervical cancer and other malignancies after treatment of
cervical intraepithelial neoplasia: A systematic review and meta-analysis of the
literature. Ann Oncol (2020) 31:213-27. doi: 10.1016/j.annonc.2019.11.004

24. Joura EA, Kyrgiou M, Bosch FX, Kesic V, Niemenen P, Redman CW, et al.
Human papillomavirus vaccination: The ESGO-EFC position paper of the European
society of gynaecologic oncology and the European federation for colposcopy. Eur |
Cancer (2019) 116:21-6. doi: 10.1016/j.ejca.2019.04.032

25. Kang WD, Choi HS, Kim SM. Is vaccination with quadrivalent HPV vaccine
after loop electrosurgical excision procedure effective in preventing recurrence in
patients with high-grade cervical intraepithelial neoplasia (CIN2-3)? Gynecol Oncol
(2013) 130:264-8. doi: 10.1016/j.ygyno.2013.04.050

26. Ghelardi A, Parazzini F, Martella F, Pieralli A, Bay P, Tonetti A, et al.
SPERANZA project: HPV vaccination after treatment for CIN2. Gynecol Oncol
(2018) 151:229-34. doi: 10.1016/j.ygyno.2018.08.033

27. Pieralli A, Bianchi C, Auzzi N, Fallani MG, Bussani C, Fambrini M, et al.
Indication of prophylactic vaccines as a tool for secondary prevention in HPV-linked
disease. Arch Gynecol Obstet (2018) 298:1205-10. doi: 10.1007/s00404-018-4926-y

28. WeiL, Xie X, Liu J, Qiao Y, Zhao F, Wu T. Chinese Expert consensus on clinical
application of human papillomavirus vaccine. Chin J Clin Obstetrics Gynecol (2021)
22:225-34.

29. Liu Y], Zhang Q, Hu SY, Zhao FH. Effect of vaccination age on cost-effectiveness
of human papillomavirus vaccination against cervical cancer in China. BMC Cancer
(2016) 16:164. doi: 10.1186/s12885-016-2207-3

30. Zhang Q, Liu YJ, Hu SY, Zhao FH. Estimating long-term clinical effectiveness
and cost-effectiveness of HPV 16/18 vaccine in China. BMC Cancer (2016) 16:848. doi:
10.1186/s12885-016-2893-x

31. Levin CE, Sharma M, Olson Z, Verguet S, Shi JF, Wang SM, et al. An extended
cost-effectiveness analysis of publicly financed HPV vaccination to prevent cervical
cancer in China. Vaccine (2015) 33:2830-41. doi: 10.1016/j.vaccine.2015.02.052

32. Liu PH, Hu FC, Lee PI, Chow SN, Huang CW, Wang JD. Cost-effectiveness of
human papillomavirus vaccination for prevention of cervical cancer in Taiwan. BMC
Health Serv Res (2010) 10:11. doi: 10.1186/1472-6963-10-11

33. Ma X, Harripersaud K, Smith K, Fairley CK, Zou H, Zou Z, et al. Modeling the
epidemiological impact and cost-effectiveness of a combined schoolgirl HPV
vaccination and cervical cancer screening program among Chinese women. Hum
Vaccin Immunother (2021) 17:1073-82. doi: 10.1080/21645515.2020.1832835

34. Husereau D, Drummond M, Augustovski F, de Bekker-Grob E, Briggs AH,
Carswell C, et al. Consolidated health economic evaluation reporting standards 2022
(CHEERS 2022) statement: Updated reporting guidance for health economic
evaluations. Appl Health Economics Health Policy (2022) 20:213-21. doi: 10.1007/
540258-021-00704-x

35. Lin Y, Lin Z, He F, Chen H, Lin X, Zimet GD, et al. HPV vaccination intent and
willingness to pay for 2-,4-, and 9-valent HPV vaccines: A study of adult women aged
27-45 years in China. Vaccine (2020) 38:3021-30. doi: 10.1016/j.vaccine.2020.02.042

36. Huh WK, Joura EA, Giuliano AR, Iversen OE, de Andrade RP, Ault KA, et al.
Final efficacy, immunogenicity, and safety analyses of a nine-valent human
papillomavirus vaccine in women aged 16-26 years: A randomised, double-blind
trial. Lancet (2017) 390:2143-59. doi: 10.1016/S0140-6736(17)31821-4

37. Skinner SR, Szarewski A, Romanowski B, Garland SM, Lazcano-Ponce E,
Salmeron J, et al. Efficacy, safety, and immunogenicity of the human papillomavirus
16/18 AS04-adjuvanted vaccine in women older than 25 years: 4-year interim follow-up
of the phase 3, double-blind, randomised controlled VIVIANE study. Lancet (2014)
384:2213-27. doi: 10.1016/S0140-6736(14)60920-X

38. Castellsagué X, Mufioz N, Pitisuttithum P, Ferris D, Monsonego J, Ault K, et al.
End-of-study safety, immunogenicity, and efficacy of quadrivalent HPV (types 6, 11,
16, 18) recombinant vaccine in adult women 24-45 years of age. Br ] Cancer (2011)
105:28-37. doi: 10.1038/bjc.2011.185

39. Safaeian M, Sampson JN, Pan Y, Porras C, Kemp TJ, Herrero R, et al. Durability
of protection afforded by fewer doses of the HPV16/18 vaccine: The CVT trial. ] Natl
Cancer Inst (2018) 110:205-12. doi: 10.1093/jnci/djx158

40. Kreimer AR, Sampson JN, Porras C, Schiller JT, Kemp T, Herrero R, et al.
Evaluation of durability of a single dose of the bivalent HPV vaccine: The CVT trial.
Natl Cancer Inst (2020) 112:1038-46. doi: 10.1093/jnci/djaa011

41. Wu SW, Chen T, Pan Q, Wei LY, Wang Q, Song JC, et al. Cost analysis of
cervical cancer patients with different medical payment modes based on gamma model
within a grade a tertiary hospital. Chin Med ] (Engl) (2018) 131:389-94. doi: 10.4103/
0366-6999.225052

frontiersin.org


https://doi.org/10.1016/S2214-109X(19)30482-6
https://hpvcentre.net/statistics/reports/CHN.pdf?t=1652620911848
https://hpvcentre.net/statistics/reports/CHN.pdf?t=1652620911848
https://doi.org/10.1186/s12889-021-11401-8
https://doi.org/10.1093/jnci/djz074
https://doi.org/10.1016/S1470-2045(11)70286-8
https://doi.org/10.1016/S0140-6736(09)61248-4
https://doi.org/10.1056/NEJMoa1405044
https://doi.org/10.1542/peds.2014-3745
https://doi.org/10.1016/j.ygyno.2019.03.253
https://doi.org/10.1016/j.ygyno.2019.03.253
https://doi.org/10.1186/s12889-020-8371-z
https://doi.org/10.1186/s12879-017-2592-5
https://doi.org/10.1186/s12879-017-2592-5
https://doi.org/10.3201/eid1402.070499
https://doi.org/10.1016/S2214-109X(20)30277-1
https://doi.org/10.1016/S2214-109X(20)30277-1
https://doi.org/10.1186/s12962-021-00328-x
https://doi.org/10.1186/s12962-021-00328-x
https://doi.org/10.1073/pnas.1515528113
https://doi.org/10.1073/pnas.1515528113
https://doi.org/10.1186/s12879-020-05632-0
https://doi.org/10.1186/s12879-020-05632-0
https://doi.org/10.1016/j.vaccine.2020.10.089
https://doi.org/10.1016/j.vaccine.2020.10.089
https://doi.org/10.1016/j.ijgo.2015.07.026
https://doi.org/10.1002/ijgo.12904
https://doi.org/10.1111/tmi.13315
https://doi.org/10.5144/0256-4947.2016.313
https://doi.org/10.1016/j.annonc.2019.11.004
https://doi.org/10.1016/j.ejca.2019.04.032
https://doi.org/10.1016/j.ygyno.2013.04.050
https://doi.org/10.1016/j.ygyno.2018.08.033
https://doi.org/10.1007/s00404-018-4926-y
https://doi.org/10.1186/s12885-016-2207-3
https://doi.org/10.1186/s12885-016-2893-x
https://doi.org/10.1016/j.vaccine.2015.02.052
https://doi.org/10.1186/1472-6963-10-11
https://doi.org/10.1080/21645515.2020.1832835
https://doi.org/10.1007/s40258-021-00704-x
https://doi.org/10.1007/s40258-021-00704-x
https://doi.org/10.1016/j.vaccine.2020.02.042
https://doi.org/10.1016/S0140-6736(17)31821-4
https://doi.org/10.1016/S0140-6736(14)60920-X
https://doi.org/10.1038/bjc.2011.185
https://doi.org/10.1093/jnci/djx158
https://doi.org/10.1093/jnci/djaa011
https://doi.org/10.4103/0366-6999.225052
https://doi.org/10.4103/0366-6999.225052
https://doi.org/10.3389/fimmu.2023.1119566
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zou et al.

42. Kim JJ, Simms KT, Killen J, Smith MA, Burger EA, Sy S, et al. Human
papillomavirus vaccination for adults aged 30 to 45 years in the united states: A cost-
effectiveness analysis. PloS Med (2021) 18:¢1003534. doi: 10.1371/journal.pmed.1003534

43. Liu N, Mittmann N, Coyte PC, Hancock-Howard R, Seung SJ, Earle CC. Phase-
specific healthcare costs of cervical cancer: Estimates from a population-based study.
Am ] Obstet Gynecol (2016) 214:615.e1-615.e11. doi: 10.1016/j.ajog.2015.11.021

44. Shi J-F, Kang D-], Qi S-Z, Wu H-Y, Liu Y-C, Sun L-J, et al. Impact of genital
warts on health related quality of life in men and women in mainland China: A
multicenter hospital-based cross-sectional study. BMC Public Health (2012) 12:153-3.
doi: 10.1186/1471-2458-12-153

45. Zhao ZM, Pan XF, Lv SH, Xie Y, Zhang SK, Qiao YL, et al. Quality of life in
women with cervical precursor lesions and cancer: A prospective, 6-month, hospital-
based study in China. Chin J Cancer (2014) 33:339-45. doi: 10.5732/¢jc.013.10139

46. Shi JF, Xiang W, Qiao YL. [A review of health economic evaluation on cervical
cancer screening by visual inspection with acetic acid]. Zhonghua Liu Xing Bing Xue Za
Zhi (2009) 30:87-90.

47. Chesson HW, Blandford JM, Gift TL, Tao G, Irwin KL. The estimated direct
medical cost of sexually transmitted diseases among American youth, 2000. Perspect
Sex Reprod Health (2004) 36:11-9. doi: 10.1363/3601104

48. Bingyu Z, Zhangxiaoxiao, Li L. Clinical analysis and follow-up of 160 patients
with CIN3. Sichuan Med (2012) 33:620-2.

49. Notice on updating the summary table of the winning catalogue of the shanghai
non-immunization program vaccine group procurement project. Shanghai Health
Aftairs Service Center (2021). Available at: http://www.shgpo.com/jggb/851.jhtml.

50. Notice on charges for storage and transportation of non-immunization program
vaccines and policy interpretation of the notice on matters relating to charges for non-
immunization vaccine storage and transportation and vaccination services. Hainan

Frontiers in Immunology

09

10.3389/fimmu.2023.1119566

Development and Reform Commission (2020). Available at: http://plan.hainan.gov.cn/
sfgw/zcjd/202012/84d540d0d5e241ca83b771905373252b.shtml.

51. Guoen L. China Guidelines for pharmacoeconomic evaluations 2020. Beijing:
China Market Press (2020).

52. Mennini FS, Bonanni P, Bianic F, de Waure C, Baio G, Plazzotta G, et al. Cost-
effectiveness analysis of the nine-valent HPV vaccine in Italy. Cost Eff Resour Alloc
(2017) 15:11. doi: 10.1186/5s12962-017-0073-8

53. Kamolratanakul S, Pitisuttithum P. Human papillomavirus vaccine efficacy and
effectiveness against cancer. Vaccines (Basel) (2021) 9. doi: 10.3390/vaccines9121413

54. Barnabas Ruanne V, Brown Elizabeth R, Onono Maricianah A, Bukusi Elizabeth
A, Njoroge B, Winer Rachel L, et al. Efficacy of single-dose human papillomavirus
vaccination among young African women. NEJM Evidence (2022) 1:EVID0a2100056.
doi: 10.1186/s13063-021-05608-8

55. One-dose human papillomavirus (HPV) vaccine offers solid protection against
cervical cancer. World Health Organization (2022). Available at: https://www.who.int/
news/item/11-04-2022-one-dose-human-papillomavirus-(hpv)-vaccine-offers-solid-
protection-against-cervical-cancer.

56. Policy interpretation of the "Guangdong province free vaccination work plan for
human papillomavirus (HPV) vaccine for school-age girls (2022-2024). Health
Commission of Guangdong Province (2021). Available at: http://wsjkw.gd.gov.cn/
hdjl_zcjd/content/post_3659022.html.

57. Fei G, Shu-yue Z, Zhi-ping W, Ning-shao X. Progress and prospective in
research of human papillomavirus vaccines. Chin J Biologicals (2022) 35:769-79.

58. Ranjeva SL, Baskerville EB, Dukic V, Villa LL, Lazcano-Ponce E, Giuliano AR,
et al. Recurring infection with ecologically distinct HPV types can explain high
prevalence and diversity. Proc Natl Acad Sci USA (2017) 114:13573-8. doi: 10.1073/
pnas.1714712114

frontiersin.org


https://doi.org/10.1371/journal.pmed.1003534
https://doi.org/10.1016/j.ajog.2015.11.021
https://doi.org/10.1186/1471-2458-12-153
https://doi.org/10.5732/cjc.013.10139
https://doi.org/10.1363/3601104
http://www.shgpo.com/jggb/851.jhtml
http://plan.hainan.gov.cn/sfgw/zcjd/202012/84d540d0d5e241ca83b771905373252b.shtml
http://plan.hainan.gov.cn/sfgw/zcjd/202012/84d540d0d5e241ca83b771905373252b.shtml
https://doi.org/10.1186/s12962-017-0073-8
https://doi.org/10.3390/vaccines9121413
https://doi.org/10.1186/s13063-021-05608-8
https://www.who.int/news/item/11-04-2022-one-dose-human-papillomavirus-(hpv)-vaccine-offers-solid-protection-against-cervical-cancer
https://www.who.int/news/item/11-04-2022-one-dose-human-papillomavirus-(hpv)-vaccine-offers-solid-protection-against-cervical-cancer
https://www.who.int/news/item/11-04-2022-one-dose-human-papillomavirus-(hpv)-vaccine-offers-solid-protection-against-cervical-cancer
http://wsjkw.gd.gov.cn/hdjl_zcjd/content/post_3659022.html
http://wsjkw.gd.gov.cn/hdjl_zcjd/content/post_3659022.html
https://doi.org/10.1073/pnas.1714712114
https://doi.org/10.1073/pnas.1714712114
https://doi.org/10.3389/fimmu.2023.1119566
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Vaccinating women previously treated for human papillomavirus-related cervical precancerous lesions is highly cost-effective in China
	1 Introduction
	2 Methods
	2.1 Model construction
	2.2 Definition of scenarios
	2.3 Model parameters
	2.4 Cost-effectiveness analysis
	2.5 Sensitivity analysis

	3 Results
	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


