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ABSTRACT
Background  Congenital cytomegalovirus (cCMV) infection 
imposes a substantial economic burden on both families and 
society in China. There is currently a paucity of dynamic models 
to study cytomegalovirus (CMV) vaccination strategies for 
China’s high-seroprevalence population (over 95%). Recent 
clinical trials demonstrated that the messenger RNA (mRNA) 
vaccine candidate, mRNA-1647, exhibited potential efficacy in 
both preinfection and postinfection contexts. This study aims 
to assess the cost-effectiveness of various CMV vaccination 
strategies for Chinese young women.
Method  An age-structured dynamic model was 
adopted, using Mathematica software, to simulate three 
strategies: (1) no vaccination (status quo); (2) pre-marriage 
vaccination (age 20–28 years); (3) reproductive-age 
vaccination (age 20–40 years). The vaccine was assumed 
to have 50% coverage and 50% efficacy for the first 5 
years, with efficacy gradually decreasing over the next 15 
years, costing US$300 per treatment course. This study 
period covers 2025–2050. Health outcomes included 
reductions in cCMV infection incidence, morbidity and 
mortality. We conducted cost-effectiveness, scenario and 
sensitivity analyses, discounting costs and disability-
adjusted life years (DALYs) at 3% annually. The strategy 
would be considered cost-effective if the incremental 
cost-effectiveness ratio (ICER) was below China’s 2023 per 
capita gross domestic product (US$12 675).
Results  By 2050, pre-marriage and reproductive-age 
vaccination strategies could prevent cCMV infection 
incidence by 38.8% (95% uncertainty interval [UI], 33.7% 
to 43.5%) and 43.3% (38.3% to 47.1%), respectively, with 
ICERs of US$4751 (4124 to 5378) and US$10 814 (10 290 
to 11 338) per DALY averted compared with the status quo. 
However, the reproductive-age strategy is not cost-effective, 
with an ICER of US$25 553 (12 566 to 36 126) versus the pre-
marriage strategy.
Conclusions  Prioritising pre-marriage vaccination could 
control cCMV infection in China. Our findings would 
inform public health policies and guide future research on 
optimising CMV vaccination strategies.

INTRODUCTION
Cytomegalovirus (CMV) infection constitutes 
one of the most prevalent congenital infec-
tions during the neonatal period, carrying 
substantial public health ramifications.1 Glob-
ally, congenital CMV (cCMV) infection poses 
a significant health challenge, profoundly 
affecting the health and developmental 
outcomes of countless newborns.2 Research 
has demonstrated a correlation between the 
likelihood of cCMV infection and the sero-
prevalence of CMV within a given popula-
tion. The vast majority of newborns with 
cCMV infection are born to seropositive 
young women.3 4 Seroprevalence rates world-
wide vary between 50% and 98%, whereas the 
seroprevalence in the Chinese population 
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WHAT THIS STUDY ADDS
	⇒ This study reveals that both pre-marriage and 
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surpasses 95%.5 6 cCMV infection is a predominant 
aetiological factor in permanent neonatal hearing loss, 
contributing to 15%–20% of all non-genetic hearing loss 
cases globally.7 8 In China, this proportion escalates from 
25% to 35%.9 Furthermore, neonates suffering from 
cCMV infection face a heightened risk of developing 
additional severe neurodevelopmental complications, 
including mental retardation, vision loss and potentially 
even neonatal death.10 Even among neonates initially 
asymptomatic for infection, approximately 10%–15% 
manifest long-term health issues related to the infection 
during childhood or adolescence.11

The ‘Healthy China 2030’ and China’s Three-Child 
Policy were launched in 2016 and 2021, respectively. 
With advanced maternal age (AMA) pregnancies rising 
annually, good prenatal and postnatal care has received 
unprecedented attention. This trend heightens CMV 
transmission risks, as immunodeficiency and short-
ened interpregnancy intervals in AMA pregnancies may 
compromise gestational immunity, increasing maternal 
susceptibility. Concurrently, multiparous households 
amplify intrafamilial transmission, with children serving 
as key viral reservoirs and being the peak period for CMV 
acquisition. The interplay of rising multiparity rates and 
an expanding AMA population may perpetuate cyclical 
CMV transmission chains.12–15 As the prevalence of CMV 
in paediatric populations escalates, recurrent maternal 
exposure to the virus will likely drive a gradual but 
sustained increase in cCMV infection incidence. There-
fore, it is imperative to explore effective strategies for 
controlling cCMV infection incidence and disrupting 
transmission chains.

Since CMV infection is often asymptomatic and diffi-
cult to detect early, vaccination may be one of the most 
effective prevention measures and disrupt the transmis-
sion chains.16 17 Given the significant disease burden asso-
ciated with cCMV infection, the development of CMV 
vaccines has been a priority since 2000.18 Currently, four 
types of CMV vaccines are under investigation: attenu-
ated vaccines, subunit vaccines, messenger RNA (mRNA) 
vaccines and DNA vaccines.19–22 The mRNA vaccine 
enables easy adaptation to different pathogens by simply 
altering the mRNA sequence encoding the desired 
antigen. Compared with the CMV attenuated vaccines 
(eg, V160 and Towne), mRNA vaccines only encode 
viral antigen proteins, do not contain the complete viral 
genome and do not pose a risk of infection or integration 
with host DNA.22 23 Compared with CMV subunit vaccines 
(eg, glycoprotein B (gB)/MF59), mRNA vaccines 
could encode the UI gH/gL/UL128/UL130/UL131A 
(Pentamer), while the sixth mRNA sequence encodes 
the full-length membrane-bound gB.20 24 25 Although 
none of these vaccines have received clinical approval 
yet, the recent reports suggest vaccine mRNA-1647 can 
achieve an efficacy of approximately 50% against CMV 
acquisition, for seropositive and seronegative individ-
uals.20 26 To date, the majority of cost-effectiveness anal-
yses regarding CMV vaccines have been conducted within 

the context of developed countries.27 28 The unique 
serological characteristics and national conditions of 
different populations result in these studies being inap-
plicable to China.29 30 Our team has previously examined 
various vaccination strategies through a Markov-decision 
tree model, concluding that vaccinating adults was cost-
effective.31 However, there is a notable research gap in 
dynamic modelling studies of CMV vaccination strategies 
for Chinese women. Unlike static models, dynamic trans-
mission models are particularly suited for CMV research 
as they can more accurately capture changes in force of 
infection (λ) over time.

This study aims to analyse the impact of CMV vaccina-
tion in Chinese young women of different age groups on 
the incidence of cCMV infection in newborns, in order 
to determine the most cost-effective strategy. The evalu-
ation results will provide a theoretical basis for decision-
making by health departments.

METHODS
Study design and model development
This study presents a model-based analysis assessing the 
cost-effectiveness of CMV vaccination strategies for young 
women across different age groups in China, viewed 
from a societal perspective. The model was developed 
and implemented using Wolfram Mathematica V.13.3 
(Wolfram Research, Champaign, Illinois, USA)

We developed a deterministic compartmental model 
that describes its spread across various infection states, age 
groups and genders (figure 1). This model is designed to 
incorporate the complex dynamics of primary infection, 
reinfection or reactivation and vertical transmission, 
offering a robust framework for analysis. Specifically, 
the population was divided into distinct compartments: 
susceptible individuals, latent infection individuals, high 
antibody titre latent infection individuals and acute infec-
tion individuals.

λ was expressed as a weighted sum of the proportions 
of the population within these three infection categories, 
representing a nuanced representation of transmission 
potential. Moreover, latent individuals could experience 
reinfection at a rate of ωλ, where ω signifies the reduc-
tion in susceptibility to reinfection when compared with 
seronegative individuals. Additionally, the parameter (q) 
was used to represent the probability of vertical trans-
mission during pregnancy, encompassing both primary, 
reinfection and reactivation to capture the full spectrum 
of potential outcomes. This comprehensive approach 
ensures that our model can accurately simulate CMV 
transmission (online supplemental table S1).

Data source
The health-related parameter inputs in the model 
were sourced from previous studies and State Statistics 
Bureau of China (online supplemental tables S2–S4). 
The model’s population structure was constructed using 
comprehensive demographic data from China, covering 
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the years 2000–2050. This data set included critical 
elements such as population size, mortality rates and 
fertility rates, all sourced from United Nations statistics. 
This detailed demographic foundation ensured that the 
model accurately reflected population dynamics over 
time (online supplemental figure S1 and tables S5–S7).

Building on insights from our previous research, 
several key parameters were integrated into the model 
to enhance its realism and applicability, including the 
seroprevalence of CMV in China, the prevalence of 
primary CMV infection among pregnant women and 
the incidence rates of hearing loss, mental retardation, 
vision impairment in newborns affected by cCMV infec-
tion and the mortality rate among neonates with symp-
tomatic cCMV infection. First, the model was designed 
to accommodate multiple reinfection and reactivation 
events over an individual’s lifetime, thus capturing the 
recurrent nature of CMV transmission. Second, based 
on current trends in vaccine research, a single vaccine 
type was incorporated, providing coverage for both 
seronegative and seropositive individuals. Third, rather 
than assuming an abrupt change of efficacy, the model 
featured a gradually decreasing vaccine waning rate, 
to more accurately simulate real-world immunological 
decay. Finally, the model took into account dynamic vari-
ations in population infectiousness by leveraging contact 
matrices and proportional population changes over time. 
These enhancements were crucial for illustrating the 
complex interactions of demographic changes, infection 
dynamics and vaccination strategies, leading to a model 
that could more effectively guide public health decisions.

Intervention strategies and health outcomes
To identify effective approaches for reducing cases of 
cCMV infection, we evaluated various intervention strat-
egies. Our previous research has elucidated the limita-
tions of neonatal vaccination strategies.31 As the efficacy 
of vaccines gradually diminishes over time, neonatal 
vaccination may result in a loss of vaccine protection by 
the time individuals reach reproductive age. This situa-
tion also reduces the naturally acquired immunity within 
the population, leading to an increased proportion of 
seronegative women of reproductive age, who are more 
susceptible to CMV infection.31 However, CMV infection 
during pregnancy poses substantial risks to fetal health, 
including cCMV syndrome. Recognising that vacci-
nating women of reproductive age can significantly lower 
the probability of vertical transmission, we specifically 
targeted young women aged 20–40 years, consistent with 
the focus of recent clinical vaccine trials.26

TORCH screening, including Toxoplasma gondii, Trepo-
nema pallidum, rubella virus, CMV and herpes virus, is a 
crucial component of pre-marriage health checks aimed 
at preventing infections during pregnancy.32 According to 
the ‘China Health Statistical Yearbook 2023’, the average 
rate of pre-marriage health check-ups in China was 
74.8%, indicating a consistent annual increase.33 Consid-
ering the sociocultural context in China, the widely 
implemented pre-marriage health examination system 
offers a practical pathway for vaccination by leveraging 
existing healthcare infrastructure to enhance vaccine 
coverage. Consequently, we have further narrowed the 
reproductive-age population to identify the pre-marriage 

Figure 1  The transmission model of CMV. The model includes seronegative individuals (susceptible, S) and primary infection 
(I1) which occurs vertically from seropositive mothers (with probability q) or horizontally (with the force of infection λ) via contact 
with acutely infected individuals (I1,I2,I3). Following the primary infection stage (duration 1/γ year), individuals enter a latent 
stage characterised by low antibody concentrations (L1). L1 can be reinfected at a rate ωλ, where ω represents the reduction in 
susceptibility to reinfection compared with seronegative individuals and reactivation occurs at a rate ρ. After the reactivation/
reinfection stage (I2), individuals transition to a second latent stage with high antibody concentrations (L2) with probability α. 
In this stage, susceptibility to reinfection or reactivation is significantly reduced, and the reinfection/reactivation (I3) rate is 
expressed as z(λ+ρ). The target population for vaccination includes S, L1 and L2, where σ denotes the effective vaccination 
rate and δ represents the waning rate. The population is stratified by sex and age, φ denotes the fertility rate and μ represents 
the mortality rate (online supplemental table S1). CMV, cytomegalovirus; q, parameter to represent the probability of vertical 
transmission during pregnancy.
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group as a crucial target for CMV vaccination. Targeting 
women before marriage can also ensure the establish-
ment of an immune barrier prior to their peak fertility 
period, thereby maximising the preventive impact of 
the vaccine. According to Article 1047 of the Civil Code 
of the People’s Republic of China, enacted in 2021, the 
legal marriage age is defined as 22 years for men and 20 
years for women. Furthermore, the average age of first 
marriage in China in 2020 was 29.4 years for men and 
28 years for women.34 Therefore, the pre-marriage group 
for women was defined as those aged 20–28 years.

In our model, the vaccine was assumed to provide 
‘degree/leaky’ protection. We assumed a vaccine 
coverage of 50%, with an initial efficacy of 50% for the 
first 5 years and gradually waning over the next 15 years, 
to reflect the natural decline in immunity. Our assump-
tions regarding vaccine efficacy and waning rates closely 
align with real-world scenarios, enhancing the reliability 
of our findings.

To systematically explore the impact of different age-
specific vaccination approaches, we categorised three 
strategies : (1) no vaccination, (2) a pre-marriage strategy 
targeting women aged 20–28 years and (3) a reproduc-
tive-age strategy encompassing women aged 20–40 years. 
Each strategy was designed to model the administration 
of vaccines as each cohort reached the specified age 
range, employing a combined approach of campaign-
based and routine vaccinations to reach the baseline 
population within these groups.

The primary outcomes were the number of prevented 
cCMV infection cases relative to the no vaccination 
strategy (status quo). In addition, secondary outcomes 
included the incidence rate reduction (IRR), mortality 
rate reduction (MRR) and the cumulative number needed 
to vaccinate to prevent one case (NNV), compared with 
the status quo.

Cost-effectiveness analysis
The analysis was performed from a societal perspective, 
encompassing a wide range of costs. These included 
direct medical expenses (eg, healthcare costs), direct 
non-medical expenses (eg, special education costs) 
and indirect costs such as productivity losses and family 
support. To accurately reflect cost distribution, expenses 
were stratified based on the affected population groups, 
differentiating between costs associated with pregnant 
women and those linked to newborns. For pregnant 
women, the main costs included prenatal examination 
fees, such as ultrasound screenings and CMV serological 
testing. For children, the main expenses include medical 
costs, such as hearing loss, vision loss and mental retar-
dation. The clinical trials for the vaccine mRNA-1647 
primarily targeted women aged 18–40 (reproductive 
age), a demographic that closely aligns with the primary 
population for human papillomavirus (HPV) vaccina-
tion. Furthermore, epidemiological data indicate that the 
prevalence of cervical intraepithelial neoplasia grade 2 or 
worse lesions caused by HPV infection among Chinese 

women ranges from 1% to 2%, which is comparable with 
the incidence of cCMV infection. Given these parallels in 
both target populations and disease burden, the pricing 
strategy of the HPV vaccine provides a relevant reference. 
Consequently, the CMV vaccine price was set at US$300, 
mirroring the cost of the quadrivalent HPV vaccine.35 All 
financial figures were adjusted to 2023 US$ values, using 
an exchange rate of US$1 to ¥7.05, to ensure consistency 
and relevance in economic evaluation.

First of all, our study used disability-adjusted life years 
(DALYs) as the primary health utility measure to capture 
the long-term sequelae and premature mortality associ-
ated with cCMV infection in children. We calculated the 
DALY required to prevent each case of cCMV infection as 
well as its associated sequelae, using data from the most 
recent Global Burden of Disease Study.36 These sequelae 
included hearing loss, vision impairment and cogni-
tive disabilities, reflecting the significant health burden 
imposed by cCMV infection.

Second, we computed the cost under various vaccina-
tion strategies, which consisted of vaccine cost, direct 
medical expenses, direct non-medical expenses and 
indirect expenses. Both costs and health utilities were 
discounted at a 3% annual rate to align with standard 
economic evaluation practices. According to WHO guide-
lines, the willingness-to-pay (WTP) threshold should 
be set at the per capita gross domestic product (GDP). 
In this context, a vaccination strategy was deemed cost-
effective if the estimated incremental cost-effectiveness 
ratio (ICER) was below China’s per capita GDP for 2023 
(US$12 675).

Sensitivity analyses and scenario analysis
We used both deterministic and probabilistic sensi-
tivity analyses to assess the robustness of the results. 
Initially, comprehensive one-way sensitivity analyses were 
conducted for each model parameter and scenario. 
Subsequently, two-way sensitivity analyses were performed 
for selected variables, and probabilistic sensitivity anal-
ysis was carried out using Monte Carlo simulations with 
1000 iterations. Finally, scenario analyses incorporated 
key parameters to evaluate potential epidemiological 
impacts, with vaccine protection duration modelled 
across a 10-year to lifelong protection.

RESULTS
Epidemiological impacts
The model aligns closely with demographic and epidemi-
ological data for the overall and age-stratified population 
in China. Our projections indicate that, without interven-
tion, the incidence of cCMV infection will remain high 
from 2025 to 2050, likely due to the persistently elevated 
seroprevalence rate within China’s general population.

By targeting women before marriage for vaccination, a 
substantial reduction in cumulative cases and deaths can 
be achieved (table 1). Under this pre-marriage strategy, 
an estimated 236 443 372 (95% uncertainty interval(UI), 
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233 842 495 to 238 571 362) individuals would receive the 
vaccine, resulting in the prevention of approximately 1 
039 579 (9 71 958 to 1 107 198) cases of cCMV infection. 
Additionally, this strategy could prevent an estimated 
25 389 (24 475 to 27 900) cases of hearing loss, 7405 (7255 
to 7571) cases of mental retardation, 22 214 (21 666 to 23 
913) cases of vision loss and 6050 (5631 to 6347) cases 
of infant death. Although a rebound in cCMV infection 
rates was observed between 2040 and 2045 due to waning 
vaccine efficacy, the long-term impact of the strategy 
remains highly favourable. By 2050, the pre-marriage 
strategy is projected to achieve an IRR of 38.8% (34.7% 
to 41.5%) and an MRR of 36.3% (33.5% to 40.2%) 
compared with the status quo. By 2050, the pre-marriage 
vaccination strategy is expected to reduce the percentage 
of cCMV infection to 8.4% (8.09% to 8.95%), cause a 
substantial improvement compared with the projected 
13.73% (12.76% to 14.69%) under the status quo and 
reduce the number of reactivation/reinfections to 4 144 
384 (4 124 213 to 4 171 536) compared with the status quo 
of 4 978 972 (4 952 513 to 4 998 279).

Including women of reproductive age (aged 20–40) 
in the vaccination strategy could enhance outcomes but 
would necessitate many more courses. This reproduc-
tive-age strategy would involve approximately 456 273 
200 (453 079 288 to 458 554 566) recipients, leading to the 
prevention of 1,475,325 (1 379 009 to 1 571 639) cases of 
cCMV infection. Furthermore, this strategy is projected 
to prevent 36 264 (35 102 to 37 951) cases of hearing loss, 
10 577 (9851 to 11 296) cases of mental retardation, 31 731 
(30 526 to 32 488) cases of vision loss, and 8678 (8245 to 
9023) cases of infant death. By 2050, this strategy would 
achieve an IRR of 43.3% (38.3% to 47.1%) and an MRR 
of 44.7% (40.4% to 49.1%) relative to the status quo. By 
2050, implementing a broader vaccination strategy for 
women of reproductive age is projected to further reduce 
the percentage of cCMV infection to 7.79% (7.20% to 
8.42%), and reduce the number of reactivation/re-infec-
tions to 4 023 212 (4 003 421 to 4 046 862) (figure 2 and 
online supplemental figure S2).

Based on these findings, we calculated the cumulative 
NNV to prevent one cCMV infection for each strategy. 
The pre-marriage strategy demonstrated the highest effi-
ciency, requiring an estimated 227 (218–235) courses per 
case prevented, whereas the reproductive-age strategy 
required approximately 309 (300–318) courses per case 
(online supplemental table S8).

Cost-effectiveness
In table 2, the vaccination strategies are ranked according 
to their cost per DALY averted, arranged in descending 
order of cost-effectiveness. This table provides a compre-
hensive comparison of costs and health outcomes asso-
ciated with different vaccination approaches, all based 
on a vaccine with an assumed 50% efficacy and a waning 
rate over time. Each strategy’s performance is evaluated 
relative to a no-vaccination baseline and to the next most 
effective strategy.Ta
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Using a WTP of US$12 675 per DALY averted 
(equivalent to 2023 China’s per capita GDP), the pre-
marriage vaccination strategy is identified as the most 
cost-effective approach among the options assessed. 
This strategy successfully averted 1 960 275 DALYs 
(1 936 092–1 984 458) at an additional cost of US$8990 
(US$7852–10 128) million. The resulting ICER is 
US$4751 per DALY averted (US$4124–5378), which is 
well within the cost-effectiveness threshold.

In comparison, the reproductive-age strategy demon-
strates moderate cost-effectiveness, preventing 2 797 032 
DALYs (2 775 851 to 2 818 213) at an additional cost of 
US$29 968 (US$28 531–31 405) million. This results in an 
ICER of US$10 814 (US$10 290–11 338) per DALY averted 
when compared with the status quo. However, when 
analysed against the pre-marriage strategy, the repro-
ductive-age strategy is not cost-effective, with an ICER of 
US$25 553 (US$12 566–36 126) per DALY averted. These 
results are vividly shown in the cost-effectiveness frontier 
(figure 3A), underscoring the robustness and favourable 
cost-effectiveness of the pre-marriage strategy under the 
WTP level.

Sensitivity and scenario analyses
We conducted a one-way sensitivity analysis by varying 
the values of individual model parameters, to assess how 
each influenced the cost-effectiveness of the vaccination 
strategies (online supplemental figure S3). The vaccine 
price and duration were the most important parameters. 
The reproductive-age strategy remained cost-effective 
when the vaccine price was at or below US$320 per 
course. For vaccine prices between US$320 and US$375, 
the pre-marriage strategy became the preferred option. 
However, if the vaccine price exceeded US$375, neither 
vaccination strategy was considered cost-effective. The 
pre-marriage vaccination strategy was cost-effective when 
the vaccine duration lasted 15 years or longer, while the 
WTP threshold for the reproductive-age vaccination 
strategy required a vaccine duration of at least 17 years 
to be cost-effective.

Additionally, we performed a two-way sensitivity anal-
ysis to explore the combined effects of variations in both 
vaccine efficacy and the duration of vaccine protection, 
with all other parameters held constant. The results, 

Figure 2  Projection of CMV epidemiology under different vaccination strategies. (A) Calibration of the incidence rate of cCMV 
infection and projected cCMV infection incidence rates from 2000 to 2050. (B) Projected cases of cCMV infection, in response 
to age-specific vaccination strategies. cCMV infection, congenital cytomegalovirus infection; CMV, cytomegalovirus.

Table 2  Cost-effectiveness of CMV vaccination strategies

Vaccination strategy Cost (million US$) DALY

ICER (US$/DALY 
averted) versus 
status quo

ICER (US$/DALY 
averted) versus 
next best

No vaccination 4 26 696 (4 25 979–4 27 414)

9 346 456

– –(9 328 596–9 364 316)

pre-marriage vaccination

435 686 7 371 399 4751 4751

(4 34 777–4 36 596) (7 356 764–7 386 033) (4124–5378) (4124–5378)

Reproductive-age vaccination

457 021 6 549 424 10 814 25 553

(4 54 882–4 57 470) (6 536 887–6 561 960) (10 290–11 338) (12 566–36 126)

Costs and DALYs were discounted at 3%. Data are presented as medium and 95% uncertainty interval (Ul).
cCMV, congenital cytomegalovirus; CMV, cytomegalovirus; DALY, disability-adjusted life year; ICER, incremental cost-effectiveness ratio.
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depicted in figure 3B, reveal that vaccination strategies 
are cost-effective only when vaccine efficacy reaches a 
minimum threshold of 25%. As both efficacy and the 
duration of protection increase, the optimal approach 
shifts from no vaccination to the pre-marriage strategy 
and ultimately to the reproductive-age strategy.

Figure  3C displays a scatter plot of cost-effectiveness 
outcomes from 1000 Monte Carlo simulations, illus-
trating the relationship between costs and DALYs across 
different strategies. As previously noted, the reproduc-
tive-age strategy achieves the most substantial reduction 
in DALYs, positioning it to the far left on the plot. To the 
right, green points represent the pre-marriage strategy, 
which also demonstrates significant DALY reductions 
while maintaining lower costs than the reproductive-age 
approach.

To further evaluate the preferred vaccination strate-
gies across different WTP thresholds, we employed the 
cost-effectiveness acceptability curve, spanning a WTP 
range of US$0–20 000. As shown in figure 3D, when the 
WTP threshold aligns with China’s per capita disposable 
GDP (US$12 675), the pre-marriage strategy emerges 
as the most cost-effective option. For WTP values below 
US$5000, the no-vaccination strategy is favoured, while 
the pre-marriage vaccination strategy becomes optimal 
for WTP values above US$5000.

Assuming a protection duration of 10 years in the 
pessimistic scenario and lifetime protection in the opti-
mistic scenario, as outlined in online supplemental table 
S9, the results demonstrate significant variation in the 
cost-effectiveness of the vaccination strategies. Under 
the pessimistic scenario, where vaccine protection wanes 

Figure 3  Cost-effectiveness frontier, deterministic sensitivity analyses and probabilistic sensitivity analyses of CMV 
vaccination strategies. (A) Decremental DALYs and incremental costs of CMV vaccination strategies compared with the status 
quo. The strategies on the upper left of the frontier are dominated by the strategies on the lower right of them. (B) The two-
way sensitivity analysis of vaccine efficacy and duration of protection. The colour regions represent the most cost-effective 
vaccination strategy in the range. The small squares represent the baseline values. (C) Scatter plots of CMV vaccination 
strategies. (D) Cost-effectiveness acceptability curve. CE, cost effective; CMV, cytomegalovirus; DALY, disability-adjusted life 
year; GDP, gross domestic product; ICER, incremental cost-effectiveness ratio; WTP, willingness-to-pay.
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over a 10-year period, none of the vaccination strategies 
were deemed cost-effective when evaluated against the 
WTP threshold of US$12 675 per DALY averted. Under 
the optimistic scenario, the reproductive-age vaccination 
strategy demonstrated an ICER of US$1431 per DALY 
averted (-862 to 1611), significantly below the WTP 
threshold, indicating that it is a cost-effective interven-
tion compared with no vaccination. However, its ICER 
remains above the WTP threshold when compared with 
the pre-marriage vaccination strategy, which proves to be 
more advantageous.

DISCUSSION
Congenital CMV infection is a common disease world-
wide. In China, the seropositivity rate for CMV among 
women of childbearing age exceeds 95%, meaning that 
the vast majority of these women have been infected with 
CMV at least once before childbirth.6 Research indicates 
that seropositive women are more likely to transmit CMV 
to their newborns compared with seronegative women.3 
The comprehensive implementation of China’s Three-
Child Policy has led to a significant increase in the popu-
lation of childbearing-age women and infants. Close 
maternal contact with infected children or exposure to 
their bodily fluids considerably heightens the risk of sero-
conversion, thereby increasing the incidence of cCMV 
infection in newborns. Vaccination could serve as an 
effective intervention to disrupt the transmission chain, 
particularly between infants, immunocompromised 
pregnant women and children during peak periods of 
CMV infection. By implementing the CMV vaccination 
programme, the incidence of cCMV infections can be 
significantly reduced, thereby improving maternal and 
child health outcomes and contributing to the goals of 
‘Healthy China 2030’.

Our study is the first to use a dynamic model and 
gradually waning vaccine efficacy to assess the costs and 
health outcomes of CMV vaccination across different 
strategies in China. Based on the latest clinical trial 
designs and fertility surveys, our research indicates that 
the pre-marriage vaccination strategy is more effective. 
Administering vaccines to young women before marriage 
can significantly decrease the incidence of cCMV infec-
tion. We also assessed the reproductive-age vaccination 
strategy; while it proves effective, it is not economically 
viable compared with the pre-marriage strategy, primarily 
due to the larger size of the adult population and the 
relatively few individuals in their childbearing years. Our 
study demonstrates that, with a vaccine cost of US$300 
per course, both the pre-marriage and reproductive-age 
strategies are cost-effective. Among these, the reproduc-
tive-age strategy offers the better healthy utility. However, 
its high cost makes it not cost-effective compared with 
the pre-marriage strategy. Regarding health outcomes, 
a rebound in both the cCMV incidence rate and the 
number of cCMV infections was observed during the 
period from 2040 to 2045. This phenomenon can be 

attributed to the gradual waning of vaccine-induced 
immunity over time. The impact of waning efficacy over 
time observed in other vaccines is worth referencing. 
Studies have shown that the protective efficacy of the vari-
cella vaccine gradually declines over time. Specifically, 
the incidence of breakthrough varicella increases signifi-
cantly with the duration since vaccination: The annual 
rate of breakthrough varicella significantly increased 
with the time since vaccination, from 1.6 cases per 1000 
person-years (1.2–2.0) within 1 year after vaccination to 
9.0 per 1000 person-years (6.9–11.7) at 5 years and 58.2 
per 1000 person-years (36.0–94.0) at 9 years.37

There were some previous model studies and cost-
effectiveness analyses on the CMV vaccine. The model 
studies in the US have demonstrated that universal vacci-
nation of 6-month-old infants could reduce cCMV infec-
tion cases by 68%–97% over 50 years compared with no 
vaccination,38 and vaccinating 25-year-old women for 20 
years could prevent 30% of cCMV infection cases in the 
Netherlands.39 However, these studies did not incorpo-
rate cost-effectiveness analyses based on dynamic model-
ling. Current economic evaluations of CMV vaccination 
predominantly use Markov-decision tree models. In a 
US-based study, it was demonstrated that a universal vacci-
nation strategy targeting 100 000 adolescents aged 11 
years would reduce healthcare costs by US$32.3 million 
compared with no vaccination and gain 1823 QALYs.27 
In contrast, a French cost-effectiveness analysis revealed 
that the screening and vaccination strategy could achieve 
an ICER of €6000 per QALY, proving to be more cost-
effective than both universal vaccination and no inter-
vention.28 However, the seropositivity rate in developed 
countries is significantly lower than that in China, with less 
than 50% of the population being seropositive, and their 
population structure also differs.39 Therefore, previous 
research findings may not be applicable to China.

This study has several strengths. First, we developed 
the first dynamic model based on China’s actual gender, 
age and population-structured data. The model was cali-
brated to achieve a CMV seroprevalence of 95%–98% 
within the population, ensuring high realism. Second, 
our study is the first to develop a model study that estab-
lishes vaccination strategies based on marriage age, in 
contrast to previous studies that have used fixed age 
groups or specific ages. Third, vaccine parameters and 
target populations were defined using the latest clinical 
trial data for CMV vaccines. The vaccine efficacy was 
assumed to wane gradually. Finally, a cost-effectiveness 
analysis was conducted based on the dynamic model, 
using the WTP threshold to determine acceptable vaccine 
prices under different strategies and identify the optimal 
strategy for specific vaccine prices. Sensitivity analyses 
were performed on the model parameters and outcomes, 
enhancing the reliability of our findings.

Admittedly, this study has several limitations. First, 
since China lacks mandatory CMV reporting, we had to 
estimate critical parameters like vision loss and mortality 
rates using data from developed countries, which may 
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introduce bias due to epidemiological differences. 
Second, our vaccine efficacy assumptions may be overly 
optimistic, as the actual effectiveness and duration of 
protection in real-world settings could be lower than 
modelled. Finally, the pre-marriage vaccination strategy’s 
projected impact relies on high coverage of women aged 
20–28 years through health checkups. If some at-risk 
individuals are missed, residual transmission may persist, 
leading to potential overestimation of the strategy’s 
effectiveness.

CONCLUSION
Our study demonstrates that prioritising CMV vaccina-
tion for pre-marriage young women could enhance the 
ability to control cCMV infection in China. The epide-
miological and economic results underscore its potential 
to reduce the burden of cCMV infection. These findings 
provide essential evidence to support the development of 
CMV vaccination strategies and offer a scientific founda-
tion to inform public health policymaking.
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