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Article history: Background: Hand, foot, and mouth disease (HFMD), particularly EV-A71, has caused large-scale epidemics
Accepted 10 June 2026 in the Asia-Pacific region, with China alone reporting over 2 million annual cases and causing a substantial

Available online 12 June 2026 morbidity and mortality. While EV-A71 vaccination was introduced in 2016 and COVID-19 non-pharma-

ceutical interventions (NPIs) were implemented from 2020-2022, comprehensive evidence on their in-
dependent and combined effects on HFMD epidemiology remains scarce. We aimed to quantify the impact
Foot and mouth disease of vaccination, NPIs, and post-pandemic policy relaxation on HFMD incidence and pathogen distribution.
Enterovirus A71 vaccine Methods: We conducted an interrupted time series segmented regression analysis using a 14-year sur-
Non-pharmaceutical interventions veillance dataset (January 2011-December 2024) from Beijing’s National Notifiable Disease Reporting
Interrupted time series segmented regression System and citywide pathogen surveillance network. The study population included all HFMD cases re-
ported in Beijing. We defined four intervention periods: baseline (pre-vaccination), vaccination introduction
(August 2016), stringent NPIs (January 2020), and reopening (January 2023). Primary outcomes were HFMD
incidence rates and incidence rate ratios (IRRs). We estimated prevented cases under counterfactual sce-
narios.

Results: Among 324,623 reported HFMD cases across the 14-year study period, interrupted time series
regression demonstrated that vaccination was associated with a 33% reduction in incidence (IRR 0.67, 95%
CI: 0.49-0.91); cumulatively over 8 years (2016-2024), this was estimated to have prevented 23.8% of cases
that would have occurred without vaccination. Stringent NPIs were associated with an 84% reduction (IRR =
0.16, 95% CI: 0.06-0.41); cumulatively, during the intervention period (2020-2022), NPIs were estimated to
have prevented 82.6% of cases. Following policy relaxation, incidence rebounded 2.53-fold (95% CI:
0.64-9.92), although this increase did not reach statistical significance. In absolute terms, monthly mean
case counts declined from 3001 (baseline) to 1886 following vaccination introduction (37.2% decrease), and
further to 299 during stringent NPIs (90.0% decrease from baseline), before surging to 1503 post-reopening,
a fivefold increase from the NPI period. Pathogen surveillance revealed EV-A71 prevalence declined from
30.5% (baseline) to 4.5% (vaccination period), while coxsackievirus A6 emerged as the dominant serotype,
from 9.5% (baseline period) to 56.2% (vaccination period).

Conclusions: EV-A71 vaccination and NPIs were each associated with reduced HFMD transmission, but
policy relaxation was followed by a substantial resurgence. The observed serotype replacement with non-
vaccine-type enteroviruses highlight critical gaps in current prevention strategies. Sustaining HFMD control
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requires optimizing vaccine design, developing multivalent vaccines, maintaining high coverage, and in-

tegrating targeted NPIs during high-transmission seasons.

© 2026 The Author(s). Published by Elsevier Ltd on behalf of British Infection Association. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Hand, foot and mouth disease (HFMD) is a highly contagious
acute infectious disease that primarily affects children and is caused
by enteroviruses such as EV-A71, CV-A6, and CV-A16."? Among these
enteroviruses, EV-A71 stands out as one of the most clinically sig-
nificant serotypes, being associated with severe disease outcomes
more frequently than other common pathogens.® Clinically, it pre-
sents with characteristic vesicular lesions or ulcers on the hands,
feet, and oral mucosa. Although most cases are mild, a minority can
progress to severe complications, including meningitis, pulmonary
edema, circulatory failure, or even death.*° Due to challenges in
outbreak prevention and control, HFMD has caused large-scale
epidemics across the Asia-Pacific region since the 1990s.° From 2008
to 2020, China reported a cumulative total of more than 23 million
HFMD cases, including over 150,000 severe cases. During this period,
both the case count and incidence rate of HFMD ranked first among
all notifiable infectious diseases.” According to World Health Orga-
nization reports, China accounts for approximately 87% of all re-
ported global HFMD cases, with the highest incidence and mortality
worldwide, resulting in substantial public health and economic
burdens.®?

To improve HFMD control, China licensed three inactivated EV-
A71 vaccines for public use in 2016. The recommended vaccination
schedule consists of two doses administered four weeks apart, tar-
geting children aged 6 months to 5 years.'®!! Phase III clinical trial
data indicated vaccine efficacy exceeding 90% against EV-A71-asso-
ciated HFMD and 100% effectiveness at preventing severe EV-A71-
related cases.'”’® A seroepidemiological study demonstrated the
persistence of seropositivity up to 49 months after the second im-
munization, indicative of sustained immunity.'* As there is currently
no specific antiviral therapy for HFMD, EV-A71 vaccination is re-
cognized as one of the most effective preventive interventions
against EV-A71-related HFMD.'® The Chinese experience since 2016
demonstrates that EV-A71 vaccination can significantly reduce both
EV-A71 circulation and severe disease burden.'® However, in other
HFMD-endemic Asian countries such as Vietnam, Japan, and South
Korea, EV-A71 remains a major cause of severe illness due to the
absence of this vaccine or the presence of vaccine hesitancy. Thus,
using EV-A71 vaccines in other HFMD-endemic countries could have
a similar effect."”

During 2020-2022, in response to the global COVID-19 pan-
demic, China implemented stringent non-pharmaceutical interven-
tions (NPIs), including universal masking, travel restrictions, and
reduced social mobility. Several studies have demonstrated that
these measures not only successfully reduced COVID-19 transmis-
sion but also led to marked reductions in HFMD incidence.'®'° Fol-
lowing policy adjustments and relaxation of COVID-19 control
measures in 2023, a transient rebound and alterations in the sea-
sonal pattern of HFMD incidence were observed in China.”’

At present, existing evidence from clinical trials and regional
observational studies demonstrated the efficacy of EV-A71 vaccines
in reducing EV-A71-associated HFMD and severe outcomes.”'’
However, real-world evidence on population-level vaccine effec-
tiveness and implementation remained limited. Studies also re-
ported that NPIs implemented during the COVID-19 pandemic
substantially suppressed HFMD transmission.'® However, compre-
hensive population-based evidence quantifying the independent
and combined effects of EV-A71 vaccination and NPIs on HFMD

epidemiology, particularly across multiple intervention phases in-
cluding post-pandemic reopening, remained scarce. Long-term,
large-scale surveillance data are therefore needed to fill this gap and
provide actionable guidance for HFMD prevention and control glo-
bally—particularly in high-prevalence regions of the Asia-Pacific.
Beijing, with its robust HFMD surveillance infrastructure, provides
highly representative data on case reporting, laboratory diagnostics,
and vaccine coverage.”! Utilizing interrupted time series regression,
this study systematically evaluates HFMD epidemiological trends
across three critical intervention time points: EV-A71 vaccine in-
troduction (August 2016), NPIs initiation (January 2020), and re-
laxation of stringent NPIs (January 2023). The findings provide
insights into the mechanisms of these interventions, ultimately
generating practical evidence to guide HFMD prevention strategies
and immunization policy.

Methods
Data sources

Data on HFMD cases in Beijing were obtained from the National
Notifiable Disease Reporting System. All cases recorded between
January 1, 2011, and December 31, 2024 were collected, including
patient characteristics such as age, sex, occupation (e.g., children
living separately, children attending kindergartens or nurseries,
students), and disease severity (categorized as mild or severe cases).
A clinically diagnosed HFMD case was defined as a patient pre-
senting with a maculopapular rash or vesicles on the extremities or
buttocks, and oral ulcers or vesicles, with or without fever.
Laboratory-confirmed cases were clinically diagnosed patients with
positive enterovirus detection (EV-A71, CV-A16, CV-A6, or other
enteroviruses) by RT-PCR. This study included both clinically diag-
nosed and laboratory-confirmed cases. All reported cases underwent
a three-tier quality review process at the district, Beijing, and China
Center for Disease Control and Prevention (CDC) levels, ensuring
high data completeness and accuracy.

Pathogen surveillance

A citywide sentinel surveillance network for HFMD etiology was
established in Beijing, comprising 30 sentinel hospitals covering all
17 districts of Beijing. In each sentinel hospital, outpatient clinicians
were requested to collect specimens from at least the first five HFMD
cases per month; if fewer than five cases presented, all cases were
sampled. Specimen types included throat swabs, stool samples, or
vesicular fluid. All specimens were transported to the corresponding
district CDC within 24 h of HFMD diagnosis, and laboratory testing
was performed within 48 h. Since 2009, in accordance with national
guidelines, all district CDCs have performed real-time RT-PCR to
detect EV-A71, CV-A16, and other enteroviruses. Beginning January
1, 2013, CV-A6 was added as an additional routine testing target in
Beijing. Positive samples were subsequently classified into EV-A71,
CV-A16, CV-A6, and other enterovirus infections. The category “other
enterovirus infections” represents enterovirus-positive specimens in
which EV-A71, CV-A16, and CV-A6 were not detected. Prior to
January 2013, CV-A6 was not routinely tested and was therefore
included in this category. All RT-PCR testing followed standard
protocols with routine inclusion of positive and negative controls,
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Fig. 1. Timeline of the four study periods in Beijing, 2011-2024.

and the district CDCs participated in annual external quality as-
sessment programs organized by the Beijing CDC.

Estimation of EV-A71 vaccination coverage

Vaccine information was obtained from the Immunization
Information System. Cumulative full-series EV-A71 vaccination
coverage was defined as the proportion of children who completed
the full vaccination series among all children who had ever been
age-eligible for vaccination during the study period (August 2016 to
December 2024). Annual vaccination coverage was additionally
calculated for each calendar year from 2016 to 2024 as the number
of children completing the full vaccination series in a given year
divided by the estimated number of children aged 6 months to 5
years in the Beijing permanent resident population during the
same year.

Statistical analysis

The study period was classified into four time period: (1) base-
line (pre-EV-A71 vaccine) period from January 1, 2011, to July 31,
2016; (2) EV-A71 vaccine era from August 1, 2016, to December 31,
2024; (3) Stringent COVID-19 NPIs period from January 1, 2020, to
December 31, 2022; and (4) Post-reopening period from January 1,
2023, to December 31, 2024 (Fig. 1).

For descriptive summaries, the average monthly number of
HFMD cases and pathogen-specific frequencies (%) across different
intervention stages were calculated. To improve statistical power, all
interrupted time series segmented regression analyzes were per-
formed on weekly case counts to estimate the impact of EV-A71
vaccination, NPIs, and reopening on HFMD incidence. The model was
specified as follows:

Y: ~ quasi — Poisson(u,)

log(E(Y:)) = By + Byvaccination; + B,time after vaccination,
+ Bsstrict control; + B, time after strict control,
+ Bsreopening, + Bgtime after reopening,
+ B,seasonality + Bgholiday, + Bqparity,
+ Byobirth rate; + offset (log(population,)) +

Where Y; is the Number of HFMD cases in week t; vaccination,,
strict control;, reopening, are binary indicators that take the value 1
in weeks when the EV-A71 vaccination program is in place,
when stringent COVID-19 NPIs are implemented, and during the
post-reopening  period, respectivelyy, and O otherwise;
time after vaccination,, time after strict control,, time after reopening,
are continuous variables counting weeks post-intervention; Fourier
term is added in the model to control seasonality, sensitivity ana-
lyzes using different numbers of Fourier terms (K=1-3) showed
generally consistent intervention-associated estimates across model
specifications (Supplementary Table S1); holiday, is a binary cov-
ariate for school holidays, defined as February, July, and August,
corresponding to the Chinese winter and summer school breaks;

parity, is a binary covariate indicating the biennial cycle of HFMD
incidence, taking the value O for even years and 1 for odd years;
birth rate, is the birth rate size in week t; population, is the popu-
lation size in week t, and log(population,) was included as an offset
term to model weekly incidence rates directly, allowing regression
coefficients to be interpreted as incidence rate ratios (IRRs). For age-
stratified analyzes, age-specific population denominators were used,
and the log of the age-specific population was similarly incorporated
as an offset term, so that the resulting coefficients represent age-
specific IRRs. ¢ is the error term. Model fit was evaluated using re-
sidual deviance, the proportion of deviance explained, and the quasi-
Akaike information criterion (QAIC).

We employed an interrupted time-series analysis to quantify
trend changes in incidence rates before and after each intervention
point, calculating IRRs with 95% confidence intervals (CIs) to eval-
uate the effect magnitude of different control measures. Confidence
intervals and p-values were estimated using Newey-West standard
errors to account for temporal autocorrelation. Residual auto-
correlation was further evaluated using autocorrelation function
(ACF) and partial autocorrelation function (PACF) plots
(Supplementary Fig S1, Table S2). To further assess the robustness of
the intervention-associated estimates in the presence of spatial
heterogeneity, we conducted multiple spatial sensitivity analyzes at
the district level in Beijing. First, global Moran’s I statistics were
calculated to evaluate residual spatial autocorrelation in HFMD in-
cidence across Beijing districts during different intervention periods
(Supplementary Fig. S2). Second, Bayesian spatial interrupted time-
series models incorporating district-level random intercepts and
BYM spatial random effects based on a Queen adjacency matrix were
fitted to account for between-district heterogeneity and spatial de-
pendence in HFMD transmission. Consistent intervention effect es-
timates across the spatial models supported the robustness of the
primary findings after accounting for geographic variation in trans-
mission patterns (Supplementary Fig. S3). Using the fitted model, we
also predicted the number of HFMD cases under several counter-
factual scenarios (model specification in Supplementary Table S3).
Three counterfactual scenarios were specified: (1) in the absence of
vaccination campaigns; (2) in the absence of COVID-19-related NPI;
and (3) if reopening policies had not been implemented. The data
were organized using Microsoft Excel 2013 (Microsoft Office, Los
Angeles, CA, USA), and statistical analyzes were performed using R
software (version 4.3.0, https://www.R-project.org/; The R Founda-
tion, Vienna, Austria), primarily using the tidyverse, MASS, sand-
wich, Imtest, INLA, sf, spdep, and ggplot2 packages.

Results
Epidemiology of HFMD

Between 2011 and 2024, among 324,623 reported HFMD cases,
the average monthly number of reported HFMD cases in Beijing
during the baseline period was 3001. With the introduction of the
vaccine, the numbers fell to 1886 cases monthly on average, in-
dicating a 37.2% decline. During the stringent NPIs period, cases


https://www.R-project.org/

S. Dong, M. Li, D. Huo et al.

A. Monthly Average HFMD Cases

B. Age Distribution (%)

Journal of Infection 93 (2026) 106795

C. Gender Distribution (%)

3000 100 100
Age Group
3 75 0-1 75
= L @
g 2000 S0 12 - o Gender
s S 23 s
Z 50 g 50 Male
T
g = - = - Female
£ 1000 = 45 &
2 25 5-6 25
- !
9 0 0 -
o o & > o e O &> o ) >
oF N & & o o 3 & & & &
A N & N > & AV > &
& « o %“OQ <& & F S & & & &
Intervention Stage Intervention Stage Intervention Stage
D. Monthly Average HFMD Severe Cases E. Disease Severity (%) F. Pathogen Distribution (%)
15 100 100 g g 1
@
2 —
] 75 75
O -
s 10 S & Pathogen
S g Severity 3 EV-A71
Z £ &
@ (] Severe g 50 CV-Al16
S ~ 1>
E 5 Mild 5 CV-A6
g 3 R R Others
£ 25 25
s —
’ [ ] b B
0 -0 0 0 0| = L
& < & & L A & & & &
%@\ & s s Qn“’e\\ & &S Qﬁ"a\ & &

Intervention Stage

Intervention Stage

Intervention Stage

Fig. 2. Monthly average number of hand, foot and mouth disease cases in Beijing across different intervention stages. (A) Monthly Average HFMD Cases. (B) Age Distribution. (C)
Gender Distribution. (D) Monthly Average HFMD Severe Cases. (E) Disease Severity. (F) Pathogen Distribution.

decreased substantially to an average of 299 cases per month, re-
presenting a 90.0% reduction compared to baseline period. Following
relaxation of NPIs, case numbers rebounded to an average of 1503
per month, a fivefold increase relative to the stringent control period
(Fig. 2A). District-level spatial distribution maps and corresponding
Global Moran’s | analyzes are presented in Supplementary Fig S2.
Significant positive spatial autocorrelation emerged during the
vaccination, stringent NPIs, and reopening periods, suggesting in-
creasing spatial clustering of HFMD incidence across Beijing districts
over time.

In the baseline period, most HFMD cases occurred among chil-
dren aged < 6 years (93.2%). In recent years, however, the proportion
among older children has increased. Following relaxation of NPIs,
the proportion of cases among person aged >6 years increased
markedly from 6.8% (baseline period) to 43.5% (Fig. 2B). Across all
study periods, the male-to-female ratio among reported HFMD cases
remained relatively stable at approximately 1.5:1, indicating that sex
had little differential impact on the effects of vaccination or NPIs
(Fig. 2C). Notably, the average monthly number of severe HFMD
cases declined from 15 during the baseline period to 3 after vaccine
introduction (Fig. 2D). Correspondingly, mild cases consistently ac-
counted for >99.5% of all reported cases throughout the study
(Fig. 2E).

Regarding pathogen distribution, EV-A71 vaccination for eligible
children in Beijing commenced in August 2016, after which the
proportion of EV-A71 among identified pathogens declined from
30.5% (baseline period) to 4.5%, while CV-A6 emerged as the domi-
nant serotype, from 9.5% (baseline period) to 56.2% (vaccination
period) (Fig. 2F).

To further illustrate the temporal relationship between vaccina-
tion scale-up and serotype dynamics, we examined annual trends
over the full 14-year period. Between 2016 and 2024, 1,026,643
people in Beijing completed the full EV-A71 vaccination series,

corresponding to an overall coverage rate of 45.3% among target
population (children aged 6 months to 5 years), with the annual
coverage rate remaining largely stable since 2017. Age-stratified
analysis revealed that 75.0% of vaccinated children completed the
full EV-A71 vaccination series before two years of age, 24.7% be-
tween ages 2-5 years, and 0.3% were vaccinated beyond the re-
commended age of five years. (Fig. 3A). Annual pathogen
surveillance revealed that EV-A71 prevalence declined steadily from
2016 onward and was only sporadically detected in recent years,
whereas CV-A6 rose progressively over the same period. (Fig. 3B).

Interrupted time series segmented regression fitting

From 2011 to 2024, HFMD in Beijing showed clear seasonal and
interannual variation. Before the COVID-19 pandemic, a marked bi-
ennial pattern was observed, with alternating years of higher and
lower HFMD activity. This pattern was disrupted during the COVID-
19 period, when stringent NPIs led to a pronounced reduction in
reported HFMD case number from 2020 to 2022. Following relaxa-
tion of NPIs in 2023, HFMD activity rebounded, and the alternating
pattern of larger and smaller epidemic years appeared to resume.
Weekly HFMD case counts were modeled using interrupted time
series segmented regression (Fig. 4).

Evaluation of prevention and control measures

Interrupted time series segmented regression demonstrated that,
compared with the baseline period, the overall incidence of HFMD
was associated with a 33% reduction following the introduction of
EV-A71 vaccination (IRR = 0.67, 95% CI: 0.49-0.91), was associated
with an 84% reduction during the stringent NPIs (IRR = 0.16, 95% CI:
0.06-0.41), and subsequently resurged to 2.53 times the baseline
level after the relaxation of control measures (IRR = 2.53, 95% CI:
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0.64-9.92). Although the point estimate suggested a substantial in-
crease, this post-reopening estimate did not reach statistical sig-
nificance (Fig. 5A).

Age-stratified analyzes demonstrated substantial heterogeneity
across age groups. Reductions associated with EV-A71 vaccination
were more evident among children aged 2-3 years (IRR = 0.51, 95%
CI: 0.33-0.79) and 3-4 years (IRR = 0.63, 95% CI: 0.44-0.89), whereas
the estimated associations were weaker among children aged 5-6
years (IRR = 0.85, 95% CI: 0.61-1.19) and > 6 years (IRR = 0.83, 95% CI:
0.57-1.22)(Fig. 5B). Stringent COVID-19 NPIs were associated with
marked reductions in HFMD incidence across all age groups, with
IRRs ranging from 0.13 to 0.21(Fig. 5C). In contrast, reopening fol-
lowing relaxation of COVID-19 control measures was associated with
increases in HFMD incidence across nearly all age groups, with IRRs
generally exceeding 2.0, although these increases did not reach
statistical significance. (Fig. 5D).

Epidemiological trends under counterfactual scenarios

To quantify the cumulative impact of each intervention over its
full duration, we used the fitted interrupted time series model to
generate counterfactual predictions of HFMD trends in Beijing under
scenarios without EV-A71 vaccination and without COVID-19 NPIs.
In the absence of stringent NPIs, the model predicted that 61,247
(95% CI. 41,750-89,595) HFMD cases would have occurred during
2020-2022, compared with the 10,632 cases actually reported,
suggesting that stringent NPIs were estimated to have prevented
82.6% of cases. Furthermore, from August 2016 to December 2024,
the model predicted that 169,011 (95% CI: 128,131-237,110) HFMD
cases in the absence of EV-A71 vaccination, while 128,788 cases

were observed, indicating that EV-A71 vaccination was estimated to
have prevented 23.8% of cases. (Fig. 6).

Discussion

Through interrupted time series segmented regression analysis,
this study systematically and quantitatively evaluated the impacts of
EV-A71 vaccination, the implementation of stringent COVID-19 NPIs,
and the subsequent relaxation of these policies on the epidemiology
of HFMD in Beijing. The results provide important evidence to sup-
port optimization of HFMD prevention and control strategies.

To date, China has been the primary setting for large-scale li-
censing and deployment the inactivated EV-A71 vaccine, with
multiple studies validating their safety and protective efficacy in
Phase III clinical trials."® In the current analysis, introduction of EV-
A71 vaccination was associated with a 33% decrease in overall in-
cidence (2016-2024). Counterfactual scenario analysis indicated that
EV-A71 vaccination was associated with a reduction of 40,223 HFMD
cases, reflecting its notable role in lowering HFMD transmission. One
analysis application of a Bayesian time-series model showed a 41.4%
relative reduction in EV-A71-associated HFMD cases post-vaccina-
tion (2017-2019), with an estimated 26,226 cases prevented.’” It is
important to note that the cumulative full-series vaccination cov-
erage in Beijing during the study period was 45.3%, which represents
a moderate level and is unlikely to be sufficient to establish robust
population-level herd immunity. Further improvements in vaccina-
tion coverage are therefore needed to maximize the benefits of the
EV-A71 vaccination program. Although the proportion of EV-A71-
positive cases among HFMD pathogens declined from 30.5% to 4.5%
following vaccination, no reduction was observed for other en-
teroviruses (e.g., CV-A6, CV-A16, CV-A10). This may relate to the



S. Dong, M. Li, D. Huo et al.

A. No vaccination

Journal of Infection 93 (2026) 106795

3000 A

2000+

1000 A

B. No stringent NPIs

3000

N
o
(=]
o
1

Weekly HFMD cases
5
8

C. No reopening

3000 A

2000 A

10004

Observed cases — Fitted under observed scenario = Counterfactual prediction

95% CI

Fig. 6. Epidemiological trends of hand, foot, and mouth disease cases in Beijing under counterfactual scenarios, 2011-2024. (A) No vaccination. (B) No stringent NPIs. (C) No

reopening.

lower viral diversity of EV-A71, which could limit its adaptability and
transmissibility compared with other enteroviruses.”” These findings
are consistent with evidence that the EV-A71 vaccine lacks cross-
protection against non-EV-A71 enteroviruses.”? It is therefore re-
commended to accelerate the development and deployment of
multivalent vaccines targeting other prevalent serotypes, including
CV-A6, CV-A16, and CV-A10, to address evolving epidemiological
challenges.”

The pronounced decline of EV-A71 and the concurrent dom-
inance of CV-A6 following vaccination, as observed in our surveil-
lance data, raise the question of whether EV-A71 vaccination may
have exerted selective pressure that facilitated the expansion of
other enterovirus serotypes by reducing ecological competition®’. In
addition, the decline in CV-A16 observed in some settings post-
vaccination has led to the hypothesis that inactivated EV-A71 vac-
cines may elicit weak cross-neutralizing antibody responses against
CV-A16; however, such cross-reactivity appears to be transient and

of limited magnitude, and the clinical significance remains un-
certain.’® More broadly, serotype shifts must be interpreted with
caution, as natural serotype cyclicity, the accumulation of popula-
tion-level immunity, and intrinsic differences in viral fitness among
serotypes may all have contributed to the changing pathogen land-
scape. The relative contribution of vaccination versus these other
factors cannot be disentangled from our ecological data. Never-
theless, the evolving serotype composition, affecting both children
and adults, underscores the need for sustained molecular surveil-
lance across all age groups to detect potential long-term changes in
serotype distribution and clinical severity that may follow large-
scale vaccination.'”

Robust evidence from phase IIl clinical trials and real-world
studies, including the present research, demonstrates that in-
activated EV-A71 vaccines substantially reduce EV-A71-associated
disease transmission.!”'® However, the use of these vaccines is still
predominantly concentrated in China, which is regrettable given the
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high burden of severe and fatal HFMD caused by EV-A71 in other
endemic regions such as Vietnam,'” South Korea®’ and Japan.”® For
instance, between January and June 2023, Vietnam’'s Children’s
Hospital 1 admitted 659 HFMD cases, notably 16.1% (106/659) of
which were severe. Of these patients, an overwhelming 98.8% were
EV-A71-positive—underscoring the virus’s role as a major driver of
severe HFMD in the region.!” Given the proven efficacy of the vac-
cine and the high prevalence of EV-A71 in severe HFMD cases, its
introduction in other HFMD-endemic countries would likely have a
similarly substantial effect on reducing severe morbidity, mortality,
and transmission.'” Therefore, we recommend that countries heavily
burdened by severe HFMD-particularly those with high EV-A71 cir-
culation—prioritize introducing the EV-A71 vaccine into their na-
tional immunization strategies to effectively reduce HFMD
incidence, severe cases, and overall disease burden.”®

The global emergence of COVID-19 at the end of 2019 prompted
China to implement comprehensive public health and social mea-
sures to contain SARS-CoV-2 transmission.’ These stringent NPIs
also affected HFMD, a disease transmitted predominantly through
close contact.’’ During the period of stringent NPIs in Beijing, HFMD
cases fell by 90% compared with the baseline period, with an 84%
decrease in overall incidence, and reductions exceeding about 80%
across all age groups. Counterfactual estimates suggested that NPIs
were associated with an estimated 82.6% reduction in HFMD cases,
which was greater than the estimated reduction associated with
vaccination. A study in mainland China found that the IRRs for HFMD
were less than 1 in all 31 cities, and less than 0.1 for 23 cities.
Overall, the proportion of HFMD cases decreased by 52.9% after the
implementation of kindergarten closures in 2020."° Another Baye-
sian modeling study in Guangdong province observed an estimated
prevention of 455,327 HFMD cases during 2020-2021, reflecting an
84.94% reduction in 2020 and a 29.49% reduction in 2021. Notably,
the effects of NPIs on HFMD incidence varied significantly across age
groups and sexes.’” Application of Seasonal Autoregressive In-
tegrated Moving Average models in Nanchang, China, further con-
firmed significant declines in HFMD incidence associated with
COVID-19-related NPIs.>> Collectively, these findings highlight the
critical role of hand hygiene, adequate ventilation, reduction of
crowding, and strengthened disinfection in high-risk settings such
as kindergartens for minimizing outbreak risk, and support the re-
commendation that schools and nurseries implement policies to
raise HFMD awareness and encourage early implementation of these
targeted NPIs when cases are detected.'®>*2>

Although NPIs were associated with substantial reductions in
HFMD transmission during the COVID-19 outbreak, studies from
multiple countries, including South Korea,*® the United Kingdom,*’
the United States,*® India,”® and China,*” have demonstrated that
NPIs exerted substantial negative impacts on the global economy,
education, and broader social well-being. Sustaining NPIs as long-
term measures is challenging. In contrast, vaccination represents a
more sustainable and targeted strategy for long-term HFMD control,
as it can provide durable protection without the broad societal and
economic disruptions associated with stringent NPIs. Consequently,
a critical question remains: how can infectious diseases be effec-
tively controlled while minimizing socioeconomic disruption. Future
research should prioritize economic evaluations of NPIs, quantita-
tively assess the overall effects of different intervention strategies,
and provide empirical evidence and decision-making support to
policymakers seeking to balance public health objectives with so-
cioeconomic development.

Following the systematic relaxation of NPIs in China in 2023, a
marked numerical increase in reported HFMD cases was observed in
Beijing. This rebound is not an isolated phenomenon, mirroring
post-NPI resurgence patterns observed in other infectious diseases
such as global pertussis,”' measles,*> and Mycoplasma pneumoniae
infections.”®> This may reflect viral transmission due to the
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resumption of school activities, as well as a possible immunity gap
from prolonged NPI-related reduction in viral exposure, and may
also be partly attributable to changes in healthcare-seeking behavior
and broader social contact patterns following the lifting of restric-
tions, as described in recent studies.***

HFMD incidence was consistently higher in males than in fe-
males throughout the study period. This male predominance may be
partly explained by the fact that boys tend to engage in more out-
door activities and have a wider range of movement, which increases
the frequency and intensity of contact with contaminated environ-
ments and infected individuals, thereby elevating the risk of viral
exposure.“® Spatial analyzes at the district level further indicated
that significant positive spatial autocorrelation of HFMD incidence
emerged during the vaccination, stringent NPI, and reopening per-
iods. This increasing spatial clustering suggests that HFMD trans-
mission became progressively concentrated in certain geographic
areas over time. Such spatial heterogeneity may reflect local differ-
ences in population density, vaccination coverage, or the distribution
of high-risk settings such as kindergartens and schools. Identifying
these spatial clusters could inform geographically targeted vacci-
nation campaigns and the allocation of public health resources to
areas with persistently high transmission, thereby improving the
efficiency and equity of HFMD control strategies.*’ Future work in-
tegrating time-series and spatial data within a unified modeling
framework could further enhance outbreak prediction and enable
real-time optimization of geographically targeted interventions.

The observed epidemiological patterns align with the well-
documented biennial periodicity of HFMD in China, characterized by
alternating high and low incidence years."” Studies using wavelet
analysis in China have demonstrated significant 2-year scale peri-
odicity, with the biennial peaks historically driven by alternating
dominance of EV-A71 and CV-A16.*® Following EV-A71 vaccination
introduction, CV-A6 became the main contributors to biennial
peaks.'” The mechanisms underlying this periodicity likely involve
pathogen interference between enterovirus serotypes, susceptible
population replenishment following epidemic years, and climatic
factors.” Our data suggest that stringent NPIs fundamentally dis-
rupted this natural cycle by creating an artificially prolonged low-
transmission period (2020-2022), allowing exceptional accumula-
tion of susceptible individuals. The pronounced 2023 rebound may
therefore represent a "catch-up" epidemic as the biennial cycle at-
tempted to re-establish its natural rhythm. This disruption and
subsequent rebound pattern was similarly observed in other pro-
vinces of China, where COVID-19 control measures delayed the bi-
ennial periodicity by one year.?’ Understanding these cyclical
dynamics is crucial for predicting future epidemic timing and opti-
mizing vaccination strategies, particularly as the pathogen landscape
continues to evolve post-vaccination.

Several design considerations warrant careful interpretation.
First, as a quasi-experimental observational study, our estimates
represent associations rather than definitive causal effects; un-
measured time-varying confounders (healthcare-seeking behavior
changes, diagnostic practices, concurrent interventions) may have
influenced trends. Second, we employed quasi-Poisson regression
with linear time coefficients within each segment for parsimony. To
account for the pronounced seasonal peaks and occasional outbreak
clusters inherent to HFMD dynamics, we incorporated Fourier terms
into the model, a widely used approach for capturing complex sea-
sonality in infectious disease time series. Although true relationships
may be nonlinear or time-varying, this specification balances flex-
ibility and interpretability. Third, our data derive from passive sur-
veillance, capturing only medically-attended reported cases;*° mild
infections and cases where families avoided healthcare, particularly
during stringent controls when transportation restrictions or COVID-
19 concerns deterred visits,'® remain undetected, meaning observed
trends reflect both disease patterns and reporting behaviors.
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This study has limitations. First, our Beijing-based analysis may
not generalize to rural areas or regions with different healthcare
infrastructure and vaccination coverage. Second, we treated NPIs as
a composite intervention and cannot disentangle contributions of
individual measures (school closures, lockdowns, mask mandates).
Third, the short post-reopening period (24 months) may not capture
long-term epidemiological equilibrium. Fourth, lacking individual-
level vaccination data, we could not assess dose-specific or age-
specific vaccine effectiveness; counterfactual estimates rely on po-
pulation-level coverage and trial efficacy assumptions. In addition,
severe HFMD cases were relatively uncommon during the study
period, which limited the statistical power to perform stable se-
verity-stratified interrupted time-series analyzes. Therefore, se-
verity-specific analyzes were not performed in the current study.
Finally, potential COVID-19-related underreporting could artificially
inflate apparent NPI impact, though surveillance remained opera-
tional.

Conclusion

Both EV-A71 vaccination and NPIs were highly correlated with
reduced HFMD transmission in Beijing, however, a rapid resurgence
in reported case numbers was observed following NPIs relaxation,
accompanied by significant changes in epidemiological patterns,
including age distribution and pathogen composition. To meet post-
pandemic challenges, future HFMD prevention and control efforts
should emphasize integrated strategies that combine vaccination
and targeted NPIs, with a particular focus on older children and
evolving pathogen dynamics.
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