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Background: Hand, foot, and mouth disease (HFMD) is a febrile rash infection caused by enteroviruses, spreading mainly via the respiratory tract and close contact. In the past two decades, HFMD has been prevalent mainly in Asia, including China and South Korea, causing a huge disease burden and putting the lives and health of children at risk. Therefore, a further study of the factors influencing HFMD incidences has far-reaching implications. In existing studies, the environmental factors affecting such incidences are mainly divided into two categories: meteorological and air. Among these studies, the former are the majority of studies on HFMD. Some scholars have studied both factors at the same, but the number is not large and the findings are quite different.

Methods: We collect monthly cases of HFMD in children, meteorological factors and atmospheric pollution in Urumqi from 2014 to 2020. Trend plots are used to understand the approximate trends between meteorological factors, atmospheric pollution and the number of HFMD cases. The association between meteorological factors, atmospheric pollution and the incidence of HFMD in the Urumqi region of northwest China is then investigated using multiple regression models.

Results: A total of 16,168 cases in children are included in this study. According to trend plots, the incidence of HFMD shows a clear seasonal pattern, with O3 (ug/m3) and temperature (◦C) showing approximately the same trend as the number of HFMD cases, while AQI, PM2.5 (ug/m3), PM10 (ug/m3) and NO2 (ug/m3) all show approximately opposite trends to the number of HFMD cases. Based on multiple regression results, O3 (P = 0.001) and average station pressure (P = 0.037) are significantly and negatively associated with HFMD incidences, while SO2 (P = 0.102), average dew point temperature (P = 0.072), hail (P = 0.077), and thunder (P = 0.14) have weak significant relationships with them.
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INTRODUCTION

Hand, foot, and mouth disease (HFMD) is a febrile rash infection caused by enteroviruses and is mainly spread through the respiratory tract and close contact. Many enteroviruses can cause HFMD, among which enterovirus 71 (ntervius71, EV71) and coxsackievirus group A type 16 (CVA16) infections are the most significant and common (1, 2). Most clinical manifestations of HFMD are mild, but sometimes EV71 infection has a chance of serious complications, including aseptic meningitis and neurological pulmonary edema, which are the main causes of death (1, 3).

In 1957 HFMD was identified in New Zealand, and since then it has caused multiple outbreaks and millions of illnesses globally (4). This indicates that HFMD has gradually become an urgent global public health problem. China is one of the countries with a higher reported morbidity and mortality from HFMD worldwide. In 1981, China first reported HFMD's appearance in Shanghai, and since then, HFMD has been reported in more than 10 provinces, such as Beijing, Hebei, Tianjin, and so on. The Guidelines for Prevention and Control of HFMD (2008 Edition) issued by the National Health Commission of the People's Republic of China showed that an outbreak of HFMD caused by CVA16 occurred in Tianjin in 1983, with more than 7,000 cases during May to October; in 1998, an epidemic of HFMD caused by EV71 infection occurred in Taiwan, with a total of 129,106 cases reported by sentinels surveillance.

Because HFMD is highly contagious and prone to outbreaks or epidemics, China has classified it as a Class C infectious disease for management since May 2, 2008. According to the Pilot Operation Program for Hand, Foot and Mouth Disease Surveillance issued by the National Health Commission of the People's Republic of China, HFMD has ranked in the top 5 in terms of the number of incidences and deaths of legally reported infectious diseases nationwide since 2009, putting many children's lives and health in danger. Although a HFMD vaccine against EV71 was marketed in China in 2016, which significantly reduced the morbidity and mortality of HFMD, the vaccine cannot completely prevent HFMD, and the incidence rate of HFMD still hit 0.5423‰ in 2020. There is still a lack of specific therapeutic drugs for HFMD. Therefore, studying the factors affecting HFMD incidences have significance in reducing its morbidity and mortality through a better understanding of them.

From the summary of the current study, it is known that the factors influencing its incidences are mainly divided into two categories: meteorological factors and air pollutants. Within the literature, meteorological factors make up the majority of studies on HFMD, but the results of meteorological factors in different studies are not identical. Most studies have demonstrated significant relationships among relative humidity, mean temperature, precipitation, and sunshine hours and HFMD incidences (5–7). However, in Lau et al. (8) and Zhao et al. (9), no statistically significant relationship appears between precipitation and such incidences, which is different from the findings of previous studies. This difference can be attributed to local weather conditions, demographic characteristics, and socioeconomic factors. In studies on wind speed, the results all showed an association with HFMD incidences, but there is a big controversy in terms of significance. Unlike scholars as Liao et al. (10) and Tian et al. (11) who considered the effect of wind speed to be significant, Xu et al. (12) and Zheng et al. (13) had the opposite conclusion that these incidences lacked significant correlation with wind speed. In addition, the number of studies involving barometric pressure, dew point temperature, and horizontal visibility is low, and so this present study investigates meteorological factors such as average station pressure, average dew point temperature, hail, and thunder.

It is worth mentioning that although there are fewer articles individually focusing on the influence of atmospheric pollution on HFMD incidences (14–17), the studies have mostly reached the same conclusion. Although different scholars have investigated how atmospheric pollution factors vary, the results obtained are that the atmospheric pollution factors do influence such incidences. Since both atmospheric pollution and meteorological factors may affect HFMD incidences and there may be potential interactions between them (17), it is important to investigate these factors' influence by simultaneously studying the effects of atmospheric pollution and meteorological conditions. Although some scholars have studied both factors at the same, the number is not large, and the findings are quite different. For example, Huang et al. (18) found that HFMD incidences are significantly associated with temperature, but not PM10, while Zhong et al. (19) concluded that both temperature and air quality are associated with HFMD outbreaks and that improving air quality, especially reducing PM2.5 and PM10, could reduce the risk of HFMD outbreaks. The reason for this difference can be blamed for the different geography of the study area, especially the different latitudes, making the interactions between the influencing factors inconsistent, which leads to results that differ in terms of the degree of impact on HFMD incidences.

It is not difficult to find that most existing studies have focused on tropical or coastal areas of the Asia-Pacific region, while fewer studies have been conducted on places with variable and complex environments. For example, Huang et al. (20) conducted their survey on Ningbo, one of China's landlocked regions. The northwestern part of China is located in the hinterland of the Asia-Europe continent, is deep inland, and has scarce precipitation throughout the year and a continental climate. The terrain is undulating and topographically complex. Therefore, this paper takes Urumqi in northwest China as the study area.

Based on the daily data of meteorological factors such as average station pressure, average dew point temperature, hail, and thunder, and daily data of atmospheric pollution such as O3 and SO2 in Urumqi from 2014 to 2020, this paper uses multiple regression models to investigate the factors influencing the incidences of HFMD over these 7 years. It analyzes the effects of atmospheric pollution and climatic factors on such incidences in northwestern China simultaneously for the very time, offering important implications for reducing them in western China, as well as for other regions with similar natural and social environments, such as the central region of the United States and Afghanistan. Besides meteorological factors and atmospheric pollutants, experts such as Gao et al. (21), Liu et al. (22), and Sun et al. (23) have also started to gradually focus on the influence of socioeconomic factors on HFMD in recent years, providing ideas for further development of our study.



DATA AND METHODS


Study Area

Located in northwest China, Urumqi is the farthest city in the world from any ocean and is home to a large number of ethnic minorities. Urumqi has a total area of 13,800 square kilometers and a resident population of 4.05 million (in 2020)1. Urumqi has a moderate temperate continental arid climate with abundant sunshine and scarce precipitation. The annual sunshine duration is 2,719.4 h, and the annual average precipitation is 194.3 mm. Urumqi has a large temperature difference between day and night. The hottest month is July and August, with an average temperature of 25.7◦C; the coldest month is January, with an average temperature of −15.2◦C. The northwest wind blows all year round, with an average annual temperature of 8.7◦C and an average annual relative humidity of 51%. Figure 1 shows the geographical location of Urumqi.
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FIGURE 1. Geographical location of Urumqi City, China.




Data Source

Most patients with HFMD have mild symptoms, mainly fever, oral herpes or ulcers, and rashes on the palms and soles of the feet. However, a small number of patients may exhibit severe manifestations such as aseptic meningitis, brainstem encephalitis, encephalomyelitis, acute flaccid paralysis, neurogenic pulmonary hemorrhage or pulmonary edema, and cardiopulmonary failure. HFMD was included in the management of category C infectious diseases in China in 2008. All suspected or confirmed HFMD cases should be reported to the system by medical institutions, mainly hospitals, within 24 h, and all reported data are reviewed by professionals to ensure their accuracy and reliability. The data are obtained from the China Information System for Disease Control and Prevention, 2014–2020 HFMD information in the Urumqi region.



Atmospheric Pollution and Meteorological Data

Data on meteorological factors of Urumqi from 2014 to 2020 (including temperature, barometric pressure, relative humidity, wind speed, horizontal visibility, etc.) are obtained from the UK Meteorology Office weather website (https://rp5.ru/Weather_in_the_world). The data of ambient air quality index (AQI), sulfur dioxide (SO2), nitrogen dioxide (NO2), ground-level ozone (O3), particulate matter (PM) with an aerodynamic diameter ≤ 10 μ (PM10), PM with an aerodynamic diameter ≤ 2.5 μ (PM2.5), and carbon monoxide (CO) from 2014 to 2020 are obtained from the General Station of China Environmental Monitoring Station, and these data are available through the national real-time air quality release platform (http://www.cnemc.cn/) and the China Air Quality Online Monitoring and Analysis Platform (https://www.aqistudy.cn/historydata/). For meteorological factors, atmospheric temperature, mean meteorological station horizontal pressure, mean sea level pressure, relative humidity, and dew point temperature are observed at a height of 2 m above ground level, and wind speed is the average wind speed at a height of 10–12 m above ground level during the 10 min before the observation. Horizontal visibility is influenced by solid and liquid particles in the air and is an important indicator of the quality of the atmospheric environment. Horizontal visibility in this study is measured by transmission and scattering visibility instruments.




RESULTS

In the present study, the total number of children aged 0–15 years with HFMD reached 16,168. Table 1 summarizes the basic information about the number of HFMD cases, atmospheric pollution, and meteorological factors. The monthly average values of the number of HFMD cases in Urumqi are 193 (range: 1–1,331). The monthly average values of atmospheric pollution factors such as AQI, PM2.5, PM10, NO2, and O3 are 102.1 (range: 56.0–277.2), 62.5 ug/m3 (range: 13.3–237.8 ug/m3), 117.3 ug/m3 (range: 30.5–318.9 ug/m3), 46.5 ug/m3 (range: 11.4–89.1ug/m3), and 49.0 ug/m3 (range: 7.6–117.0 ug/m3), respectively. In addition, the monthly average values of meteorological factors such as temperature and relative humidity are 8.3◦C (range: −16.4 to 26.8◦C) and 55.7% (range: 28.8–84.9%), respectively.


Table 1. Description of HFMD cases and meteorological and atmospheric pollution factors in Urumqi from 2014 to 2020.

[image: Table 1]


Trend Analysis of the Number of HFMD Cases and Meteorological Elements in Urumqi

This study compares the monthly HFMD cases from 2014 to 2020 with high temperature (◦C), low temperature (◦C), temperature (◦C), relative humidity (%), dew point temperature (◦C), horizontal visibility (km), average wind velocity (m/s), mean sea level pressure (mmHg), and horizontal pressure of weather station (mmHg) for plotting and trend analysis. The analysis shows that the trend in the number of HFMD cases is not significantly associated with horizontal visibility (km), average wind velocity (m/s), mean sea level pressure (mmHg), and horizontal pressure of weather station (mmHg) (not shown in this paper due to space limitation). The trends of high temperature (◦C), low temperature (◦C), dew point temperature (◦C), and temperature (◦C) are approximately the same. Thus, we select the representative trend of temperature (◦C) for specific elaboration. Figures 2, 3 shows the trends in the number of HFMD cases with temperature (◦C) and relative humidity (%) respectively.


[image: Figure 2]
FIGURE 2. Trends in the number of HFMD cases and temperature (◦C).



[image: Figure 3]
FIGURE 3. Trends in the number of HFMD cases and relative humidity (%).


The incidences of HFMD from 2014 to 2018 show a clear seasonal pattern, generally with important peaks in June and July and another small (albeit less pronounced) seasonal peak in November and December each year. July 2019 was a small seasonal peak in the incidence situation, while November saw another important peak, but not quite in line with the previous 5 years. The peak number of HFMD cases from 2014 to 2016 kept rising, and the number of HFMD cases in 2017 was remarkably lower than in other years. Additionally, the number of HFMD cases plummeted after January 2020, staying below 15 cases per month. The trend of temperature (◦C) is roughly the same as the trend in the number of HFMD cases. The highest temperature month of the year correlates to the high incidences of HFMD, and when the temperature gradually increases, the number of HFMD cases also gradually increases. Accordingly, the number of HFMD cases shows the tendency of decreases as the temperature grows. The trend of relative humidity (%) is the opposite to the trend of the number of HFMD cases. When relative humidity (%) is low, the number of HFMD cases is higher, and accordingly, when relative humidity (%) is high, the number of HFMD cases is lower.



Trend Analysis in the Number of HFMD Cases and Atmospheric Pollution Elements in Urumqi

For the trend analysis of HFMD and atmospheric pollution, we use the same method as meteorological elements to make a plot of the number of HFMD cases per month from 2014 to 2020 with the trend of AQI, PM2.5 (ug/m3), PM10 (ug/m3), SO2 (ug/m3), NO2 (ug/m3), O3 (ug/m3), and CO (mg/m3). The trends of AQI, PM2.5 (ug/m3), and PM10 (ug/m3) tend to be consistent and are all approximately opposite to the trend of the number of HFMD cases. When the concentrations of AQI, PM2.5 (ug/m3), and PM10 (ug/m3) are in a relatively stable stage, the number of HFMD cases is in a rapid increase and rapid decrease stage; while when the atmospheric pollution in Urumqi is more severe and the suspended particulate matter in the air reaches higher concentrations, the number of HFMD cases gradually decreases (Figures 4–6).


[image: Figure 4]
FIGURE 4. Trends in the number of HFMD cases and AQI.
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FIGURE 5. Trends in the number of HFMD cases and PM2.5 (ug/m3).
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FIGURE 6. Trends in the number of HFMD cases and PM10 (ug/m3).


Figure 7 shows that the trend of NO2 (ug/m3) concentration from 2014 to 2020 is roughly opposite to the trend of the number of HFMD cases, with the number of HFMD cases experiencing a peak when the concentration of NO2 (ug/m3) is relatively low and correspondingly fewer HFMD cases when the concentration of NO2 (ug/m3) is high. In contrast, the trend in the concentration of O3 (ug/m3) tends to coincide with the trend in the number of HFMD cases (Figure 8). As we can see, the trends of CO (mg/m3) concentration and SO2 (ug/m3) concentration do not correlate significantly with the trends of the number of HFMD cases, and so the trend change graphs of CO (mg/m3) and SO2(ug/m3) are not shown in this paper.
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FIGURE 7. Trends in the number of HFMD cases and NO2 (ug/m3).
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FIGURE 8. Trends in the number of HFMD cases and O3 (ug/m3).




Statistical Analysis (Regression Model for Effects of Factors on HFMD Incidences)

This study fits multiple regression models for continuous variables such as AQI, PM2.5, PM10, atmospheric temperature, and barometric pressure, in order to verify whether they work or not.

In this paper, we use the number of HFMD cases as the dependent variable and meteorological elements and atmospheric pollution elements as independent variables to build a multiple regression model with parameter estimation. However, the parameters of some of the factors were not significant, so we further conducted a multicollinearity test, we identify collinearity among factors by using variance inflation factors (VIF) and then remove individual factors that have VIF values higher than the threshold value of 10.

Finally, we optimize the model using stepwise regression, which shows that O3 and average station pressure are associated with the number of HFMD cases (p < 0.05). The regression equation is Y = 3,8025.152–4.81X1-39.429X2 (Y: Cases, X1: O3, X2: Average station pressure) (Table 2).


Table 2. Multivariate meta-regression analysis.
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Table 2 shows the results of multivariate meta-regression analysis after removing individual factors that have VIF values higher than the threshold value of 10. The results present that O3 and average station pressure are remarkably and negatively associated with HFMD incidences. However, SO2, average dew point temperature, hail, and thunder do not significantly correlate with such incidences.




DISCUSSION

The effects of atmospheric pollutants and meteorological factors on human health are of great concern. Extreme weather and various atmospheric pollutants may contribute to the onset of measles (24), influenza (25–27), tuberculosis (28), COVID-19 (29, 30), and HFMD (8, 31) among other infectious diseases. HFMD has caused multiple outbreaks and millions of illnesses globally and is emerging as a pressing global public health issue (4), resulting in a significant disease burden. China is one of the countries with higher reported morbidity and mortality of HFMD worldwide. Therefore, this study uses a fitted multiple regression model and also discusses the relationship between HFMD incidences, meteorological factors, and atmospheric pollution. Understanding whether atmospheric pollution and climatic conditions affect HFMD incidences can provide a basis for the Xinjiang government to develop relevant preventive measures.

Figure 2 illustrates a rising peak in the number of HFMD cases from 2014 to 2016, which drew the attention of the relevant authorities. Thus, in February 2017 the Health Care Institute for Primary and Secondary Schools in Urumqi issued “Preventive Measures for Hand, Foot, and Mouth Disease,” which put forward seven specific requirements for how to prevent HFMD among school students in Xinjiang. In that same February, Xinjiang launched a second round of free health checkups for the whole population with increased efforts. The above two factors may have contributed to the significantly lower number of HFMD cases in 2017 than in other years. The outbreak of the COVID-19 epidemic in China in early 2020, Xinjiang's rapid activation of the Level 1 response to major public health emergencies, universal home isolation, reduced exposure, and good hygiene habits, which to some extent reduced the spread of HFMD, may have contributed to a sudden drop in the number of HFMD cases in post-January 2020.

In our study Table 2 shows that average station pressure is significantly and negatively associated with HFM incidences. HFMD is an envelope-free virus that tends to be more sensitive to changes in the environment when it survives in aerosols. When the air pressure is lower, water get diffused faster, and then the aerosol evaporates off much easier. The principle is shown below, whereby lower air pressure ensures less damage to viruses dispersed on aerosol surfaces. Surface tension shear stress and hydrophobicity can cause conformational rearrangement, which provide reasons to relatively high concentration of viruses in aerosols and increased risk of infection among people (32).

Our findings run contrary to Li et al. (33) in Guangzhou, probably due to the difference in altitude between Urumqi and Guangzhou. High-pressure provinces are positively associated with HFMD, and low-pressure provinces are negatively associated with HFMD (23). The city of Urumqi has an undulating topography with an average elevation of 800 m above sea level, high overall topography, and low average station pressure, while Guangzhou is located on the southeast coast of China with an average elevation of 11 m above sea level, low elevation, and high average station pressure. Zhao et al. (9) negated the association between barometric pressure and HFMD in a study of Huainan, Anhui, China, using a distributed lag non-linear model (DLMN), possibly due to severe covariance between weather variables and lagged effects.

Our study finds a significant negative correlation between O3 concentration and the incidences of HFMD, which may be due to the inhibitory effect of O3 on HFMD viruses. Indeed, O3 is a powerful airway irritant that inhibits viruses and bacteria via three mechanisms. First, ozone oxidizes the enzymes needed for glucose degradation in bacteria, which prevents the TCA cycle from taking place and thus prevents the supply of ATP needed for cellular life, causing inactivation and death of bacteria. Second, ozone acts directly with bacteria and viruses, destroying their organelles and DNA and RNA, so that the metabolism of bacteria is damaged, leading to the death of bacteria. Third, ozone penetrates through the cell membrane tissue and invades into the cell, acting on the lipoproteins of the outer membrane and the internal lipopolysaccharide, causing the bacteria to undergo permeability distortion and lysis death. Our results are consistent with the findings of Yan et al. (34), but they further stated that the limited protective effect of ozone on infants may be due to the limited daily activities of infants resulting in their less protection by ozone. In a study of Ningbo, China, Gu et al. (14) found that ozone concentrations are highest in summer and lower in winter, and that ozone concentrations are associated with an increased risk of HFMD, contrary to our findings, with possible explanations being that O3 concentrations in Ningbo are different from those in Urumqi or that other atmospheric pollutants may interact with O3.

In our study the relationship between SO2 and the incidences of HFMD is not significant, which is different from the studies of Wei et al. (15), Gu et al. (14), and Yang et al. (16). The reason for the inconsistency of our results with theirs may be the differences in regions, socioeconomic conditions, and so on.



ADVANTAGES AND LIMITATIONS

There are three major advantages of our study as follows. First, our study collected and analyzed data for a total of 7 years from 2014 to 2020, which improves the stability of the model. Second, as far as we know, this study is the first to jointly analyze the impact of atmospheric pollution and climatic factors on HFMD incidences in northwest China and provides lessons for countries and regions in the world with the same natural conditions and the same socioeconomic conditions. Finally, this paper presents significant evidence of long-term exposure to O3 and air pressure, which will play a very important role in follow-up studies in countries with less current research.

We have to admit that our study has a few limitations. First, not all HFMD cases are included. For example, some patients chose not to seek medical attention, because their symptoms were not obvious, and thus these cases were overlooked, leading to an underestimation in the number of HFMD cases. Second, we only considered the association between a single pollutant or a single meteorological factor and the incidences of HFMD and did not consider the mixed association of multiple pollutants and multiple meteorological factors on such incidence. Third, our study did not consider other variables such as season, socio-economic status, age, gender, etc., but only meteorological factors and atmospheric pollution, which may lead to some bias in the results. Fourth, our study is essentially ecological and can only assess the association between atmospheric pollution and meteorological factors and the incidences of HFMD, but not the specific pathways and mechanisms of HFMD from a pathological perspective. Further research is therefore needed to investigate the specific pathogenesis and mechanisms.



CONCLUSION

In the last 20 years, HFMD has been prevalent mainly in the Asian region including China and South Korea and still poses a huge disease burden, so we investigate the association between meteorological factors and atmospheric pollution and HFMD incidences.

In this paper, we include a total of 16,168 cases in children in Urumqi from 2014 to 2020. The trend plots shows a clear seasonal pattern of HFMD cases, with O3 (ug/m3) and temperature (◦C) showing approximately the same trend as the number of HFMD cases, while AQI, PM2.5 (ug/m3), PM10 (ug/m3) and NO2 (ug/m3) all show approximately opposite trends to the number of HFMD cases. Based on multiple regression results, O3 (P = 0.001) and average station pressure (P = 0.037) are significantly and negatively associated with HFMD incidences, while SO2 (P = 0.102), average dew point temperature (P = 0.072), hail (P = 0.077), and thunder (P = 0.14) have weak significant relationships with them. It demonstrates that meteorological factors and atmospheric pollution have an influential role in HFMD incidence, although the degrees of influence of different meteorological and environmental factors are not the same.

To this end, we make the following recommendations: the government and relevant authorities should pay attention to the impact of O3 and average station pressure on HFMD and remind the public to prepare in advance during the high HFMD season. In addition, the obvious seasonal high incidence difference of HFMD in Urumqi suggests that in the future HFMD prevention and control work in China, the epidemic warning of HFMD can be made in advance according to the meteorological data provided by meteorological departments in different regions, and the disease prevention work can be done well before the peak of HFMD epidemic. Timely inform nurseries, schools, medical institutions and other places where personnel are relatively concentrated to do a good job of elimination of the corresponding place, the implementation of infectious disease prevention and control measures. At the same time, due to the complex pathogenesis of HFMD, the prevention and control of HFMD should also take into account the characteristics of population flow, economic development, health education popularization and incidence treatment and other related factors, and finally get a comprehensive, accurate and timely risk assessment of HFMD. This study has important implications for reducing the incidences of HFMD in western China, as well as for the government's epidemic prediction and establishment of HFMD prevention systems to bring greater social benefits into play.
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