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Summary
Background Several domestically-manufactured nonavalent HPV vaccine candidates are in phase III clinical trials and
their future availability may address the current dilemma of insufficient supply and high price of the overseas-
manufactured nonavalent HPV vaccine in China. We compare the population-level effectiveness and cost-
effectiveness of switching to nonavalent HPV vaccination in China.

Methods We used a previously validated transmission model to project the lifetime costs and effectiveness of five
same-vaccine and two mixed-vaccine strategies. Nonavalent HPV vaccines were assumed to be available and meet the
production requirements for national vaccination between 2030 and 2050. All women living or projected to be born in
China during 2023–2100 were considered. We adopted a societal perspective and determined optimal strategies using
cost-effectiveness efficiency frontiers.

Findings Under our pricing assumptions, switching to nonavalent vaccination was always cost-saving compared with
maintaining the current bivalent vaccination programme, irrespective of the screening scenarios and the year when
nonavalent vaccine was assumed to become available (status quo screening: net cost saving $2589–5211 million;
improved screening: net cost saving $1852–3789 million). In the same-vaccine strategies, the optimal strategy
changed from “routine nonavalent HPV vaccination with catch-up to age 18” to “switching from bivalent to
nonavalent HPV vaccination” if nonavalent vaccination is available after 2035. Compared with the optimal same-
vaccine strategy, adopting mixed schedules with bivalent and nonavalent vaccines would further save $1336–4280
million net costs and gain 87,000–833,000 QALYs, depending on the screening scenario and the year when
nonavalent vaccine becomes available.

Interpretation Switching from bivalent to nonavalent HPV vaccination is likely to be cost-saving and have a significant
impact on reducing the cervical cancer burden in China.
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Research in context

Evidence before this study
Many high-income countries have replaced two-valent
(2vHPV) or four-valent (4vHPV) HPV vaccines with the nine-
valent (9vHPV) vaccine in their national immunisation
programmes, partly based on modelling studies establishing
the superior impact and cost-effectiveness of the 9vHPV
vaccine. However, the constrained supply and high price of
the 9-valent vaccine has hindered its widespread availability,
especially in low- and middle-income countries (LMICs). In
China, there are three brands of 2vHPV vaccine on the market
providing enough supply for the national programme, but
only one brand of 9vHPV with insufficient supply for this
purpose. However, a mixed vaccination schedule of a dose
each of 2vHPV and 9vHPV has been shown to be highly
immunogenic and has been implemented in Quebec, Canada,
which opens new options for utilizing supplies of 2vHPV and
9vHPV vaccines. We searched PubMed and China National
Knowledge Infrastructure, without language restrictions, for
studies on the cost-effectiveness of 9vHPV vaccination
published from Jan 1, 2000, to June 1, 2024, with the search
terms “cost-effectiveness” or “elimination”, “nonavalent” or
“9-valent”, and “human papillomavirus”. Our search identified
three studies comparing the cost-effectiveness of 9vHPV
vaccination with 2vHPV vaccination in China. However, none
of these studies use the latest recommended two-dose 9vHPV
vaccination schedule for adolescent girls. Additionally, no
study considered strategies that account for availability of
9vHPV, such as the potential inclusion of mixed-vaccine
strategies.

Added value of this study
This is the first cost-effectiveness analysis of switching from
2vHPV to 9vHPV vaccination that considers scenarios about
future 9vHPV vaccine availability and mixed-vaccine
strategies. Our findings indicate that switching to 9vHPV
vaccination was cost-saving compared to maintaining 2vHPV
vaccination in China. If only vaccine schedules using the same
vaccine type are possible, the optimal vaccination strategy is
to wait for routine 9vHPV vaccination with a catch-up to age
18 if 9vHPV vaccine is initiated in 2030 and to initiate
bivalent vaccination immediately with a switch to 9vHPV
vaccination if 9vHPV vaccine is initiated after 2035. If
administering two different HPV vaccines to the same
individual is acceptable, the optimal strategy is the mixed-
vaccine strategy of one-dose 2vHPV and one-dose 9v HPV
vaccine.

Implications of all the available evidence
Our study supports immediate vaccination with 2vHPV
vaccine followed by switching to the 9vHPV vaccine, if the
current regulations on administering the same vaccine for
both doses need to be followed. Adopting a mixed vaccine
schedules involving one immediate dose of 2vHPV vaccine
and one delayed dose of 9vHPV vaccine is a promising option
to expand both the health and economic benefits in the
context of constrained 9vHPV vaccine supply. These findings
may also provide policy evidence for other countries that have
not yet introduce 9v HPV vaccines.
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Introduction
Globally, cervical cancer is the fourth most common
cancer in females with an estimated 662,000 new cases
and 348,000 deaths in 2022.1 China has the largest
burden of cervical cancer cases in the world, with 23%
of global cases in 2022.2 Cervical cancer incidence in
China increased by 7.3% per year during 2000–2018.2

Human papillomavirus (HPV) vaccination is a highly
effective long-term intervention for preventing cervical
cancer and a foundational pillar of the World Health
Organisation (WHO) global strategy to accelerate the
elimination of cervical cancer. As of December 2023,
141 (73%) of the 194 WHO member states had intro-
duced HPV vaccination into their national immunisa-
tion programmes (NIP), however, China has yet to do
so. In January 2023, China issued an action plan to
accelerate cervical cancer elimination (2023–2030),3

which proposed to promote pilot HPV vaccination pro-
grams for school-age girls and pledged to accelerate the
approval for new HPV vaccines.

China has approved five brands of HPV vaccines,
including three bivalent (2vHPV, Cervarix®, Cecolin®,
and Walrinvax™) vaccines, a quadrivalent (4vHPV,
Gardasil®) vaccine, and a nonavalent (9vHPV, Garda-
sil®9) vaccine. The 2vHPV vaccines offer protection
against HPV 16 and 18, which are the most common
causes of cervical cancer. With multiple manufacturers
producing the 2vHPV vaccines, their production ca-
pacity is sufficient for current national demand for
routine vaccination of girls in China. Moreover,
competition among manufacturers may drive down
prices of 2vHPV vaccines in compliance with the re-
quirements of the NIP. Some pilot sites in China have
already introduced free 2vHPV vaccination programmes
for adolescent girls.4 In contrast, the 9vHPV vaccine
provides protection against additional HPV types 6, 11,
31, 33, 45, 52, and 58. However, with only one 9vHPV
vaccine in the market, its limited supply and higher cost
pose significant challenges for its widespread use in the
Chinese NIP. Currently, at least four novel 9vHPV
vaccine candidates are undergoing phase III clinical
trials. When these trials are completed, their eventual
market introduction is expected to alleviate the current
vaccine supply pressure.

Some high-income countries, including the USA,
Canada, Austria, and Italy, have replaced 2vHPV or
www.thelancet.com Vol 56 March, 2025
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4vHPV vaccines with the 9vHPV vaccine in their NIP,5

as studies have established the superior efficacy and
cost-effectiveness of the 9vHPV vaccine in these
countries.6–9 Although three studies have evaluated the
cost-effectiveness of switching from 2vHPV to 9vHPV
vaccines in China,10–12 they are all based on the previous
three-dose vaccination schedule rather than the
currently recommended two- or one-dose vaccination
schedule for adolescent girls. Moreover, some Chinese
women have been hesitant to receive HPV vaccination,
preferring to wait for the 9vHPV vaccine.13 Considering
the current high price and limited supply of 9vHPV
vaccines in China, studies are needed to inform the
decision between immediately initiating widespread
2vHPV vaccination and waiting for cheaper 9vHPV
vaccines to become widely available, which is not
addressed by any existing study. Additionally, Quebec
(Canada) has adopted a mixed schedule of using both
2vHPV and 9vHPV vaccines from 2018, which could
spare doses of the supply-limited and expensive 9vHPV
vaccines while still providing most of the benefits.14

However, no studies have assessed the potential cost-
effectiveness of mixed vaccine schedules in China.

To address these knowledge gaps, our study focuses
on assessing population-level effectiveness and cost-
effectiveness of switching from 2vHPV to 9vHPV
vaccination in China, and identifying the optimal
vaccination strategy, taking into account the year when
9vHPV vaccine becomes available in sufficient quanti-
ties to be included in the NIP, the level of cervical
screening, and the potential inclusion of mixed vacci-
nation schedules.
Methods
We used a hybrid model consisting of a dynamic HPV
transmission model and a static natural history model to
estimate the health outcomes and costs of different
vaccination strategies. The details of the model have
been presented previously15 and are summarised in the
Appendix (pp 2-3 and Figure S1). Briefly, the deter-
ministic age-structured compartmental dynamic model
was built to simulate HPV transmission between males
and females and to project the number of HPV in-
fections. The natural history model was then used to
simulate the natural history of cervical cancer and its
precursors to estimate the number of cervical cancer
cases and deaths. The model has been previously cali-
brated using Chinese epidemiological data on high-risk
HPV type prevalence, cervical cancer incidence and
mortality in 2015, and HPV type distribution in women
with normal cervical cytology, low-grade cervical pre-
cancerous lesions, high-grade cervical precancerous le-
sions, and invasive cervical cancer.15 We considered all
women living or projected to be born in China during
2023–2100. The population was stratified by area of
residence (urban and rural), sex, sexual activity (high,
www.thelancet.com Vol 56 March, 2025
low, none), and age (single year of age from 0 to 84
years, and ≥85 group). All individuals were simulated
until the end of their lives. Model assumptions and re-
sults were reported following the HPV-FRAME check-
list16 and the CHEERS checklist.17

Alternative strategies
Several 9vHPV vaccine candidates are in Phase III
clinical trials, expected to be completed in 2027–2029 at
the earliest.18,19 Therefore, we assumed that sufficient
quantities of the 9vHPV vaccine would become available
for the NIP between 2030 and 2050, depending on the
development and production schedule. Under different
year when 9vHPV vaccine becomes available (2030,
2035, 2040, 2045, and 2050, referred to as the 9vHPV
initiation year), we evaluated five same-vaccine strate-
gies and two mixed-vaccine strategies: (1) no vaccina-
tion; (2) immediate routine 2vHPV vaccination from
2023; (3) routine 9vHPV vaccination from the 9vHPV
initiation year; (4) immediate routine 2vHPV vaccina-
tion from 2023 with a switch to 9vHPV vaccine in the
9vHPV initiation year; (5) routine 9vHPV vaccination
from the 9vHPV initiation year with multi-age cohort
catch-up vaccination delivered in a single year; (6) mixed
two-dose schedule (first dose of 2vHPV vaccine target-
ing girls aged 12 and a second dose of 9vHPV vaccine in
the 9vHPV initiation year) from 2023, and switching to
two-dose routine 9vHPV vaccination in the 9vHPV
initiation year; and (7) adding the restriction of a 5-year
maximum interval between two doses based on the
strategy 6 (i.e., if 9vHPV vaccine is not available 5 years
after a birth cohort received the first dose of 2vHPV
vaccine, the cohort will instead receive a second dose of
2vHPV vaccine in that year). Routine HPV vaccination
targeted girls aged 12 years with a two-dose schedule at
90% coverage. Catch-up vaccination targeted girls aged
13–18 years at 90% coverage, with a two-dose schedule
for girls aged 13–14 years and a three-dose schedule for
girls aged ≥15 years. The details of these vaccination
strategies are described in the Appendix (Figures S2 and
S3).

We evaluated the vaccination strategies under two
different screening scenarios. The first scenario (status
quo screening) is the current programme with 3-yearly
cytology-based screening at coverage of 26.6% in ur-
ban areas and 19.3% in rural areas (Figure S4).20 The
second scenario (improved HPV-based screening)
assumed a switch to 5-yearly HPV-based screening in
2022, with linearly increasing age-specific uptake for the
target population of women aged 35–64 years from the
status quo in 2021, to 70% in 2030, followed by a 1%
increase every year till 90% is reached. This improved
scenario was based on the target of reaching 70%
screening coverage in women aged 35–64 years by 2030
in China’s action plan3 and the recommendation of
HPV testing as the primary method for cervical cancer
screening by WHO21 and the Chinese Preventive
3
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Medicine Association.22 The screening coverage was
assumed to continue to increase after the target is
reached, until reaching 90%, because five-year screening
coverage in some countries has already surpassed 70%,
whereas very few countries have achieved screening
coverage exceeding 90%.23,24

Inputs and assumptions
A full-course vaccine schedule was assumed to provide
100% protection against vaccine-targeted HPV types.
One-dose vaccine was conservatively assumed to provide
85% protection against vaccine-targeted HPV types
based on the lower bound efficacy observed after 10
years of one-dose HPV vaccine.25 Therefore, in mixed-
vaccine two-dose strategies of 2vHPV and 9vHPV, the
first dose of 2vHPV was assumed to provide 85% pro-
tection against HPVs 16 and 18; the second dose of
9vHPV in the mixed schedule was assumed to provide
100% protection against HPVs 16 and 18, and 85%
protection against the seven genotypes included in
9vHPV but omitted in 2vHPV. Vaccine-induced im-
munity was assumed to be lifelong.

Model parameters are listed in the Appendix
Table S1. All unit costs were converted to 2022 US
dollars, adjusting for inflation using China’s Consumer
Price Index for health care and currency conversion
using the average US dollar to Chinese Yuan exchange
rate in 2022 (1.00 US dollar = 6.70 Chinese Yuan).
Current market prices for 2vHPV and 9vHPV vaccines
are $49.10 and $193.73 per dose, respectively. We
assumed lower national tender prices ($4.32 and $17.05
per dose for 2vHPV and 9vHPV vaccines) based on
prices paid by the Pan American Health Organisation
(PAHO) Revolving Fund,26 given China’s comparable
income level to many PAHO countries27 and large
market size. We assumed vaccine delivery costs to be
$4.02 per dose.28 The treatment costs for cervical intra-
epithelial neoplasia (CIN) and cervical cancer were
collected in our nationwide multicenter cross-sectional,
hospital-based survey.29 Detailed cost assumptions are
available in the Appendix (p3).

Main analysis
The impact and cost-effectiveness of different vaccina-
tion strategies were estimated under varied screening
scenarios and 9vHPV initiation years. For population-
level impact, we estimated cervical cancer cases and
deaths averted by each vaccination strategy compared
with no vaccination. We also estimated age-standardised
annual cervical incidence during 2023–2100 using
Segi’s world standard population and identified the year
of cervical cancer elimination, defined as the first year
when the incidence falls below 4/100,000 women.30

Considering that the 9vHPV vaccine will only become
available to some cohorts at an older age, we further
estimated the effect of age at receiving the second dose
of 9vHPV vaccine on cervical cancer cases, deaths, and
costs. Specifically, we evaluated the outcomes of
administering a first dose of the 2vHPV vaccine at age
12, followed by a second dose of the 9vHPV vaccine at
various ages, including 12, 15, 20, 25, 30, 35, and 40
years. For the cost-effectiveness analysis, we estimated
the incremental costs and effectiveness of each vacci-
nation strategy compared with no vaccination, as well as
those of switching from 2vHPV to 9vHPV vaccination
compared with maintaining 2vHPV vaccination. The
effectiveness was quantified using quality-adjusted life-
years (QALYs), taking into account health state utility
weights. Incremental cost-effectiveness ratios (ICERs)
were calculated as incremental cost per additional QALY
gained of a strategy compared to the next most costly
non-dominated strategy, to identify the optimal strategy.
We performed the analysis using a societal perspective.
The time horizon of the analysis was 2023–2100, and all
cohorts were followed up until the end of their lives.
Both costs and QALYs were discounted to 2022 at an
annual rate of 3%.31 The previous cost-effectiveness
threshold of 1–3 times gross domestic product (GDP)
per capita suggested at one time by WHO’s Commis-
sion on Macroeconomics and Health is now considered
to be high for low- and middle-income countries
(LMICs).32,33 Following a recent global analysis,34 we
applied the 0.51 times GDP per capita of China in 2022
(0.51*$12,791 = $6523)35 as the cost-effectiveness
threshold. All analyses were performed in R (version
4.2.0).

Sensitivity analysis
In our sensitivity analysis, we conservatively assumed
40% vaccination coverage for the second dose in mixed-
vaccine strategies, reflecting potential lower complete
vaccination rates when extending vaccination intervals.
This assumption was based on the lowest coverage
observed (39% in Costa Rica) for the second dose
among LMICs with HPV vaccination programmes that
reached 90% coverage for the first dose in 2019.36 We
also used current vaccine prices in cost-effectiveness
analysis to assess the effect of varying vaccine prices.
Additionally, we adopted an alternative discount rate
recommended by WHO31 using 3% and 0% discounting
for costs and QALYs, respectively. For the elimination
year, we also calculated the age-standardised incidence
using the World Female Population 2015 (ages 0–99
years), which is recommended for comparisons between
countries and for incidence calculations used to inform
WHO strategic planning for cervical cancer elimina-
tion.37 In one-way deterministic sensitivity analyses, we
varied key parameters in the model over their plausible
ranges to quantify the impact of uncertainty in individ-
ual input parameters on the results (Table S1). Proba-
bilistic sensitivity analysis was conducted by performing
1000 Monte Carlo simulations to sample parameter
values from their respective distributions (Table S1),
including screening sensitivity, precancerous lesions
www.thelancet.com Vol 56 March, 2025

http://www.thelancet.com


($
m
ill
io
n)

Q
A
LY
s
ga
in
ed

(m
ill
io
n)

–

to
6
46

0)
1.
57

(1
.5
1–
1.
6
4)

to
53
71
)

1.
30

(1
.2
5–
1.
36

)

9
to

45
07
)

1.
09

(1
.0
5–
1.
14
)

5
to

38
04

)
0.
92

(0
.8
8
–0
.9
6
)

0
to

32
00

)
0.
77

(0
.7
4–
0.
8
0)

–

4
to

48
6
4)

0.
48

(0
.4
0–
0.
6
2)

to
39

8
6
)

0.
40

(0
.3
3–
0.
51
)

8
to

33
22
)

0.
34

(0
.2
8
–0
.4
3)

7
to

27
98

)
0.
28

(0
.2
3–
0.
36

)

to
23
56

)
0.
24

(0
.2
0–
0.
30
)

un
ce
rt
ai
nt
y
in
te
rv
al
s.
Th
e
im
pr
ov
ed

H
PV

-
er
y
ye
ar

ti
ll
90

%
is
re
ac
he
d.
H
PV

,H
um

an

Articles
management, treatment efficacy, costs, and utilities as-
sumptions, and to estimate outcomes. The results of the
probabilistic sensitivity analysis were used to calculate
the 10th and 90th percentiles (80% uncertainty interval)
of model results.

Role of the funding source
The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing
of the report.
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Results
Same-vaccine strategies
Under base-case assumptions, compared with main-
taining 2vHPV vaccination, switching to 9vHPV was
cost-saving irrespective of screening scenarios and
9vHPV initiation years (Table 1, status quo screening:
net cost saving $2589–5211 million; improved HPV-
based screening: net cost saving $1852–3789 million).
Compared to no vaccination, routine 2vHPV vaccination
from 2023 would reduce cervical cancer incidence in
2100 by 56.49% (80% UI = 56.28%–56.71%) under
status quo screening and 66.20% (80% UI = 65.07%–

67.19%) under improved HPV-based screening sce-
nario, respectively (Table 1). Switching to 9vHPV
vaccination would further reduce cervical cancer inci-
dence, especially if 9vHPV vaccination is initiated
earlier. Specifically, switching from 2vHPV to 9vHPV
vaccination is estimated to reduce cervical cancer inci-
dence in 2100 by 78.49%–84.45% under status quo
screening and 84.05%–87.69% under improved HPV-
based screening scenario compared to no vaccination
depending on the 9vHPV initiation year (Table 1).

The 9vHPV initiation year would affect the optimal
vaccination strategy. In same-vaccine strategies, the
optimal strategy was either “switching from 2vHPV to
9vHPV” or “9vHPV vaccination with a catch-up”, both
of which required initiating 9vHPV as soon as the vac-
cine became available. When assuming the initiation of
the 9vHPV vaccine occurs in 2030, the optimal strategy
was vaccinating using 9vHPV with a catch-up to age 18,
which was cost-saving and dominated all other same-
vaccine strategies (Fig. 1 and Figure S5). This strategy
would result in slightly higher health and economic
benefits than switching from 2vHPV to 9vHPV vacci-
nation, and substantially higher benefits than main-
taining 2vHPV vaccination or vaccinating 9vHPV
without a catch-up. However, as the 9vHPV vaccine was
initiated later, the decline in the benefits of 9vHPV
vaccination regardless of a catch-up, was substantially
greater than that of switching from 2vHPV to 9vHPV.
Consequently, when assuming the initiation of the
9vHPV vaccine occurs after 2035, the optimal strategy
was immediate 2vHPV vaccination with a later switch to
9vHPV (Fig. 1 and Figure S5). Compared with main-
taining 2vHPV vaccination, the above optimal strategies
www.thelancet.com Vol 56 March, 2025 5
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Fig. 1: Cost-effectiveness for different vaccination strategies compared with no vaccination under status quo screening, with 3%
discounting. The 9vHPV initiation year was (a) 2030, (b) 2035, (c) 2040, (d) 2045, and (e) 2050. The black squares indicate the reference
strategy of no vaccination. The circles inside dashed ovals indicate the same-vaccine strategies, while the triangles indicate the mixed-vaccine
strategies. The “mix” strategy represents mixed two-dose schedule (first dose of 2vHPV vaccine targeting girls aged 12 and a second dose of
9vHPV vaccine in the 9vHPV initiation year) from 2023, and switching to two-dose routine 9vHPV vaccination when 9vHPV vaccine is available
for national vaccination. The “mix (5y-interval)” represents the strategy that adds the restriction of a 5-year maximum interval between two
doses based on the “mix” strategy. The strategies in the upper left quadrant are dominated by the strategies in the lower right quadrant. The
labels represent the dominant vaccination strategy in the same-vaccine strategies and all strategies (including same-vaccine and mixed-vaccine
strategies), respectively. Because the dominant strategies are cost-saving, the ICERs are negative and not shown. HPV, Human Papillomavirus;
2vHPV, bivalent HPV vaccine; 9vHPV, nonavalent HPV vaccine; QALY, quality-adjusted life-year.
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would avert 0.79–3.74 million additional cervical cancer
cases and 0.28–1.48 million deaths, save $1852–5460
million net costs, and gain 0.24–1.76 million QALYs
over the lifetime of people who lived in 2023–2100,
depending on the screening scenario and the 9vHPV
initiation year (Fig. 2, Figure S6 and Tables S2 and S3).
Additionally, under status quo screening, the optimal
strategies would achieve cervical cancer elimination by
2081, 2090, and 2099 when the 9vHPV initiation year
was 2030, 2035, and 2040, respectively, but could not
achieve elimination when the 9vHPV initiation year was
after 2045. Under improved HPV-based screening, the
optimal strategies would achieve cervical cancer elimi-
nation by 2062–2066 (Table 2).

Mixed-vaccine strategies
Adopting mixed-vaccine strategies with one dose of
2vHPV first and one dose of 9vHPV when 9vHPV vac-
cines become available in sufficient quantities for na-
tional vaccination would cost less and gain more QALYs
than all same-vaccine strategies irrespective of the
screening scenarios and the 9vHPV initiation year
(Fig. 1 and Figure S5). Importantly, the effectiveness of
this mixed-vaccine strategy in eliminating cervical can-
cer was minimally affected by the year of 9vHPV initi-
ation. The strategy would achieve elimination by
2081–2082 (Table 2, 0–18 years earlier compared with
the optimal strategies in same-vaccine strategies) under
status quo screening and by 2060–2061 (2–5 years
earlier) under improved screening, depending on the
9vHPV initiation year. Additionally, health and eco-
nomic benefits of the mixed-vaccine strategy would
decrease with increasing vaccination age at the second
dose. However, even when the second dose of the 9-
valent vaccine is administered up to the age of 40
years, the mixed-vaccine strategy would still avert more
cases and reduce incremental costs related to cervical
cancer compared with two-dose routine 2vHPV vacci-
nation (Figure S7).

If the maximum interval between two doses was
restricted to 5 years, the additional health and economic
benefit of a mixed-vaccine strategy compared to a same-
vaccine strategy would be reduced. Compared with the
optimal strategies in same-vaccine strategies, this
mixed-vaccine strategy would accelerate elimination by
1–2 years under status quo screening and by 1–5 years
www.thelancet.com Vol 56 March, 2025
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Fig. 2: Cervical cancer cases averted by different vaccination strategies compared with no vaccination under two screening settings. Error
bars represent the 80% uncertainty intervals of cases averted compared with no vaccination. The “mix” strategy represents mixed two-dose
schedule (first dose of 2vHPV vaccine targeting girls aged 12 and a second dose of 9vHPV vaccine in the 9vHPV initiation year) from 2023,
and switching to two-dose routine 9vHPV vaccination when 9vHPV vaccine is available for national vaccination. The “mix (5y-interval)”
represents the strategy that adds the restriction of a 5-year maximum interval between two doses based on the “mix” strategy. The improved
HPV-based screening scenario represents switching to 5-yearly HPV-based screening in 2022, with linearly increasing age-specific uptake from
status quo in 2021 to 70% in 2030, followed by a 1% increase every year till 90% is reached. HPV, Human Papillomavirus; 2vHPV, bivalent HPV
vaccine; 9vHPV, nonavalent HPV vaccine.

Articles
under improved screening, respectively (Table 2). These
benefits were reduced when the interval between two
doses was restricted, primarily because some women
9vHPV initiation year vaccination strategies

Maintaining 2vHPV Waiting for 9vHPV

Status quo screening

2030 – 2090 (2088–2091)

2035 – 2097 (2095–2100)

2040 – –

2045 – –

2050 – –

Improved HPV-based screening

2030 2066 (2061–2073) 2068 (2064–2068)

2035 2066 (2061–2073) 2072 (2069–2073)

2040 2066 (2061–2073) 2077 (2073–2078)

2045 2066 (2061–2073) 2082 (2078–2083)

2050 2066 (2061–2073) 2087 (2084–2088)

“–” indicates that cervical cancer will not be eliminated by 2100 by adopting this strate
HPV-based screening scenario represents switching to 5-yearly HPV-based screening in 20
every year till 90% is reached. HPV, Human Papillomavirus; 2vHPV, bivalent HPV vaccin

Table 2: Estimated cervical cancer elimination year of different vaccination s

www.thelancet.com Vol 56 March, 2025
would change from receiving one-dose 2vHPV and one-
dose 9vHPV vaccine to receiving two doses of the
2vHPV vaccine. Fewer vaccinated women would receive
2vHPV to 9vHPV 9vHPV + catch-up Mixed-vaccine strategy
(no interval restriction)

Mixed-vaccine strategy
(5y-interval)

2085 (2083–2086) 2081 (2080–2083) 2081 (2079–2082) 2082 (2080–2083)

2090 (2088–2093) 2088 (2086–2090) 2081 (2079–2082) 2085 (2084–2087)

2099 (2095–2100) 2096 (2093–2100) 2081 (2079–2082) 2091 (2089–2095)

– – 2081 (2080–2082) –

– – 2082 (2081–2084) –

2061 (2059–2065) 2062 (2058–2062) 2060 (2057–2061) 2061 (2058–2063)

2062 (2060–2066) 2067 (2063–2068) 2060 (2057–2061) 2061 (2059–2065)

2063 (2061–2068) 2071 (2068–2073) 2061 (2057–2061) 2062 (2060–2066)

2065 (2061–2070) 2076 (2073–2077) 2061 (2058–2062) 2063 (2061–2068)

2066 (2061–2071) 2081 (2077–2082) 2061 (2060–2064) 2065 (2061–2070)

gy. The values in the parentheses represent the 80% uncertainty intervals of the elimination years. The improved
22, with linearly increasing age-specific uptake from status quo in 2021 to 70% in 2030, followed by a 1% increase
e; 9vHPV, nonavalent HPV vaccine.

trategies by the 9vHPV initiation year.
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one-dose 2vHPV and one-dose 9vHPV vaccine in the
mixed-vaccine strategy with 5-year maximum interval
between doses compared to without restricted intervals
(5.8–7.8% vs. 11.0–36.5%, Figure S8).

Sensitivity analysis
Even if vaccination coverage of the second dose for
mixed-vaccine strategies is reduced to 40%, the mixed-
vaccine strategy without restrictions on the length of
intervals between doses remained the optimal strategy
(Figures S9–S10). When assuming current market vac-
cine prices, switching to 9vHPV vaccination or mixed-
vaccine strategies was not cost-effective, thus the
optimal strategy was maintaining 2vHPV vaccination
(Figures S11–S12). The optimal strategies when
considering either same-vaccine strategies or all strate-
gies did not change when using 3% and 0% discounting
for costs and QALYs in the cost-effectiveness analysis
(Figures S13–S14). The elimination year calculated us-
ing World Female Population 2015 was shown in
Table S4. Deterministic sensitivity analysis showed that
the model was sensitive to treatment costs, utilities,
screening sensitivity, vaccination coverage, and
maximum achievable screening coverage (Figures S15–
S18). However, switching from 2vHPV to 9vHPV
vaccination always remained cost-saving compared with
maintaining 2vHPV vaccination. In the probabilistic
sensitivity analysis, the uncertainty ranges around the
cases averted, deaths averted and the elimination year
were small. Switching from 2vHPV to 9vHPV vaccina-
tion remained more effective and less costly than
maintaining 2vHPV vaccination (Figures S19–S20).
Similarly, the mixed-vaccine strategy remained more
effective and less costly than switching from 2vHPV to
9vHPV vaccination (Figures S21–S22).
Discussion
In this transmission-dynamic modeling study, we found
that switching to 9vHPV vaccination was cost-saving
compared to maintaining 2vHPV vaccination in China,
and determined the optimal vaccination strategy prior to
9vHPV vaccines becoming available for national vacci-
nation. In the same-vaccine strategies, the optimal
vaccination strategy is to wait for routine 9vHPV vacci-
nation with a catch-up to age 18 if 9vHPV vaccine is
initiated in 2030 and to vaccinate using 2vHPV imme-
diately with a switch to 9vHPV if 9vHPV vaccine is
initiated after 2035. Adopting this strategy would result
in more than $1852 million cost savings and 237,000
QALYs gained over the lifetime of people who lived in
2023–2100 compared to maintaining 2vHPV vaccina-
tion. If administering two different HPV vaccines to the
same individual is acceptable, the optimal strategy
would become the mixed-vaccine strategy of one-dose
2vHPV and one-dose 9vHPV vaccine. This mixed-
vaccine strategy would further represent a saving of
more than $1336 million costs and 87,000 QALYs
gained compared to the above optimal strategy in the
same-vaccine strategies.

Our study demonstrated that switching from 2vHPV
to 9vHPV vaccination was a cost-saving strategy
compared to maintaining 2vHPV vaccination under the
assumption of negotiated vaccine prices. These results
were robust under both status quo screening and HPV-
based screening with improved coverage. Our findings
were broadly in line with published studies in other
countries. In Italy, the switch to 9vHPV vaccination of
school-aged girls was cost-saving compared with
continuing 2vHPV vaccination at the public sector
price.6 Similarly, studies in some LMICs, such as South
Africa,38 India,39 and Thailand,40 have found 9vHPV
vaccination was cost-effective compared to the 2vHPV
vaccination. Most cost-effectiveness studies indicated
that 9vHPV vaccination required a reduction from
market prices to be selected for NIP, and the incre-
mental price difference between the 9vHPV and 2vHPV
vaccines given our negotiated price assumptions fell
within the range of acceptable additional cost in these
studies. For instance, replacing 2vHPV with 9vHPV
vaccine was estimated to be cost-effective given the
additional costs per dose were less than $19 in Norway41

and $30 in Singapore,42 respectively. Notably, switching
to 9vHPV vaccination was not cost-effective at the cur-
rent high commercial price ($193.73 per dose) accord-
ing to our sensitivity analysis. The price of the 2vHPV
vaccine purchased by the Guangdong provincial gov-
ernment has been reduced to $17.3 per dose through
provincial public tendering and centralised procure-
ment,43 and is likely to further be reduced through na-
tional centralised procurement in the future. In
contrast, the 9vHPV vaccine is predominantly pur-
chased privately at considerably higher prices, which is a
substantial obstacle for the switch to national 9vHPV
vaccination in China. In 2023, China’s National Medical
Products Administration released technical guidelines
for clinical trials of HPV vaccines.44 These guidelines
simplify the trial design for high-valency iterative vac-
cines, i.e., those developed based on the platforms of
previous-generation vaccines, to facilitate HPV vaccine
development and improve the efficiency of technical
review. This policy provides opportunities for vaccine
manufacturers to expedite the marketing of new 9vHPV
vaccines and to improve vaccine accessibility and
affordability in China.

Our model projections support the prompt admin-
istration of currently available vaccines rather than
waiting for 9vHPV to become available. In our study,
immediate routine 2vHPV vaccination with a subse-
quent switch to 9vHPV could cost less and gain more
QALYs than waiting for routine 9vHPV vaccination, due
to the protection provided by 2vHPV vaccines to some
girls who do not currently have access to 9vHPV vac-
cines. The readily available 2vHPV vaccines already
www.thelancet.com Vol 56 March, 2025
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protect against HPV types 16 and 18, which account for
up to 84.5% of cervical cancer cases in China.45 This
indicates that achieving high 2vHPV vaccine coverage
among young girls should be given priority to provide
them with adequate and timely protection against cer-
vical cancer. Additionally, adding catch-up vaccination
in the 9vHPV vaccine initiation year could produce
health and economic benefits compared to routine
9vHPV vaccination. These benefits of catch-up 9vHPV
vaccination to age 18 will offset the losses in waiting for
routine 9vHPV vaccination if 9vHPV vaccine became
available in 2030, but cannot compensate for the losses
once 9vHPV vaccine became available after 2035. This is
mainly because the risks of HPV infection and missing
catch-up vaccination during the longer waiting period
will exceed the benefits of enhanced protection against a
broader spectrum of HPV types.

Our study also highlights the value of mixed-vaccine
strategies of one dose of 2vHPV now and one dose of
9vHPV when the 9vHPV vaccine becomes widely
accessible, which could avert more cervical cancer cases
than all same-vaccine strategies. One potential reason is
that the mixed-vaccine strategy combines the advantages
of vaccinating adolescent girls with a single dose to offer
early protection against the most carcinogenic types
(HPV 16 and 18), and administering 9vHPV vaccines
with the second dose to provide additional protection
against the other 7 HPV types. Several clinical trials
have shown that mixed schedules combining different
vaccines are safe and highly immunogenic.46–50 For
example, Gilca et al. in Canada49 found that a mixed
schedule of 2vHPV and 9vHPV has an acceptable safety
profile. Although the mixed schedule induces lower
antibody titres against the 7 HPV types not included in
2vHPV compared to two doses of 9vHPV, the titres are
still sufficiently high to be protective against all 9 HPV
types included in 9vHPV.49 Based on these results,
Quebec, Canada has implemented a mixed vaccination
schedule from 2018.14 Furthermore, although no clinical
trials have reported on the efficacy of mixed vaccination,
single-dose 9vHPV vaccination included in mixed
schedules provided 95.5% efficacy against all 9 HPV
types for at least 3 years,51 suggesting mixed schedules
may provide durable protection. Consequently, for
countries where 9vHPV vaccination has not been
available for national vaccination, like China, the mixed-
vaccine strategy may be a flexible choice with optimal
protection at a better cost. This strategy may also reduce
vaccine hesitancy towards 2vHPV vaccines due to pref-
erence for 9vHPV vaccine, as well as mitigate health
inequalities among different birth cohorts who may
receive different HPV vaccines.

However, given the uncertainty around when 9vHPV
vaccines will become available in sufficient quantities
for national vaccination, females receiving the mixed
schedule may have to wait a long time for the second
dose. The long interval may raise concerns about
www.thelancet.com Vol 56 March, 2025
infections occurring during the delay between doses, as
well as declines in vaccination coverage of the second
dose. Nevertheless, our sensitivity analysis showed that
even with pessimistic assumptions of 85% single-dose
vaccine efficacy and 40% coverage of the second dose,
the mixed-vaccine strategy remained cost-saving
compared with all same-vaccine strategies. Post-hoc
analyses of participants in the Costa Rica Vaccine Trial
(CVT) showed sustained high efficacy of one-dose
2vHPV vaccine for up to 11 years.52 This suggests that
even with long intervals between doses, the mixed
schedule will likely provide long-lasting protection
against HPV types 16 and 18. WHO has proposed that
there is no recommended maximum interval between
doses of the HPV vaccine,53 and has suggested that an
extended interval of 3–5 years could be considered to
alleviate vaccine supply shortages.54 Considering that
longer intervals between doses may present more pro-
grammatic challenges in acceptability and implementa-
tion, our study also includes a mixed-vaccine strategy
restricting the maximum interval to 5 years. This strat-
egy still prevented more cervical cancer cases than
same-vaccine strategies, even though some females
would receive a second dose of 2vHPV vaccine instead
of 9vHPV because the 9vHPV vaccine is assumed not to
become available in time.

There are several strengths to our study. First, our
study used a transmission dynamic model to assess the
vaccination strategies, so we were able to capture herd
effects, which are important when assessing catch-up
vaccination. Second, we considered several future
9vHPV vaccine availability scenarios and screening set-
tings, which are grounded in current vaccine develop-
ment schedules and timelines of clinical trials,18,19,55 as
well as current status and long-time targets for the na-
tional screening programme. Thus, our strategies are
likely to be feasible in the Chinese context. Third, to our
knowledge, this is the first cost-effectiveness analysis
including scenarios of mixed 2vHPV and 9vHPV
vaccination strategies. Our study could thus inform
flexible vaccine use in response to vaccine availability
constraints.

Our study also has several limitations. First, the
model did not incorporate the potential benefits of
vaccination against genital warts and non-cervical can-
cers such as anal cancer, vaginal cancer, and head and
neck cancer due to lack of data. This may lead to con-
servative estimates of the health benefits and cost-
effectiveness of HPV vaccines, particularly 9vHPV
vaccines. However, this conservative estimate has
already indicated that switching from bivalent to 9vHPV
vaccination is cost-saving. Second, we did not include
the scenarios of male vaccination since this is not a
current priority for policy-makers in China given supply
limitations. According to WHO’s global strategy for
cervical cancer elimination,30 the primary target is to
vaccinate girls who could benefit directly from HPV
9
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vaccines given the current constrained vaccine supply. If
the vaccine shortage is alleviated in the future, vacci-
nation of boys may be considered in China, which could
expand the health benefits in preventing male HPV-
related diseases as well as enhance cervical cancer pro-
tection for women through reducing HPV transmission.
Third, the evidence for efficacy of mixed-vaccine stra-
tegies is still sparse, so we instead assumed efficacy
based on the findings of one-dose vaccines. However,
our sensitivity analysis shows that varying the efficacy
has a small impact on the results of cost-effectiveness
analysis.

Conclusion
The switch to 9vHPV vaccination is likely cost-saving
compared with maintaining 2vHPV vaccination once
sufficient doses become available. Such a switch is likely
to have a significant impact on reducing the cervical
cancer burden in China. Our study supports immediate
vaccination with the 2vHPV vaccine followed by switching
to the 9vHPV vaccine if the current regulations on
administering the same vaccine need to be followed.
Adopting mixed vaccination schedules involving one im-
mediate dose of 2vHPV and one delayed dose of 9vHPV
vaccine is a promising option to expand both the health
and economic benefits in the context of constrained
9vHPV vaccine supply.
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