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Abstract

Background: Despite extensive vaccination efforts, pertussis has experienced a global resurgence, with China alone reporting
over 470,000 cases in 2024. The age distribution of cases has shifted markedly from infants to school-age children and adults,
likely driven by waning acellular pertussisvaccine (DTaP [ Diphtheria, Tetanus Toxoids, and Acellular Pertussis Vaccine])—induced
immunity. In response, Chinarevised itsimmunization schedule in 2025 to include a booster dose at the age of 6 years, however,
the population-level impact of this strategy on age-specific transmission dynamics remains unclear.

Objective: This study aimed to characterize the shifting age-specific transmission dynamics of Bordetella pertussis under
changing immunization landscapes and eval uate the popul ation-level impact of the 2025 Chinese immunization schedule.

Methods: An age-structured Vaccinated-Susceptible-Exposed-1 nfectious-Recovered model incorporating vaccination, waning
immunity, and demographic structures was calibrated using surveillance data from Hunan Province (2010-2025). The
next-generation matrix approach estimated the effective reproduction numbers across 5 epidemic phases. Multiscenario simulations
were used to assess the impact of a 6-year booster dose at varying coverage levels.

Results:  Among 47,300 reported cases (2010-2025), a marked resurgence peaked at 6743 casesin April 2024, with consistent
spring seasonality. The case distribution shifted from infant-dominated (0-6 months: 293/552, 53.07%, 2010-2017) to
school-age-dominated (6-10 years: 9814/30,589, 32.08%, 2024-2025). This study period was stratified into 5 temporal phases
based on the epidemic dynamics: phase 1 (2010-2017), phase 2 (2018-2019), phase 3 (2020-2023), phase 4 (2024), and phase 5
(2025). Segmented fitting analyses were conducted for monthly pertussis cases across age groups within each phase of this study.
The model demonstrated high fitting consistency acrossall age groups, with an overall R? of 0.96. Adults emerged as the dominant
transmission source in 2023-2024 (Ry to infants: 2.717). A booster administered at the age of 6 years with full coverage is
expected to decrease the 10-year cumulative incidence by 24.15% (24,972.58/103,408.95). Children between 6 and 10 years of
age are expected to experience the most significant monthly decrease, at 45.06% (335.49/744.51), whereas infants are predicted
to gain 28.91% (170.92/591.19) indirect protection.
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Conclusions:
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Pertussis resurgence is driven by age-structured heterogeneity and waning immunity. Administering a booster

shot to children at the age of 6 years can reduce the spread of infections across different age groups and offer indirect protection
to infants who are at high risk. However, for long-term control, it may be necessary to implement broader strategies that involve

vaccinating adol escents, adults, and pregnant women.

(JMIR Public Health Surveill 2026;12:e104376) doi: 10.2196/104376
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Introduction

Pertussis, caused by Bordetella pertussis, isahighly contagious
acuterespiratory disease with abasic reproduction number (Ry)
estimated at 5.5-17 [1,2]. However, as vaccination coverage
expands, the effective reproduction number (Rg)—which
accountsfor popul ation immunity—becomes amore informative
metric for tracking transmission dynamics under real-world
immunization conditions. In China, pertussisis classified as a
class B notifiableinfectious disease, with children under 5 years
of age congtituting the primary susceptible population [3].
Among them, infants younger than 1 year are disproportionately
affected, accounting for the highest incidence and the majority
of severe cases [4]. Clinically, the disease is characterized by
paroxysmal spasmodic cough with a distinctive inspiratory
whoop, and the course of illness may last for 2-3 months [5,6].
Although the case fatality rate is low (0.01% in China during
2018-2021) [7], the disease burden remains considerable due
to its high transmissibility and concentration in vulnerable
populations, particularly inincompletely vaccinated infants [4].

From an epidemiological perspective, before the widespread
use of vaccines, pertussis exhibited cyclical outbreaks occurring
every 3-5years|[8]. Thisperiodicity was substantially attenuated
following the incorporation of pertussis vaccines into national
immunization programs. However, since the early 21st century,
aresurgence of pertussis has been reported in multiple regions
worldwide, including countries with high vaccination coverage
[9]. Similar trends have been observed in China, where the
reported incidence hasincreased steadily since 2014, except for
atemporary decline during the COVID-19 pandemic owing to
nonpharmaceutical interventions (NPIs). Notably, reported cases
rose sharply during the large 2024 outbreak, with more than
470,000 cases reported in China[8].

Concomitant with this resurgence, the age distribution of
pertussis cases in China has substantially shifted [10]. Since
2017, the proportion of cases among adolescents and adults has
increased markedly, resulting in a bimodal age distribution
characterized by peaks in both infants and older age groups.
This pattern suggests that, in addition to infants, older
individuals may play anincreasingly important rolein sustaining
transmission. Notably, this epidemiological trend intensified in
2024, when both China and multiple regions worldwide
experienced large-scale pertussis outbreaks. Despite consistently
high vaccination coverage exceeding 99% [3], severe disease
remains concentrated among young infants who have not
completed the vaccination schedule [6], while most cases in
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other age groups are mild and recover with appropriate
treatment.

The observed resurgence and age shift of pertussis have been
widely attributed to waning vaccine-induced immunity, pathogen
adaptation, and improved surveillance and diagnostic capacities.
Among these factors, the durability of vaccine-induced
immunity is considered akey driver of changesin transmission
dynamics[7,11,12]. In China, the pertussis vaccination strategy
has evolved from DTwP (Diphtheria, Tetanus, and Whole-Cell
Pertussis Vaccine) to DTaP (Diphtheria, Tetanus Toxoids, and
Acdllular Pertussis Vaccine), with progressive optimization of
the immunization schedule. The incorporation of DTwP into
the national immunization program in 1978, with a 4-dose
schedule, led to a substantial decline in the disease incidence.
The subsequent replacement with DTaP between 2007 and 2013
improved vaccine safety and acceptability but has been
associated with more rapid waning of immunity [12,13],
potentially contributing to increased susceptibility in older age
groups [14].

To address these challenges, China further optimized its
pertussisimmunization schedule in 2025 by advancing the first
DTaP dose to 2 months of age and introducing an additional
booster dose at 6 years, resulting in a5-dose regimen (2, 4, and
6 months; 18 months; and 6 years) [15]. This adjustment is
intended to enhance early life protection and mitigate the role
of school-age children in transmission. However, the
population-level impact of this updated strategy, particularly
its effects on age-specific transmission dynamics, remains
unclear. Age-structured mathematical models, particularly the
Vacci nated-Susceptible-Exposed-I nfectious-Recovered (V SEIR)
framework, have been widely applied to characterize pertussis
transmission dynamics and eval uate vaccination strategies, with
consistent evidence that waning immunity in older age groups
sustains transmission toward vulnerable infants [16-20].

Building on this evidence, the present study pursued 3 specific
objectives. First, we aimed to characterize the phase-dependent
evolution of age-specific pertussis transmission dynamics in
Hunan Province over the period 2010-2025 using a 5-phase
segmented V SEIR modeling framework with next-generation
matrix (NGM) analysis. Second, we sought to quantify the
shifting contributions of different age groups, particularly older
children, adolescents, and adults, to sustained pertussis
transmission under progressively waning vaccine-induced
immunity. Third, we evaluated the potential population-level
impact of China’'s 2025 immunization schedule revision, with
a focus on the newly introduced booster dose at the age of 6
years, across arange of coverage scenarios and time horizons.
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Together, these analyses provide a quantitative basis for
optimizing age-targeted pertussis vaccination strategies and
informing future immunization policy in China.

Methods

Data Sources

This study used publicly available surveillance data from the
Chinese Disease Surveillance System. No individua-level
personal data were collected or used, and no human subjects
were directly involved in this research. Therefore, ethical
approval and informed consent were not required. All analyses
were conducted in accordance with the Declaration of Helsinki.

Hunan Province, located in central China, was selected as the
study area owing to its large demographically representative
population, well-established infectious disease surveillance
system, and high compliance with national immunization
policies. Individual-level pertussis case records reported between
January 2010 and December 2025 were obtained from the Hunan
Provincial Center for Disease Control and Prevention. Each
record included the date of illness onset and the patient’s age
at diagnosis.

Age was recorded in months for children under 1 year of age
and in years for individuals aged 1 year and older. Cases were
aggregated into 6 age groups based on immunization schedule
relevance and epidemiological characteristics. 0-6 months, 6
months-2 years, 2-6 years, 6-10 years, 10-20 years, and =20
years. These age boundaries were chosen to align with the
Chinese national immunization schedule: 0-6 months
corresponds to the window before completion of the primary
DTaP series (doses at 2, 4, and 6 months); 6 months-2 years
spansthe period from completion of the primary seriesthrough
the 18-month booster dose; 2-6 years represents the preschool
period; 6-10 years isolates the cohort eligible for the booster
doseintroduced at the age of 6 yearsin 2025; 10-20 years covers
adolescence; and =20 years represents adults. This definition
ensuresthat each age group correspondsto adistinct vaccination
status, enabling the model to directly capture the epidemiol ogical
impact of changes in the immunization schedule.

The 2025 immunization schedule revision encompassed 2
modifications: advancing the primary series from 3, 4, and 5
months to 2, 4, and 6 months of age, and introducing an
additional booster dose at 6 years of age. This study focused
exclusively on evaluating the epidemiological impact of the
booster dose at 6 years of age, which targets an age group of
increasing importance in sustaining pertussis transmission.

Descriptive Analysis

Tempora trends in monthly reported cases and age-specific
incidence rates were examined across the study period.
Age-specific incidence rates were calculated using population
structures derived from China's national population censuses
conducted at 5-year intervals. For each censusyear, age-specific
population counts reported at 5-year age bands were used to
construct a reference population structure, with uniform
distribution assumed within each 5-year interval. Annual
provincial population totals were obtained from the Hunan
Provincial Statistical Yearbook, and age-specific population
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denominators were estimated by applying the census-derived
proportional age structure to the corresponding annual total
population figures. Intercensal years were handled by applying
the population structure from the most recent preceding census.

To characterize the seasonal distribution of pertussisincidence,
calendar months were classified into 4 meteorological seasons:
spring (March-May), summer (June-August), autumn
(September-November), and winter (December-February). For
each season, caseswere aggregated across all observation years,
and the annual mean monthly incidence was estimated by
dividing the cumulative case count by the corresponding number
of observation years. Age-specific seasona patterns were
subsequently examined by computing the annual mean case
count stratified by age group, season, and epidemic phase, with
phase-specific denominators applied to account for the varying
duration of each phase.

The study period (January 2010-December 2025) was divided
into 5 phases based on key epidemiological transitions and
national policy events. Phase 1 (2010-2017) corresponds to a
prolonged period of relatively low pertussisincidencefollowing
the introduction of DTaP vaccination. Phase 2 (2018-2019)
marks the onset of a marked resurgence, coinciding with the
increased application of polymerase chain reaction (PCR) and
serological PT-1gG antibody testing for laboratory confirmation
[21]. Phase 3 (2020-2023) covers the COVID-19 pandemic
period, during which NPIs substantially suppressed pertussis
transmission [22]. Phase 4 (2024) captures the post-NPI
relaxation period characterized by ahistoric outbreak peak, and
phase 5 (2025) reflects the implementation of the revised
national immunization schedulethat introduced a 6-year booster
dose.

Throughout the study period, pertussis was reported through
the standardized National Notifiable Infectious Disease
Reporting System. The diagnostic criteriafollowed the national
standard WS 274, with the 2019 revision (WS 274-2019) adding
PCR-based confirmation alongside clinical and serological
criteria. These criteria were applied uniformly across all age
groupsand throughout the study period in Hunan Province, with
no province-specific protocol changes that would introduce
discrete discontinuities at the phase boundaries.

To objectively validate the phase definitions, we conducted
change point detection analyses using 3 established algorithms,
Pruned Exact Linear Time, cumulative sum, and Bayesian
information criterion, applied independently to monthly case
counts for each of the 6 age groups. Full results are presented
in Figure S1A-E and Table S1 in Multimedia Appendix 1.

To assess whether sex-specific stratification would inform the
transmission model, sex-stratified descriptive analyses of case
counts, incidence rates, and age at onset, together with formal
testsfor sex differences, were performed as exploratory analyses
(Figure S2A-D and Table S2 in Multimedia Appendix 1).

Model Structure

An age-structured V SEIR compartmental model was devel oped
to characterize pertussistransmission dynamics. The population
was dtratified into 6 age groups aligned with the national
immunization schedule: 0-6 months (group 1), 6 months-2 years
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(group 2), 2-6 years(group 3), 6-10 years(group 4), 10-20 years
(group 5), and =20 years (group 6). Within each age group,
individuals were classified into 5 mutualy exclusive
epidemiological compartments: susceptible (S), vaccinated with
waning immunity (V), exposed (E), infectious (1), and recovered
(R).

Heet a

The model incorporates age-specific demographic processes,
including live births entering group 1, natural mortality, and
aging transitions between adjacent groups at constant rates.
Disease-induced mortality was not modeled given the negligible
case fatality rate of pertussis. Population closure was assumed,
with no migration (Figure 1).

Figurel. Structureof theage-structured V SEIR transmission model for pertussis. The populationin each agegroup (i,j) isdivided into 5 compartments:

susceptible  (S), veccinated but not fully protected (V), exposed (E), infectious (I), and recovered (R). VSEIR:
Vaccinated-Susceptible-Exposed-I nfectious-Recovered.
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frequency-dependent mechanism. The force of infection
onagegroupi is:
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Where [3; represents the transmission rate from age group j to
age group i, I,(t) denotes the number of infectious individuals
ingroup j, and N;(t) isthe total populationin group j. Theterm
feason(t) Captures seasona variation in transmission.

2. Latent and infectious periods. Exposed individuals are
noninfectious and transition to the infectious compartment at
rate Kk (mean latent period 1/K). Infectious individuals recover
at rate y (mean infectious period 1/y).

3. Waning immunity: Postinfection immunity wanes at rate &g,
vaccine-derived immunity wanes at rate €, returning individuals

to the susceptible compartment. This reflects the incomplete
and temporary nature of pertussis immunity.

4. Vaccination: Vaccination is modeled from group 2 onward.
Age-specific vaccination coverage (@) and vaccine efficacy (9;)
jointly determine the proportion of individuals entering the
vaccinated compartment upon aging into each group. Coverage
for the 6-year booster, administered upon entry into group 4
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5. Reporting: An age-group-specific reporting rate p; links model
output to surveillance data. Reported incidence is defined as:

Clb=pKED 2)

6. Phase-specific parameters: The study period is partitioned
into 5 fitting phases, within which transmission parameters are
assumed constant and estimated independently.

The complete differential equation system for each age group
is presented below. For group 1 (0-6 months):

ds,
Ezb”c‘?/?/?l‘/llsl‘(ﬂﬁal)% 3)
dfy
O =A S5y -KkE - (L o)y 4
ds

Tt KE-vh-(urah (5)
dR,

gt gk ra)”y (6)

For group 2 (6 months-2 years):
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szlélaﬁl-svl/z-(yfaz)l/z (7) E=K5—y/,-(yj+a,)/,+ag_1/,_1 (15)
ds, dR,
Tt - Sy e)SotEN e H(1- 9, O)an S ®) ar Vi erRr (U )R+ a1 Ry (16)
d£ For group 6 (=20 years), the aging-out term is omitted:
Sk () i © group 6 (220 years), the 2ging
dv
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P A AL AL ) (10)
ds
e o= oS HSe+ Vet aRot(1- 0,555 (18)
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dé
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For groups 3-5 (i=3,4,5), the transition equations follow an g evs TR He T AsEs (19)
analogous structure: Wy
_GZKE6‘J//6‘/~16/6+0(5/5 (20)
dv, dt
eV a) Vi a Vit g, 16,1055 12)
dR;
E:V/a‘fﬁﬁa‘ﬂﬁpﬁ%/?s (21)
ds, _
Gt S asta N Rt 10,1 001)811 S 13 Natural history parameters (k, Y, € €,) were informed by
published literature, and demographic parameters including
dd_Ef:/1/3-,(,5_(%4,0,,)54,0,,71571 (14) age-specific mortality and aging rates were derived from
t

Table1. VSEIR? model parameters.

national censusdata. All fixed parameters and their sourcesare
summarized in Table 1.

Parameter Description Unit Value Source

Bij Transmission rate person"l* month™t b Fitting

fseason Seasonal modulation factor 1 — Fitting

N Population size (age group i) 1 Summed Statistical Yearbook [23]

br Number of newborns montht Summed Statistical Yearbook [23]

Wi Natural mortality rate month™L Summed Statistical Yearbook [23]

o] Case reporting rate 1 — Fitting

[of Aging rate (transition between age groups) month™t 16, 1/18, 1/48, Reported data

1/60

K Progression rate from exposed to infectious month™t 3 US Centersfor Disease Control and
Prevention [24]

y Recovery rate (inverse of infectious period) month™t 30/35 Finger and von Koenig [25]

o) Projected intervention effectiveness 1 0.95, 0.90, 0.85 Decker and Edwards, Wilkinson et
al, Zhu et al, Gambhir et al, Chit et
al, Zhang et al [5,26-29]

[0 Projected vaccination coverage rate 1 0.99,0.73 Zhu et a, Zhang et a [27,30]

gy Vaccine-induced immunity waning rate monthL /60 Chen and He [11]

&R Natura immunity waning rate month™t 1/120 Wendelboe et al [31]

8/ SEIR: Vaccinated- Susceptible-Exposed- | nfecti ous-Recovered.

bNot available.

Modé Fitting

Model parameters were estimated independently within each
of 5 consecutivefitting phases (January 2010-December 2025)
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using abounded nonlinear |east-squares a gorithm. Within each
phase, the estimated parameter vector comprised a 6 x 6

age-structured  transmission rate matrix B= [(;]
age-group-specific reporting rates p= (p1, P2, P3, Pas Pss Po)-

and
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The objective function minimized weighted squared residuals
between model-predicted and observed monthly incidence across
all 6 age groups simultaneously, with observation weights
defined as a monotone function of phase-mean incidence to
down-weight groups with extreme case counts.

Reporting rates were regularized through 2 penalty components.
A Beta-distribution prior was applied to constrain reporting rate
estimates toward biologically plausible values. For phases 2-5,
an additional smoothing penalty wasimposed to prevent abrupt
discontinuities between adjacent phases, while preserving
flexibility to capture genuine shifts in surveillance sensitivity.
The seasonal forcing amplitude was specified independently
for each phase.

Model fitting wasimplemented sequentially across phases. For
phase 1, initial compartment sizeswere constructed heuristically
from observed incidence at the start of the study period and
age-specific vaccination coverage assumptions. For phases 2-5,
the terminal compartment state of the preceding fitted phase
was carried forward as the initial condition for the subsequent
phase, ensuring demographic and immunological continuity
across phase boundaries. The ordinary differential equation
system was solved numerically using the RK45 algorithm with
strict convergence tolerances, and state variables were
constrained to nonnegative val uesthroughout integration. Model
fit was evaluated using the coefficient of determination (R?)
computed separately for each age group. For projection analyses,
transmission parameters, reporting rates, and the terminal
compartment state estimated from phase 5 were carried forward
to simulate pertussis dynamics from January 2026 onward.

Estimation of the Effective Reproduction Number

The effective reproduction number Reff was estimated for each
fitting phase using an NGM framework adapted to incorporate
age-specific susceptibility [32]. For phase k, the age-structured
NGM K® was constructed as:

1

Y+ #2)

A
SR 5 -
K(k)—/é, . /é// —K,/BD/NFW'D/NF_
/

Where 8/’ isthe transmission rate from age group j toi in phase

k, s denote the susceptible population and total population of
age group i, respectively. D,\r represents the mean infectious
period. The effective reproduction number for phase k is
calculated as the spectral radius of the matrix K®:

R = (K0 (23)

This formulation explicitly incorporates both age-specific
transmission heterogeneity (through (), and time-varying

susceptibility structure (through s°/N°), ensuring mathematical
consistency between matrix-level visualization and overall
epidemic potential.
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Sensitivity Analysis

Sensitivity analyses were conducted to eval uate the robustness
of transmission estimates and vaccine impact projections to
uncertainty in case ascertainment and immunity-related
parameters.

To assess parameter identifiability and the robustness of
projections, we performed a parametric bootstrap for phases 4
and 5. Synthetic monthly case counts were generated from the
fitted phase-specific incidence curves (negative binomial), and
the full estimation procedure was repeated under the original
constraints for 30 replicates. The replicate parameter setswere
used to derive bootstrap 95% Clsfor the effective reproduction
number, aggregate transmission measures, and projected
outcomes (Tables S2 and S3 in Multimedia Appendix 1).

To examine the influence of age-dependent underreporting on
inferred transmission dynamics, the phase 4 NGM was
recalculated under 4 alternative ascertainment scenarios.
Because pertussis cases in older individuals are more likely to
present with mild or atypical symptoms and therefore remain
undetected, age-specific reporting rates were progressively
reduced across older age groups relative to the fitted baseline
va ues. The baseline scenario assumed no additional adjustment,
whereas the remaining scenariosimposed increasingly stronger
reporting gradients, with adult multipliers decreasing to 0.25,
0.12, and 0.08, respectively. For each scenario, the effective
reproduction number and major age-specific transmission
pathways were re-estimated and compared.

Sensitivity analyses for vaccine impact projections were
performed using afull-factorial design across 3 key parameters,
including vaccine-derived immunity duration of 3, 5, and 10
years, natural immunity duration of 5, 10, and 20 years, and
6-year booster vaccine efficacy of 71%, 85%, and 95%. All
parameter combinations were evaluated under 6 booster
coverage scenarios ranging from 0% to 100%, resulting in 162
independent simulation runs.  Projected intervention
effectiveness was defined as the proportional reduction in
cumulative reported cases over a 10-year projection period
relative to the O-coverage baseline. Uncertainty boundsfor each
coverage scenario were derived from thefull range of simulated
outcomes across al parameter combinations.

Vaccine Impact Projection

To evaluate the potential epidemiological impact of the 6-year
booster doseintroduced under the 2025 immunization schedule
revision, projection analyseswere conducted from January 2026
onward using parameters estimated from the final fitting phase.
The baseline scenario assumed 0 booster coverage, representing
the counterfactual in which the additional dose is not
implemented. Five intervention scenarios were defined with
booster coverage levels of 30%, 50%, 70%, 80%, 85%, 90%,
95%, 99%, and 100% applied to the 6-year-old cohort entering
group 4, with all other model parameters held constant. The
100% coverage scenario represents a theoretical upper bound
included to characterize the maximum achievableimpact under
ideal conditions.

For each scenario, projected intervention effectiveness was
guantified asthe proportional reduction in cumulative projected
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reported cases relative to the baseline, calculated both overall
and separately for each age group. Short-term (3-year) and
long-term (10-year) effectiveness estimates were derived to
characterize the temporal dynamics of impact. Monthly peak
case reduction was additionally calculated as the proportional
difference in maximum monthly projected incidence between
the 0% and 100% coverage scenarios within each age group.

Statistical Analysisand Visualization

Percentagesfor projected scenarios represent relative reductions
in the cumulative number of reported cases, computed for each
parameter combination as (N0% — Nscenario)/N0%, where N0%
is the projected cumulative case count under 0% booster
coverage. Valuesreported for the sensitivity analysisare means
across the specified parameter combinations, with the range
across combinations given in parentheses. Descriptive analyses
and data visualization were performed in R (version 4.5.1).
Model simulations and projection analyses were implemented
in Python (version 3.12.4).

Ethical Considerations

The data were obtained from the Chinese Information System
for Disease Control and Prevention, within the Hunan Provincial
Center for Disease Control and Prevention’s (Hunan Provincial
Academy of Preventive Medicine) surveillance project on key
acute respiratory infectious diseases, which isone of the funding
sources of thiswork. The source datain the national surveillance
system contain personal identifiers; an exemption from ethics
review was therefore not applicable under Chinese regulations,
and formal ethics review was mandatory. Because personal
identifiers were removed from the extracted records during the
analysis phase and only de-identified records were anayzed,
and because the study involved no direct patient involvement,
medical intervention, or biological samples, the Ethics Review
Committee of the Hunan Provincial Center for Disease Control
and Prevention exempted the authors from obtaining informed
consent. The study was reviewed retrospectively, after the data
had already been collected, and was approved by the committee
(approval i#H#&E1EIRD-2025-013-01; October 20, 2025). All
results are reported as aggregated, population-level counts; no
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individual-level or identifiable data are presented in the
manuscript or in any publicly available material.

Results

Overall Temporal Trend

Between 2010 and 2025, atotal of 47,300 pertussis cases were
reported in Hunan Province. Age-specific case distributions
included: 0-6 months (n=8994), 6 months-2 years (n=7747),
2-6 years (n=13,576), 6-10 years (n=12,477), 10-20 years
(n=2909), and =220 years (n=1597). Monthly reported casesand
age-specificincidencerates (Figure 2A and B) revealed distinct
temporal patterns. During 2010-2017, monthly reported cases
were maintained between 0 and 30, with an age-specific
incidencerate of 2.18 per 100,000 in 2017. A minor resurgence
occurred in 2018-2019, with peak monthly casesreaching 271.
During 2020-2022, monthly cases remained below 92. From
2023 onward, cases increased synchronoudly across all age
groups, reaching the study-period peak in April 2024, with 6743
total monthly cases (age-group specific: 578, 647, 2197, 2472,
606, and 243, respectively). By late 2025, monthly reported
cases had fallen below 56.

Age composition of cases demonstrated marked temporal
variation (Figure 2C and D). During 2010-2017, cases
predominantly concentrated in the 0-6 months age group
(293/552, 53.07%), followed by 6 months-2 years (170/552,
30.79%) and 2-6 years (69/552, 12.50%), with other age groups
each accounting for <2.00%. In 2018-2019, the proportion of
0-6-month cases decreased to 39.05% (2526/6469), while
proportions of 6 months-2 yearsand 2-6 years groupsincreased
t0 38.21% (2472/6469) and 17.39% (1125/6469), respectively.
During 2020-2023, the 0-6 months proportion further declined
t0 24.63% (2387/9690), whereas 2-6 years and 6-10 years groups
increased to 28.73% (2784/9690) and 24.57% (2381/9690),
respectively. In 2024-2025, younger age groups showed
markedly reduced case proportions. 0-6 months (3788/30,589,
12.38%), 6 months-2 years (3604/30,589, 11.78%); while
proportions in 2-6 years (9598/30,589, 31.38%), 6-10 years
(9814/30,589, 32.08%), 10-20 years (2413/30,589, 7.89%), and
=20 years (1372/30,589, 4.49%) increased substantially.
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Figure 2. Pertussisincidencein Hunan Province, 2010-2025. (A) Cumulative reported cases by age group; (B) annual trend of age-specific incidence
rates (annual cases per age group divided by total population in the corresponding year); (C) annual age composition of cases; and (D) cumulative age

distribution of reported cases by year (2010-2024).
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Seasonal Distribution

Pertussisincidencein Hunan Province demonstrated a consistent
seasona pattern throughout the study period. The highest
monthly case burden was recorded in April (8087 total cases
across al years), with spring (March-May) representing the
primary epidemic season, followed by a secondary peak in
June-July. Thelowest incidence occurred in autumn and winter,
particularly in October and November (Figure 3A).

This spring-dominant pattern was maintained acrossal epidemic
phases, though the age-group contributions varied markedly.
During 2010-2017, the 0-6 months group contributed the highest
spring burden (annual mean: 13.2 cases, SD 12.8 cases; Figure
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3B). During 2018-2019, the 6 months-2 years group emerged
as the dominant contributor in summer (annual mean: 574.5
cases, SD 219.9 cases; Figure 3C). During 2020-2023, summer
became the peak season for most age groups, with the 2-6 years
group showing the highest summer burden (annual mean: 275.0
cases, SD 287.9 cases; Figure 3D). During 2024, the 2-6 years
group recorded the highest summer burden (2560 cases), while
the 6-10 years group contributed substantially in spring (5383
cases; Figure 3E). During 2025, the 6-10 years group recorded
the highest spring burden (126 cases), while the 2-6 yearsgroup
contributed substantially in winter (120 cases; Figure 3F).
Across al phases, autumn consistently represented the
|ow-transmission season.
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Figure 3. Seasonal distribution of pertussis cases across age groups in Hunan Province. (A) Total monthly cases and annual mean cases by calendar
month. (B) Seasonal variation in annual mean cases by age group during phase 1 (2010-2017). (C) Seasonal variation in annual mean cases by age
group during phase 2 (2018-2019). (D) Seasonal variation in annual mean cases by age group during phase 3 (2020-2023). (E) Seasonal variation in
annual mean cases by age group during phase 4 (2024). (F) Seasonal variation in annual mean cases by age group during phase 5 (2025). In panels
(B-F), seasons are defined as spring (March-May), summer (June-August), autumn (September-November), and winter (December-February).
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The study period was stratified into 5 temporal phases based
on epidemic dynamics. phase 1 (2010-2017), phase 2
(2018-2019), phase 3 (2020-2023), phase 4 (2024), and phase
5 (2025). Segmented fitting analyses were conducted for
monthly pertussis cases across age groups within each phase
(Figure S3in Multimedia Appendix 1). Groups 1-6 corresponded
to ages 0-6 months, 6 months-2 years, 2-6 years, 6-10 years,
10-20 years, and =20 years, respectively. The model
demonstrated high fitting consistency across all age groups,
with coefficients of determination (R?) of 0.86 (group 1), 0.88
(group 2), 0.95 (group 3), 0.94 (group 4), 0.95 (group 5), and

0.82 (group 6). The overall RZ was 0.96.

Local identifiability diagnostics indicated that individual
age-specific transmission coefficientswere not fully identifiable
in the short phases 4 and 5 (condition numbers of JJ on the

order of 10'3-10™ and near-0 eigenvalues for 29/42 and 19/42
parameters, respectively; Table S3in Multimedia Appendix 1).
In the parametric bootstrap, aggregate measures were more
stable: the effective reproduction number was 1.24 (95% CI
0.92-1.86) in phase 4 and 1.15 (95% CI 0.73-1.40) in phase 5.
Propagating the bootstrap parameter setsthrough the projection
model yielded a 10-year reduction in reported cases of 20%
(95% CI 11.3%-65.1%) at 70% coverage, with effectiveness
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increasing monotonically with coverage (Figure S4 and Table
4 in Multimedia Appendix 1).

Transmissibility Dynamic Analysis

Cross-age-group Ry demonstrated phase-dependent shifts in
pertussis transmission patterns. During phase 1 (2010-2017),
transmi ssion was concentrated among younger age groups, with
the 6 months-2 years group recording the highest within-group
Ry (1.039; Figure 4A). In phase 2 (2018-2019), within-group
transmissibility in the 6 months-2 years group increased to
1.234, with elevated cross-age transmission from the 10-20
years to 6-10 years group (R = 0.510; Figure 4B).

During phase 3 (2020-2023), the highest cross-age Ry shifted
to transmission from the 10-20 yearsto 6 months-2 years group
(0.895), followed by 10-20 years to 6-10 years transmission
(0.669; Figure 4C). In phase 4 (2024), transmission from the
>20 years group became predominant, with Ry reaching 2.717
to the 6 months-2 years group and 2.050 to the 10-20 years
group (Figure 4D). By phase 5 (2025), abimodal transmission
pattern emerged: the =20 years to 6-10 years pathway showed
the highest Ry (1.603), whilethe 6 months-2 yearsto 6-10 years
pathway also increased substantially (R = 1.411; Figure 4E).
Concurrently, monthly reported cases declined to below 56 by
late 2025.
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The overall transmission matrix for the full study period
(2010-2025) showed that transmission was primarily
concentrated among school-age children and older age groups
(Figure 4F). The strongest transmission pathways included
within-group transmission in the 6 months-2 years group (R
= 0.463), transmission from 10-20 years to 6-10 years (Ry¢ =
0.593), and transmission from =20 years to 6-10 years (Ry
=0.412). Cross-age transmission from older age groups to

Heet a

younger children remained consistently evident across the
aggregated matrix.

Based on estimated transmission parameters, we projected
pertussis incidence over the next decade (2026-2035) under 6
booster vaccination coverage scenarios at the age of 6 years:
0%, 30%, 50%, 70%, 90%, and 100%, assuming vaccine
efficacy per dose remains at historical levels.

Figure 4. Transmissibility across age groups in Hunan Province, 2010-2025. (A) Age-structured NGMnext-generation matrix for phasePhase 1
(2010-2017); (B) phasePhase 2 (2018-2019); (C) phasePhase 3 (2020-2023); (D) phasePhase 4 (2024); (E) phasePhase 5 (2025); and (F) overall matrix
for the full study period (2010-2025). In each panel, the horizontal axis represents the age group of infection origin and the vertical axis represents the
age group of infected individuals. Each cell value represents the expected number of secondary cases in the recipient age group generated by one
infectiousindividual in the source age group. Color intensity reflects transmission magnitude, with darker shading indicating higher values. The effective
reproduction number ("R" _"eff" ) for each phaseis given by the spectral radius of the corresponding matrix.
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Simulation of Vaccination I ntervention Effectiveness

Monthly case projections (Figure S5 in Multimedia Appendix
1) showed that increasing booster coverage progressively
reduced incidence peaks across all age groups. The most
pronounced direct effect was observed in the 6-10 years age
group, where 100% coverage reduced the projected monthly
peak from 744 to 409 cases. Notably, the 0-6 months age group,
ineligible for the booster, showed a monthly peak reduction
from 591 to 420 cases under 100% coverage, indicating
substantial indirect protection.

Annua incidence projections showed a consistent epidemic
cycle across all vaccination scenarios, with incidence peaking
in 2030 (Figure 5A). Under the no-booster scenario, the
projected annual peak reached 24,734 cases. | ncreasing booster
coverage progressively reduced the projected epidemic peak to
22,346, 20,803, 19,306, 18,576, 18,217, 17,861, 17,508, 17,229
and 17,160 cases at coverage levels of 30%, 50%, 70%, 80%,
85%, 90%, 95%, 99%, and 100%, respectively, corresponding
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to peak reductions of 9.65% (2387.90/24,734.53), 15.89%
(3931.43/24,734.53), 21.95% (5428.48/24,734.53), 24.90%
(6157.73/24,734.53), 26.35% (6517.24/24,734.53), 27.79%
(6873.23/24,734.53), 29.21% (7225.64/24,734.53), 30.34%
(7504.94/24,734.53), and 30.62% (7574.39/24,734.53).

Projected intervention effectivenessincreased with both booster
coverage and follow-up duration (Figure 5B). Over a 3-year
horizon, cumulative reported cases were reduced by 4.25%
(836.34/19,670.07), 6.98% (1372.89/19,670.07), 9.62%
(1893.13/19,670.07), 10.92% (2147.27/19,670.07), 11.55%
(2272.87/19,670.07), 12.19%(2397.49/19,670.07), 12.82%
(2521.14/19,670.07), 13.32% (2619.37/19,670.07), and 13.44%
(2643.84/19,670.07) under coverage levels of 30%, 50%, 70%,
80%, 85%, 90%, 95%, 99%, and 100%, respectively. Over a
10-year horizon, the corresponding reductions increased to
7.20% (7449.55/103,408.95), 12.04% (12,451.80/103,408.95),

16.89% (17,466.73/103,408.95), 19.32%
(19,973.50/103,408.95), 20.53% (21,225.61/103,408.95),
21.74% (22,476.40/103,408.95), 22.94%
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(23,725.52/103,408.95), 23.91% (24,723.35/103,408.95), and
24.15% (24,972.58/103,408.95). Compared with the no-booster
scenario, the projected number of averted cases over 10 years
ranged from 7449 at 30% coverageto 24,972 at 100% coverage.

Age-specific analyses demonstrated substantial heterogeneity
in intervention effects (Figure 5C). The largest reduction was
observed in the vaccinated 6-10 years age group, where monthly

Heet a

peak incidence decreased by 45.06% (335.49/744.51) under the
100% coverage scenario, representing the direct effect of the
booster strategy. Indirect protection was also observed in
younger children, particularly among infants aged 0-6 months,
in whom monthly peak incidence decreased by 28.91%
(170.92/591.19). Reductions in monthly peak incidence in the
remaining age groups ranged from 27.01% (233.93/865.97) to
28.52% (286.68/1005.08).

Figure5. Annual predicted pertussisincidence and intervention effectiveness under gradient booster coverage. (A) Annual observed cases (2010-2025)
and projected cases (2026-2035) under different vaccination coverage scenarios. (B) Effectiveness by vaccination coverage level and time horizon. (C)
Age-specific peak reduction under 100% coverage, where red bars indicate the directly targeted age group, and orange and blue bars represent indirect
protection, with orange indicating the most pronounced indirect effect. The vertical dashed line separates the observation period from the projection
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Varying natural immunity duration from 5 to 20 years produced
minimal changes in projected effectiveness within the same
vaccine immunity scenario. Across the evaluated vaccine
efficacy range of 71%-95%, projected effectiveness under 70%
coverage ranged from 14.3% (range 8.0%-21.7%) to 19% (range
10.7%-28.4; Figure S6A in Multimedia Appendix 1). In contrast,
under the 70% coverage scenario, the projected 10-year
reduction in cumulative cases increased from approximately
9.5% (range 8.0%-11.1%) to 25% (range 21.1%-28.4%) as
vaccine-derived immunity duration increased from 3to 10 years
(Figure S6B in Multimedia Appendix 1). Age-specific analyses
showed the largest reduction in the 6-10 years age group, with
amean reduction of 26.5% (range 15.9%-39.4%), whilethe 0-6
months age group showed a reduction of 16.3% (range
7.2%-28.4%; Figure S6C in MultimediaAppendix 1). Sensitivity
analyses showed that projected intervention effectiveness was
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immunity duration (Figure S6D in Multimedia Appendix 1).

To quantify the uncertainty of the projected outcomes, the
parameter sets obtained from the parametric bootstrap were
propagated through the projection model. The projected monthly
reported cases under the 70% booster coverage scenario and
the current 18-month booster coverage are shown in Figure S4A
in Multimedia Appendix 1 with the bootstrap median and the
corresponding 95% Cl. The projected cumulative reductionsin
reported cases over 3-year and 10-year horizons increased
monotonically with booster coverage, with the medians and
95% Clssummarized in Figure S4B and Table S4in Multimedia
Appendix 1. Specifically, the median 10-year reduction was
20% (IQR 15.5%-34.5%; 95% Cl 11.3%-65.1%) at 70%
coverage and 27.8% (IQR 22.3%-45.9%; 95% Cl 15.8%-74.1%)
at 100% coverage.
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Discussion

Principal Findings

Based on surveillance datafrom Hunan Province between 2010
and 2025, this study identified clear phase-dependent changes
in pertussis epidemiol ogy, including temporal trends, seasonal
patterns, age distribution, and transmission dynamics. The
epidemic trgjectory was characterized by a prolonged
low-incidence period (2010-2017), a moderate increase
(2018-2019), a decline during the COVID-19 period
(2020-2022), and a marked resurgence in 2023-2024, followed
by adeclinein 2025. This pattern is consistent with recent global
observations [33].

During the COVID-19 pandemic, NPIssuch as social distancing,
mask use, and school closures substantially reduced
opportunities for the transmission of respiratory pathogens,
leading to amarked declinein reported pertussis casesin many
countries [22,34,35]. With the gradual relaxation of these
measures, population contact rates rebounded, while reduced
natural infection during the pandemic period led to the
accumulation of susceptibleindividuals. Consequently, pertussis
incidence increased significantly after 2023. This phenomenon
has been described asthe“immunity debt” effect [36], whereby
reduced pathogen exposure in alow-transmission environment
results in diminished population-level immunity, facilitating
epidemic rebound after the lifting of control measures.
Nationwide, approximately 0.48 million pertussis cases were
reported in 2024 [33], indicating a large-scale resurgence
compared to previousyears. In addition, waning vaccine-induced
immunity and potential genetic variation of Bordetella pertussis
may have further contributed to the observed increase in
incidence [28].

It is also possible that part of the sharp increase in reported
incidence, from 0.75 per 100,000 in 2017 to 33.37 per 100,000
in 2024, reflects improvements in surveillance and diagnostic
capacity rather than a true rise in transmission. In 2019, the
national diagnostic criteria (WS 274-2019) were revised to
formally incorporate PCR-based laboratory confirmation [3,8],
and the increasing availability of PCR and serological testing
over the study period may have enhanced the detection of mild
and atypical cases, particularly among older children and adults.
Several considerations nonethel ess suggest that the resurgence
was largely genuine. Reporting rates were estimated separately
for each phase, so that gradual shiftsin surveillance sensitivity
would be absorbed into the reporting-rate parameters rather than
into the estimated transmission rates, and the phase boundaries
were independently supported by a data-driven change-point
analysis. In addition, the 2024 surge coincided with alarge-scale
pertussis resurgence observed in many countries during
2023-2024, and the shift in the age distribution of cases
remained robust under aternative ascertainment assumptions
in our sensitivity analyses [19,37]. The absolute magnitude of
the increase should therefore be interpreted with caution; its
timing, direction, and accompanying age shift nevertheless
appear to reflect genuine changes in pertussis epidemiol ogy.

Our findings demonstrated a stable and consistent seasonal
pattern throughout the study period, with peak incidence during
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spring and a secondary peak in summer, and lowest transmission
during autumn. This seasonal signature persisted despite
substantial changes in overall incidence magnitude and age
distribution, suggesting that climatic and behavioral factors
exert aconsistent influence on pertussis transmission dynamics
in Hunan Province. Similar seasona patterns have been reported
in multiple regions [38]. Increased indoor crowding during
colder monthsand elevated contact rates associated with school
termsmay create favorable conditionsfor transmission [39,40].

Age-specific analysis revealed a substantial shift in case
distribution over time. In the early study period (2010-2017),
caseswere predominantly concentrated among infantsand young
children [41], with the 0-6 months group accounting for 53.07%
of cases. However, the proportion of cases among school-age
children and adolescents has progressively increased over time.
Thistrend is consistent with observations from other countries
[42]. Infants remain the most vulnerable popul ation because of
their immature immune systems and incomplete vaccination
status. Theincreasing proportion of casesamong older children
and adolescents may be attributable to the more rapid waning
of immunity induced by acellular pertussis vaccines, aswell as
pathogen evolution affecting vaccine-induced protection. The
accumulation of susceptible individuals during the COVID-19
pandemic may have further amplified these trends [10].

Our results demonstrate clear temporal shiftsin the age-specific
transmission dynamics. During the early phase (2010-2017),
transmission was primarily concentrated within younger age
groups, with infants and preschool children forming the core
transmission networks. In the subsequent period (2018-2019),
transmission within younger age groups further intensified,
while transmission involving school-age children began to
increase, indicating an expansion of the transmission network
across broader age strata. During the COVID-19 period
(2020-2023), transmission among younger age groups declined
markedly, whereas rel ative transmission among older age groups
increased. This shift islikely attributable to changesin contact
patternsinduced by NPIs[43]. Following the rel axation of these
measures, asubstantial resurgence occurred in 2024 [44], during
which the relative contribution of older age groups increased
significantly. Notably, transmission pathways from adults to
children exhibited ahigh estimated transmission potential [45],
though these estimates shoul d be interpreted with caution given
that adult cases are systematically underascertained; sensitivity
analyses incorporating age-graded detection corrections
suggested that the absolute magnitude of adult transmission
contributions may be attenuated under higher underreporting
assumptions, whilethe directiona shift toward older age groups
remained consistent across scenarios.

By 2025, the transmission structure evolved further, with adults
and infants emerging as 2 key nodesin the transmission network,
and cross-age transmission played a more prominent role in
sustaining the epidemic spread. This is consistent with the
well-documented role of household transmission, in which
parents and older siblings are frequently the source of infection
for unprotected infants [5,46-49]. Because immunity induced
by acellular vaccines wanes within a few years, many adults
and adolescents experience mild or atypical infection that is
frequently unrecognized and untreated; they nevertheless shed
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Bordetella pertussis and can transmit to susceptible household
contacts [50]. In addition, school-age children, owing to their
high contact rates in school settings, may act as “bridges’
connecting different age groups, thereby facilitating sustained
community transmission [48,51]. The rebound of social contact
after the relaxation of NPIs in 2024, together with the
accumulation of susceptible adolescents and adults during the
pandemic, plausibly amplified these cross-age pathways and
contributed to the age-shift observed in the present study.

Notably, the >20 years group contributed only 1597 (3.4%) of
the 47,300 reported cases over the study period, ranking lowest
among all age groups; given its considerably larger population
size, its reported incidence was correspondingly low. This
sparsity largely reflects underascertainment rather than a true
absence of transmission: adults are less likely to seek medical
care, undergo diagnostic testing, or be captured by surveillance
when presenting with mild disease. The sparse and O-inflated
reporting in this group therefore cannot represent its true
transmission potential, and further subdivision into adult and
older adult subgroups would yield case series dominated by 0
counts that cannot support reliable estimation. The >20 years
group was accordingly retained as a single category, and
estimates involving this group should be interpreted with
caution; nevertheless, the direction of the age shift—increasing
transmission from older age groups—remains robust.

Although aDTaP booster at the age of 6 years has only recently
been introduced in China, immunogenicity studiesin 6-year-old
Chinese children have demonstrated robust serological responses
following an additional DTaP dose, with seroconversion rates
exceeding 80% for key pertussis antigens [52]. Furthermore,
the well-documented waning of protection following the fifth
DTaP dose [53], combined with the disproportionate burden of
pertussis among school-age children in China [54], provides a
strong epidemiological rationale for targeting this age group
with a booster dose. The simulation results support the
epidemiological rationalefor abooster dose at the age of 6 years
as astrategic intervention to disrupt cross-age transmission. At
100% coverage, the 6-10 years group showed the greatest
monthly peak reduction (45.06%), while vaccine-ineligible
infants al so benefited through indirect protection (28.91% peak
reduction). This pattern of herd protection is particularly
important given that infants below 6 months carry the highest
risk of severe pertussis and are too young to complete primary
vaccination [55]. The surveillance dataset used in this study
contains aggregated, age-stratified case counts without clinical
severity indicators, so temporal trendsin infant disease severity
cannot be quantified directly from these data. Nevertheless,
severe and fatal pertussis has remained rare and concentrated
among unvaccinated or incompletely vaccinated young infants
since the nationwide introduction of routine pertussisvaccination
in 1978, and the DTwP-to-DTaP transition did not alter this
pattern. Most cases in older age groups are mild and recover

Heet a

with appropriate treatment [56]. Marginal effectivenessanalysis
indicated that achieving and sustaining coverage at or above
70% should be the priority public health target, asthisthreshold
captures the majority of achievable benefit. The temporal
dynamics of effectiveness further demonstrate that the value of
the booster strategy is realized progressively over time.
Nevertheless, even at 100% coverage, the projected 10-year
effectiveness of 24.1% indicatesthat asingle-age booster alone
cannot fully interrupt transmission [57]. Complementary
strategies, such as booster doses of Tdap (Tetanus, Diphtheria,
and Acellular Pertussis) vaccine for boosters for adolescents
and adults and maternal immunization during pregnancy,
warrant integration into future immunization policy frameworks
[58-60].

Limitation

Several limitations should be acknowledged. First, phases4 and
5 each comprise only 13-15 monthly observations, which limited
the identifiability of the individual age-specific transmission
coefficients in these phases, as reflected in the flat directions
of the fitting objective and the wide bootstrap intervals for
individual parameters. Our conclusionsthereforerely primarily
on aggregate transmission measures, the effective reproduction
number, and projected outcomes, for which bootstrap Cls are
reported; the qualitative finding that higher booster coverage
confersagreater reduction in reported cases remained consistent
across the bootstrap replicates. Second, surveillance-based
pertussis data are likely affected by age-dependent
underreporting, particularly among adolescents and adults who
often present with mild or atypical symptoms. Although
sensitivity analyses showed that the overall transmission pattern
remained stable across different ascertainment assumptions, the
absolute magnitude of transmission estimates may still be
uncertain. Third, several model parameters, including immunity
duration and vaccine efficacy, were derived from published
literature rather than directly estimated from local
immunological data. Fourth, the projection analyses assumed
stable demographic structure and contact patterns over timeand
did not incorporate behavioral changes, pathogen evolution, or
future modifications to vaccination policy. Finally, the study
was based on data from a single province and may not fully
represent transmission dynamicsin other regions of China.

Conclusions

This study demonstrated a progressive shift in pertussis
transmission toward older age groups, with increasing cross-age
transmission to younger children and infants. Simulation
analyses suggested that introduction of a booster dose at the
age of 6 years could reduce overall pertussis incidence and
provide indirect protection to infants, although the projected
impact of asingle school-age booster alone remained moderate.
These findings provide quantitative evidence for optimizing
age-targeted pertussis vaccination strategies in China.
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