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Abstract

Background: Meteorological factors and air pollutants have been reported to be associated with hand, foot, and
mouth disease (HFMD) epidemics before the introduction of vaccine. However, there is limited evidence for studies
with long-term dimensions.

Methods: We collected the daily HFMD counts, weather and air pollution data from 2014 to 2020 in Chengdu. Dis-
tributed lag non-linear models (DLNM) were used to assess the associations of meteorological factors and air pollut-
ants on HFMD cases.

Results: From 2014-2020, high relative humidity and precipitation and extremely high and low levels of PM,,, O,
SO, and CO increased the risk of HFMD. In pre-vaccination period, extreme high and low temperatures, PM,, and NO,,
low precipitation and high concentrations of PM, s and O significantly increase the risk of HFMD; In post-vaccination
period, high relative humidity and low level of CO can significantly increase the incidence of HFMD; During the period
of COVID-19, only low temperature will significantly increase the risk of HFMD; Low concentration of air pollutants has
the greatest impact on the 6-14 age group, while the high concentration of air pollutants has the greatest impact on
the 0-1 age group.

Conclusions: Our study suggest that high relative humidity and precipitation and extremely high and low levels

of PM;, O, SO, and CO increased the risk of HFMD from 2014 to 2020. The results of this study provide a reference

for local authorities to formulate intervention measures and establish an environment-based disease early warning
system.
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Introduction

Hand food and mouth disease (HFMD) poses a substan-
tial burden to health in mainland China and there is no
specific treatment for it. During 2013 to 2016 prior to
the introduction of Enterovirus 71 (EV71) vaccine, the

fHongxia Peng, Zhenhua Chen and Lin Cai contributed equally to this work. incidence and mortality of HFMD have been ]eading the

*Correspondence: longlu201609@163.com; yangchunxia@scu.edu.cn type C notifiable infectious diseases, affecting an aver-

! Department of Epidemiology and Health Statistics, West China School age of more than 2.2 million children every year in China

of Public Health and West China Fourth Hospital, Sichuan University, No.16, (http://www.nhc.gov.cn/). Three inactivated monovalent

Section 3, Renmin south road, Wuhou District, Chengdu, Sichuan, China EV71 vaccines had been licensed in China in 2016, the
)

Full list of author information is available at the end of the article

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://www.nhc.gov.cn/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12889-022-13365-9&domain=pdf

Peng et al. BVIC Public Health (2022) 22:998

efficacy against EV71-associated HFMD reached 98.8%.
Nevertheless, there is no consensus on the cross-pro-
tection of vaccines against non-EV71-associated HFMD
[1-4]. Although vaccination has been promoted on a
large scale after 2016, the average number of reported
cases of HFMD in China still remains high during the
period from 2017 to 2019, about 2 million per year, domi-
nated by coxsackievirus A16 (CVA16), coxsackievirus A6
(CVA6) and coxsackievirus A10 (CVA10) (http://www.
nhc.gov.cn/). Whereas the pandemic of Coronavirus dis-
ease 2019 (COVID-19) further complicates the situation.
During the pandemic, the incidence of most notifiable
infectious diseases in China showed a downward trend,
including HFMD [5-7].

Environmental factors, such as temperature, rela-
tive humidity, wind speed, precipitation, and air pollut-
ants, have been reported to pay an important role in the
transmission of HFMD before the introduction of vac-
cine [8-11]. Climatic factors have been recognized to
have effects on the reproduction of the virus, while pol-
lutants are thought to affect the susceptibility of indi-
viduals resulting in increased number of HFMD cases
[11-13]. A role for vaccination in these associations was
hypothesized in previous study, which speculate that the
human defense mechanism may regard some particles as
a virus, and virus vaccination may have a beneficial effect
on these particles [14]. Several epidemiological studies
have also demonstrated that vaccine might modify the
adverse effects of pollutants on some disease [14, 15]. In
addition, due to COVID-19, governments have imposed
restrictions on the movement of people, vehicles, and
suspended industrial activities, resulting in a significant
reduction in pollution levels [16]. Accordingly, we postu-
lated that the relationship between environment factors
and HFMD may be different in pre-vaccination, post-vac-
cination or COVID-19 epidemic periods. The evidence
of the positive association between HFMD and environ-
ment factors have been cumulated these years. How-
ever, the relationship between environmental factors and
HFMD after the introduction of vaccine need to further
prove. Therefore, we analyzed the incidence of HFMD
and environmental factors from 2014—2020.

Material and methods

Study area

Chengdu is the capital city of Sichuan, located in the
Sichuan Basin in Southwest China, has a subtropical
monsoon humid climate. The geographical location is
between 102°54 ' — 104°53 ' E and 30°05 ' — 31°26 ' N.

Data sources
We retrieved the daily counts of HFMD cases from the
infectious disease surveillance systems of Chengdu
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Center for Disease Control and Prevention (CDC) from
January 1, 2014 to December 31, 2020. Considering that
the vast majority of HFMD cases involve children, this
study only includes patients below 15 years old, which
account for 99.32% of the total number of cases. The
number of people vaccinated for each dose of EV71 vac-
cine in Chengdu were extracted from the Immuniza-
tion Planning Information Management System at the
Chengdu CDC. And we collected daily data of meteoro-
logical data, including temperature, relative humidity,
wind speed and precipitation and air pollution indica-
tors, namely, PM, ;, PM,,, O;, SO,, CO and NO, from
the publicly accessible China National Weather Data
Sharing System and the Sichuan Environmental Monitor-
ing Center, respectively.

Statistical analyses

According to previous studies [13, 17, 18], we used a
quasi-Poisson regression model combined with dis-
tributed lag nonlinear models (DLNM) to estimate the
effects of meteorological factors and air pollutants on
HFMD incidence accroding to the basis of data distribu-
tion and the relationship between variables.

Yt=a+NS( X; df; lag; df)+NS (Time; df)+XNS
(Xi)+pDOW, ———- [13]

where o is an intercept and Yt refers to the daily counts
of HEMD cases onset on day t; NS reference a natural
cubic spline modeling the nonlinear lagged relationship
between meteorological factors or air pollutants and
HFMD incidence; X is the examined meteorological or
air pollution variables that we want to research; Xi rep-
resents the several other meteorological and air pollution
variables that should be controlled due to their modifying
effect on HFMD incidence [13].

In this model, degrees of freedom (df) was 4 for mean
temperature, relative humidity, wind speed, precipitation,
SO,, PM, 5, PM,,, NO,, CO and O,, as well as lag spaces
with 3 df based on the Akaike information criterion for
quasi-Poisson (Q-AIC); Accordingly, the maximum lag
days were set to 14 according to the incubation period
and previous studies [13, 19]. Time is the indicator vari-
able used to control long-term trends and seasonality;
and DOW stands for day of week. We set df =7 for time
variable because 7 per year has been justified as a bal-
ance between providing adequate control for seasonality
and other confounding by trends in time, while leaving
sufficient information from which to estimate exposure
effects [20]. In this study, the effects of extreme meteoro-
logical factors and air pollutants on HFMD were exam-
ined and presented as relative risk (RR) by comparing 5th
and 95th percentiles with their median values.

Subgroup analysis was conducted by gender(male and
female) and age group (<1ly, 2-3y, 4-5y, 6-14y). The
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criteria for age grouping are based on differences in the
outdoor activities and environmental exposures of the
children belonging to different age groups [13].

Sensitivity analyses were conducted to control the co-
linearity of vaccination and environmental factors by
adding vaccination population to the model.

Result

Summary statistics for HFMD cases, meteorological factors,
and air pollutants

A total of 315,441 HFMD cases were included in our
study, including 182,331 of males and 133,110 of females,
and the male-to-female ratio is 1.37:1. Table 1 presents
the daily average number of HFMD cases was 125 from
January 2014 to December 2020. The peak age of HFMD
is 2-3 years old, the daily average number of cases was
65 and the maximum number was 410. Of the three time
periods (Table.S1, S2, S3), pre-vaccination period had the
highest average incidence of 141 cases per day and the
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maximum number of HFMD cases is up to 784. After
the introduction of the vaccine, an average of 475 peo-
ple were given the first dose every day, and 401 people
received the second dose.

See as Table 2, from 2014 to 2020, the average values
of temperature, relative humidity, wind speed, precipita-
tion, PM, 5, PM,,, O;, NO,, SO, and CO were 18.14 °C,
3.74 m/s, 75.45%, 2.89 mm, 60.27ug/m? 91.92ug/m?,
74.10ug/m3, 51.47ug/m? 10.88ug/m® and 0.89 mg/m?,
respectively. Of the three time periods (Table.S1, S2,
S3), the average relative humidity was the highest in the
period after vaccination, in addition, the average value
of others meteorological factors were the highest in
COVID-19 period.

Time series analysis for HFMD cases, meteorological
factors, and air pollutants

The time-series analysis illustrates the trends in daily
HFMD cases and environmental factors from 2014 to

Table 1 Description of HFMD cases and Vaccination number in Chengdu from 2014 to 2020

Mean +SD Min P25 Median P75 Max
Cases Total 125£112 1 48 104 165 780
Gender female 53147 1 20 44 71 337
male 73£65 1 28 61 96 452
Age <1 33+37 1 13 24 38 291
2-3 65+56 1 26 55 65 410
4-5 24420 1 8 19 35 145
6-14 717 1 2 5 10 49
>15 242 1 1 1 2 14
Year 2014-2016 124+74 8 60 121 174 392
2017-2020 126+135 1 37 94 151 785
2020 74496 1 3 23 104 359
vaccination Dose 1 475427 1 70 415 856 1464
2 4014371 0 58 211 739 12911
Note: SD represent standard deviation, Px represent percentile of the data
Table 2 Description of environmental factors in Chengdu from 2014 to 2020
Variables Mean +SD Min P25 Median P75 Max
temperature (°C) 18.14+7.28 139 11.39 18.89 2444 3233
Wind speed (m/s) 3.744£1.58 0.98 3.00 3.00 4.16 15.02
Relative humidity (%) 7545+11.35 28.11 67.80 75.95 84.15 99.87
Precipitation (mm) 2.89410.59 0 0 0 1.02 18847
PM, o(ug/m?) 60.27 £40.52 3.60 3550 48.09 7293 371.21
PMWO(ug/m3) 91.92+£63.08 8.64 4752 75.20 117.63 55545
O3(ug/m3) 741043930 1.86 42.55 68.50 11112 178.48
NOz(ug/m3) 51.47+£20.75 2.07 3712 49.28 64.44 12649
SOz(ug/m3) 10.88+£9.18 0 546 771 13.56 7642
CO(mg/m3) 0.89+042 0 061 0.81 1.07 2.90

Note: SD represent standard deviation, Px represent percentile of the data
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Fig. 1 Time-series results of HFMD incidence and environmental factors in Chengdu from 2014 to 2020. WS: wind speed; RH:relative humidity
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2020. We observed a significant seasonal variation for
total cases, temperature, precipitation, PM, 5, PM,, and
O, from Fig. 1. Two significant peak was observed during
late spring and early summer (from May to July) and late
autumn and early winter (from October to December)
except 2018 and 2020.

Distributed lag non-linear models
We use the overall picture to visualize the effect for dif-
ferent meteorological and air pollutants variables at

different lag days. All 3-D graph of the relative risk (RR)
compared with their median value.

See as Fig. 2, from 2014-2020, there was a non-linear
association between meteorological factors and HFMD
incidence. The effect of temperature on HFMD reached
its maximum at 32 °C at lag 0 days and the association
between wind speed and HFMD have a different lag
structure. The number of HFMD cases increased with the
increase of relative humidity. The relationship between
precipitation and HFMD was strongest at 70-80 mm,
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Fig. 2 3-D plot of RR along meteorological variables and lags from 2014-2020

then gradually decreased and reached the lowest value at
150 mm. Similarly, we found that the effects of different
air pollutants on HFMD varied with the lag days and pol-
lutant concentrations, as shown in the Fig. 3. In addition,
The 3D plot of the pre-vaccination, post-vaccination and
COVID-19 period showed that the lag structure of envi-
ronmental factors and HFMD in different periods was
different. (see Fig. S1, S2, S3, S4, S5, S6).

Different climatic variables and pollutants exerted var-
ied extreme effects on HFMD. It is worth noting that the
lag structure of the overall analysis results from 2014 to
2020 shows differences from the three periods, as shown
in Table.S4 and Fig.S7, S8, S9, S10.

See as Fig. 4 and Table.S4, from 2014 to 2020, high
relative humidity will significantly increase the risk of
HEMD among the meteorological factors. The relation-
ship between high relative humidity and HFMD was
v-shaped, with a minimum effect between lag 6-8 days
and the cumulative effect was 1.63 (95%CI: 1.39-1.91).

Higher precipitation increased the incidence of HFMD,
but the effect was not statistically significant. The rest of
the studied meteorological factors showed a protective
effect, but this protective effect was only statistically sig-
nificant at low wind speed and relative humidity. See as
Fig. 4, the protective effect of low wind speed on HFMD
decreased gradually with the increase of lag days, in other
words, the protective effect of low wind speed on HFMD
was the largest at lag 0 day. Contrastly, the protective
effect of low relative humidity on HFMD was strongest
at lag 14 days. Among air pollutants, extreme high and
low levels of PM,;, O, SO, and CO will significantly
increase the risk of HFMD. In addition, it can be seen
from Fig. 4 that except for O, the influence of extremely
high concentration of air pollutants on HFMD reached
the maximum at lag 14 days. See as Fig. 4, extremely
high concentration of PM, ; will significantly increase the
incidence of HFMD after lag 6 days, but the cumulative
RR (Table S4) is not statistically significant. In addition,
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Fig. 3 3-D plot of RR along air pollutants and lags from 2014-2020

we also observed that low level of NO, had a protective
effect against HFMD, but this protective effect became
weaker as the lag days increased.

Fig.S7, S8, S9, S10 played the relationship between
extreme environmental variables and HFMD incidence
along lag days in three period. See as Table S4, in pre-
vaccination period, extremely high and low temperature
and low precipitation can significantly increase the risk
of HFMD while low wind speed and relative humidity
and high precipitation played a protective role in HEMD
incidence. In addition, extremely high concentrations
of PM,; PM,, Oz and NO, are significantly associ-
ated with the incidence of HFMD. Low levels of PM,,
and NO, will also significantly increase the incidence of
HFMD while other air pollutants at low concentrations
showed protective effects. In post-vaccination period,
high relative humidity and high concentration of O3, SO,
and CO will increase the risk of HFMD. In COVID-19
period, low temperature and high concentration of PM, .
will increase the incidence of HEMD. Wind speed, PM, .,
PM,;; NO,, O; and CO at low level will significantly
reduce the risk of HFMD.

Subgroup analysis was conducted to examine the
potential effect in terms of gender and age. Consist-
ent with the main analysis, similar associations were
observed in both male and female subgroups (Fig S13).
But difference associations were obvious in different
age groups (Fig. S11, S12). See as Table S5, we found
that the cumulative effect of O; and NO, are greatest
in children aged 0-1 years old at both extremely low
and high concentrations. The effects of low concen-
trations of SO, PM,, and CO on children aged 6-14
were greater than those of other age groups. Low con-
centration of PM, ; only had a significant effect on the
age group of 6-14 years old, and its cumulative RR was
1.82 (95%CI: 1.56-2.13) while the effect of high con-
centration of PM, ; on all age groups was not statisti-
cally significant. Overall, in addition to high relative
humidity and rainfall, the rest of the meteorological
factors have a proctive effect to the risk of HFMD for
all age groups.

The results obtained were similar to those obtained
in sensitivity analyses, which were conducted by adding
vaccination population to the model.
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Fig. 4 Extreme meteronological and air pollutans variables with HFMD incidence from 2014-2020

Discussion

In this study, We applied the distributed lag nonlinear
model (DLNM) to explore the relationship between cli-
mate, air pollution and HFMD incidence in terms of vari-
ables and lag days. The results suggest that high relative
humidity, high precipitation and extremely high and low
levels of PM,,, O,, SO, and CO will increase the risk of
HFMD from 2014 to 2020. And high concentration of
air pollutants has the greatest impact on 0-1-year-old
children.

From 2014 to 2020, we dont find an association
between extremely level of temperature and HFMD. The
relationship between temperature and HFMD before
the introduction of EV71 vaccine has been explored by
many studies and they agreed that temperature changed
the incidence of HFMD by affecting the survival and
transmission of pathogen as well as human activities
and behaviors [21-23]. A study in Guilin [13] found
that an extremely low wind speed exerted certain pro-
tective effect which were consistent with our research.
But study conducted in Hefei indicated that wind speed
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can increase the risk of HFMD while Huang et. al [24]
found no statistically significant association between
wind speed and HFMD. This discrepancy may be attrib-
uted to the possible confounding effects caused by geo-
graphic and socioeconomic distribution. In addition, we
found that high relative humidity increased the incidence
of HEMD, but this effect was not statistically significant.
Numbers of previous studies have found this effect to be
meaningful [25-27]. On the one hand, under the condi-
tion of high relative humidity, HFMD-related pathogens
may be able to thrive depending on humidity, resulting in
longer survival times, and have stronger infectiousness
[28]. On the other hand, high relative humidity can also
limit sweating and then affect the metabolism of children
[27]. The correlation between rainfall and HFMD was
not found in our study which is consistent with a study
in Huainan [29]. It worth noting that precipitation’s val-
ues at most days were zero, which could further cause the
estimation of exposure—response relationship to progress
toward a null value, therefore, different reference values
will lead to changes in the impact of precipitation.

Our study found that almost all air pollutants are asso-
ciated with the risk of HFMD, especially at an extremely
high concentration from 2014—-2020. Study results show
PM,, increased the risk of HFMD while PM, ; is not
associated with the development of HFMD, which was
supported by many studies [13, 19, 30, 31]. The mecha-
nism to explain this relationship between PM,, and
HFMD is that HFMD is mainly spreads through fecal—-
oral transmission or through close contact and exposure
to air pollution makes children more vulnerable to intes-
tinal infections by hand contact. Thus, HEMD viruses
attached to ambient particles may be transported over
long distances under favorable weather condition [12,
13]. Gu et al. [15]. found that both moderate and high
concentrations of ozone increased the risk of HFMD,
and we found that high and low concentration of ozone
increased the risk of HFMD from 2014—2020. However,
Yu et al. [13]. found that high concentration of O; has a
certain protective effect on foot and mouth disease. Thus,
we need more research to explore the real relationship
between them. We find a significant association between
SO, and HFMD from 2014-2020 which supposed by a
study in Hefei found that SO, increases the risk of HFMD
[11, 32]. Although the mechanism of SO, on hand-foot-
mouth disease is not clear, the effect of SO, on respira-
tory disease has been widely demonstrated [33]. Thus,
we consider that SO,, like other particulates, affects the
immunity of children to increase the risk of enterovirus
infection. Our overall analysis suggests that CO increased
the risk of HFMD, but studies on CO and HFMD are lim-
ited. Yan et al. found a positive effect of CO but insignifi-
cant [34]. Although there is no evidence prove that CO
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is related to the incidence of HFMD, the effect of health
is well known. A number of studies demonstrated that
chronic CO exposure appears to impart adverse health
effects, especially with cardiovascular events [33].

We found that the relationship between environmental
factors and HFMD was not consistent before and after
the introduction of the vaccine. The independent effects
of air pollution and influenza vaccination on childhood
HFMD have been extensively investigated, but no study
have investigated potential effect modification by vac-
cination for the relationship between environmental
factors and HFMD. A case-crossover study conducted
in Taiwan, China [14] and Liu et al. [15]. demonstrated
that vaccine might modify the adverse effects of pollut-
ants on some disease. Although the previous studies have
different study designs, participant’ characteristics, vac-
cine types, and health outcomes with our study, they pro-
vide indirect support for our findings that vaccine might
modify the adverse effects of environmental factors on
HFMD. It should be mentioned that we include the num-
ber of vaccinations in the sensitivity analysis to consider
the effect of collinearity between vaccination and envi-
ronmental factors. The results suggest that this effect
has little effect on the results, which further proves the
reliability of our results. Overall, our findings provided
the new evidence on supporting the increase in vaccine
use for HEMD in Chinese children and adolescents who
expose to ambient air pollution.

During the COVID-19 epidemic period, the number
of HEMD cases in Chengdu decreased significantly, and
the impact of environmental factors on the incidence was
not significant. Aside from suspending classes, the gov-
ernment, also took other measures such as closing man-
agement in the community, isolating at home and closing
all kinds of leisure places, which may reduce contact and
airborne diseases [7, 35]. In addition, extremely weather
factors and air pollutants have no significant impact on
HFMD because of the lack of outdoor activities. It is
worth noting that although our results show that there
is a correlation between the incidence of HFMD during
COVID-19 ’s period, due to the broad confidence inter-
val and limited sample size, this findings should be inter-
preted with caution.

In conclusion, our study can only demonstrated that
the relationship between HFMD and environmental fac-
tors after the introduction of vaccine and COVID-19 epi-
demic is different from that before vaccine introduction.
But whether the relationship was altered by the vaccine
and COVID-19 needs to be confirmed by more studies.

The results of stratified analysis showed that Children
aged 0-1 years is more affected by high relative humidity
due to their immune system is not yet well developed. In
addition, the low concentration of air pollutants has the
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greatest impact on the 6-14 age group, while the high
concentration of air pollutants has the greatest impact on
the 0—1 age group. Since the age group is analyzed from
the overall data, the impact of low concentrations of air
pollutants on the 6-14 age group may be attributed to
a lack of vaccine protection and more outdoor activities
to increase the risk of infection. High concentrations of
air pollutants are more likely to attack young children
with immature immune mechanisms, thus increasing the
risk of the disease. As mentioned above, the goverment
should pay more attention to the sensitive group of chil-
dren when making policies.

There are several limitations to this study. First, cases
of negative infection or asymptomatic symptoms may
not be included in passive surveillance data, leading to
an underestimate of the impact. Second, this study is
essentially an ecological study and ecological fallacies are
inevitable.

Conclusion

High relative humidity, high precipitation and
extremely levels of PM,,, O3, SO, and CO will increase
the risk of HFMD from 2014-2020 and this relation-
ship are different among different ages. The relationship
between environmental factors and HFMD after vac-
cine introduction and during the COVID-19 epidemic
was different from that before vaccine introduction.
The results of this study provide a reference for local
authorities to formulate intervention measures and
establish an environment-based disease early warning
system.
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