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Objectives: At present, most studies have focused on the effects of temperature or humidity on children’s health, while relatively few have explored the combined effects of temperature and humidity on children’s health. We aimed to examine the impact of humidex, a comprehensive temperature and humidity index, on the outpatient department of respiratory diseases in children.Methods: Daily outpatient visits for pediatric respiratory disorders, meteorological conditions, and air pollution in Shijiazhuang were recorded. From 2014 to 2022, we evaluated the impact of humidex on outpatient visits for respiratory disorders in children using a distributed lag non-linear model (DLNM). The model controlled air pollution (PM2.5, NO2, and SO2) and wind velocity, as well as day of week, seasonality, and long-term trend. In addition, stratified analysis was performed according to different genders, ages, and disease types.Results: Humidex and the outpatient exposure-response curve of children’s respiratory diseases showed a “V” type. The cumulative relative risks (CRR) of extremely high and low humidex were 1.124 (95% confidence interval [CI] = 1.030–1.228) and 1.344 (95% CI = 1.136–1.590), respectively. The burden of respiratory diseases in children attributed to non-optimal humidex was 13.96% (95% empirical CI[eCI] = 7.81–19.33%), most of which was attributed to low humidex, with an AF of 12.54% (95% eCI = 5.94–18.32%), and only 1.42% (95% eCI = 0.19–2.48%) was due to high humidex.Conclusion: Low humidex exposure significantly increased the risk of respiratory illnesses in children, and children aged 7–14 were more susceptible to low humidex.Keywords: humidex, respiratory disease, child, time series analysis, DLNM
INTRODUCTION
Climate change refers to long-term shifts in temperatures and weather patterns. Natural causes may cause these changes, but since the 19th century, human activities have been the main driver of climate change characterized by global warming [1]. Respiratory system disease is a common and frequent disease. Its pathogenic factors are complex and diverse, and it is difficult to prevent and control, which seriously affects people’s health and life safety [2]. In 2019, respiratory diseases had become the third leading cause of death worldwide, accounting for 4 million global deaths [3]. Studies indicated that the atmospheric environment, including external meteorological changes, directly impacted respiratory diseases, especially temperature [4–6]. A study based on 272 major cities in China showed that 10.57% of respiratory deaths can be attributed to non-optimal (cold and hot) temperatures [7]. Therefore, to effectively prevent respiratory diseases and reduce the burden of diseases caused by them, it is essential to clarify the impact of environmental risk factors such as temperature on respiratory diseases. In addition, there are significant differences in the susceptibility of different populations to temperature [8]. Children seem more susceptible to temperature changes than adults due to the continuous development of their respiratory and immune systems [4, 9].
Although many studies have explored the relationship between ambient temperature and respiratory diseases in children, the results of existing studies are inconsistent [10–13]. This may be due to the heterogeneity of studies in different regions and the different confounding factors (such as air pollutants and meteorological factors) included in the study, resulting in a large difference in the results. In addition, humidity is also closely related to the occurrence and development of respiratory diseases [14]. Low humidity is positively correlated with the incidence of respiratory diseases in children [11]. The bulk of current studies examine just the single effects of temperature or humidity after correcting for confounding variables. However, there may be potential interactions between temperature and humidity [15–17], and the combined impacts of meteorological elements may alter the effects of a single factor. Furthermore, due to the influence of topography, altitude, and climate, the humidity in different regions is quite different [18], and humidity significantly impacts the temperature perceived by humans. Even if the ambient temperature is similar and the humidity is different, it will lead to different somatosensory temperatures [19]. Therefore, using only ambient temperature as a representative indicator to predict the impact of weather on human health may ignore the role of humidity. We urgently need a comprehensive indicator representing temperature and humidity to indicate the health risks caused by weather changes.
Humidex was initially proposed by the Canadian Meteorological Agency. It integrates the impacts of temperature and humidity, allowing for a more accurate evaluation of the relationship between temperature, humidity, and human health [20]. Humidex was used to evaluate the impact of temperature and humidity on childhood illnesses [14, 21, 22].
Based on the aforementioned concerns, we conducted this study with three primary goals: First, we will investigate the effect of humidex on outpatient visits for respiratory disorders in children. Second, we will identify vulnerable populations and sensitive diseases through stratified analysis. Furthermore, we want to know whether the comprehensive measure, humidex, is more suitable as a predictor than the daily average temperature.
METHODS
Study Area
Shijiazhuang is the capital of Hebei Province, located in North China (38°04′N, 114°29′E). Shijiazhuang has a typical temperate continental monsoon climate with four distinct seasons, with most rain falling in the summer and autumn. During the investigation, temperatures in Shijiazhuang ranged from −10.2°C–34.7°C. This study’s outpatient, meteorological, and air pollution data come from the same place.
Data Collection
The study acquired daily outpatient visit data from Hebei Children’s Hospital between 1 January 2014, and 31 December 2022. Outpatient data are short-term effect outcome indicators. Compared with hospitalization and death indicators, it is more sensitive to reflecting the acute impact of environmental risk factors on respiratory diseases and timely feedback on health information [23]. Hebei Children’s Hospital is a tertiary general hospital with a central location and easy access to transportation. It serves as the region’s medical service center and the largest hospital for pediatric admissions in Shijiazhuang. In particular, the Department of Respiratory Medicine, as the provincial medical key discipline of the hospital, is highly skilled in treating children’s respiratory diseases. The annual outpatient volume for respiratory disorders surpasses 200,000 people, and the daily outpatient reception capacity has yet to approach saturation. As a result, the hospital is well represented and can properly reflect the incidence of common respiratory disorders in children in Shijiazhuang.
We excluded patients with non-Shijiazhuang household registration, age over 14 years old, and non-Shijiazhuang urban resident addresses when collecting data. Outpatient visit causes were classified using the International Statistical Classification of Diseases, 10th revision (ICD-10), which included respiratory disease causes (RESP, codes J00-J99 and R04-R9.3), acute upper respiratory infections (AURIs, codes J00-J06), influenza and pneumonia (FLU&PN, codes J09-J18), and acute lower respiratory infections (ALRIs, codes J20-J22). We divided outpatient visits by gender and age group (0–6 and 7–14 years).
Meteorological data were obtained from the Shijiazhuang Meteorological Bureau, including daily average temperature, daily average relative humidity, and mean wind velocity. The Shijiazhuang Environmental Monitoring Center provided daily data on air pollution, including 24-hour mean fine particulate matter (PM2.5), particulate matter with particle size below 10 microns (PM10), nitrogen dioxide (NO2), sulfur dioxide (SO2), and maximum eight-hour mean concentration of ozone (O3) concentrations.
Humidex, proposed by Canadian meteorologists Richardson and Masterton, is an index that combines the effects of temperature and humidity; it can better characterize the actual temperature that humans feel [20]. Humidex is dimensionless but can be expressed as a drying temperature of °C. For example, when the temperature is 30°C, and the calculated humidex is 40, indicating that the feeling at this time is similar to the drying temperature of 40°C. Meanwhile, humidex increases with temperature and humidity. The daily humidex calculation method in Shijiazhuang is based on the strategy offered by CSGNetwork (http://www.csgnetwork.com/) in California, which is as follows (Formula 1):
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Where T is the daily average temperature (°C); RH is the daily average relative humidity (%).
Data Quality Control
The integrity, validity, and accuracy of the data were all constrained by quality control. We identified and deleted duplicate data on key factors, such as date of birth, permanent address, date of visit, and reason of visit. We also checked whether the ICD code was correct according to the reason for the visit and corrected it to ensure the correct diagnosis classification. The meteorological data came from a stable and reliable monitoring system without omission. The overall percentage of missing data for air pollutants was less than 1.5%, and missing values were interpolated using the average of three adjacent values.
COVID-19 Lockdown Classification
Data were collected from 1 January 2014 to 31 December 2022. Given the impact of the COVID-19 epidemic in 2020–2022, which may raise or reduce daily hospital outpatient volume, it is treated as a confounding factor. According to the epidemic risk level and control measures of Shijiazhuang, we have determined six lockdown periods: 1 January 2020–31 March 2020, 3 January 2021–21 February 2021, 23 October 2021–13 November 2021, 25 August 2022–10 September 2022, 13 September 2022–5 October 2022, and 27 October 2022–1 December 2022.
Statistical Analysis
We used a distributed lag nonlinear model (DLNM) to investigate the relationship between humidex and cause-specific outpatient visits for respiratory illnesses in children. Meanwhile, spearman’s correlation coefficient was used to examine the relationship between humidex and meteorological parameters, as well as between humidex and air pollutants. To avoid multicollinearity, we included components with correlation analysis results in rs ≤0.7 in the model [24]. We used natural cubic regression smoothing to account for seasonality, long-term trends, meteorological factors, and air pollution. Our calculations minimized the Akaike’s Information Criterion (AIC) [25] value of DLNM by allowing 8 degrees of freedom (df) per year for long-term trends, 3 df for meteorological parameters, and 3 df for air pollution. Finally, we obtained the fundamental model shown as follows (Formula 2):
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Where t is the day of observation; μt is the daily number of children with respiratory diseases on day t; β is the matrix coefficient; Humidext,l is the cross basis in DLNM; ns is the natural cubic spline function in R; time represents the long-term trend of time; wind represents mean wind velocity; pollutants represent different air pollutants, including, PM2.5, NO2, SO2; DOW is a dummy variable for weeks; nCov is a binary variable, indicating the impact of COVID-19; α is the intercept of the model. In addition, we set the longest lag days to 21 days.
In this study, the reference value of humidex is related to the minimum risk of childhood respiratory illnesses (MRH). With MRH (value is 27) as the cut-off value, we divided humidex into two levels: low and high. We defined the 5th (value is −2) and 95th (value is 38) percentiles of humidex as extremely low and high humidex and utilized relative risk (RR) and 95% confidence interval (CI) to evaluate the influence of humidex on respiratory diseases in children. Furthermore, we conducted stratified analysis according to gender, age, and disease type, and used the Z test (Supplementary Formula S1) to compare differences between groups.
To prove whether humidex or temperature was a better indication of public health intervention, we calculated the daily average temperature using the same criteria as humidex. We additionally accounted for the influence of daily average relative humidity in the model, and the model formula was as follows (Formula 3):
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Where Temp is the daily average temperature; RH is the average daily relative humidity; Temp × RH is the interaction term of daily average temperature and daily average relative humidity; others are the same as Formula 2.
Then, using a backward perspective within the DLNM framework, we estimated the attributable fraction (AF) and attributable number (AN) of outpatient visits for respiratory diseases in children exposed to humidex, taking into account risk at dayt as the prior period’s (t-l0, ……, t-L) cumulative exposure effects. Monte-Carlo simulations were used to calculate the 95% empirical confidence intervals (eCI) of the attributable fraction and number, assuming a multivariate normal distribution of the best linear unbiased predictions of the deduced coefficients [26, 27]. The humidex was further divided into low and high humidex by using MRH. In addition, we analyzed the attribution burden in subgroups divided by age, gender, and disease type using the above model. The calculation formulas were as follows (Formulas 4 and 5):
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Where [image: image] and [image: image] are the attributable fraction and number of cases at dayt, respectively; βx is the relative risks at dayt; L is the maximum lag days; l0 is the minimum lag days; [image: image] is the number of children with respiratory diseases on dayt.
Sensitivity Analysis
To assess the robustness of our model, sensitivity tests were performed: 1) the df of time was modified to df = 8–9; 2) the df of wind was changed to df = 3–5. Relevant results can be found in Supplementary Material (Supplementary Table S1). Statistical studies were conducted using R Statistical Software (version 4.3.2; The Free Software Foundation’s GNU Public License, Vienna, Austria). We performed two-tailed tests, and P < 0.05 was considered statistically significant.
RESULTS
Descriptive Statistics
Table 1 describes the daily outpatient information on children’s respiratory diseases from 1 January 2014 to 31 December 2022. We collected 2,029,361 cases. Among them, 1,192,224 boys were treated for respiratory diseases, accounting for 58.7% of the total outpatients. Children aged 0–6 years had the largest number of visits for respiratory diseases, with 1,753,562 cases. In the subgroup of disease type, the highest group was AURIs with 732,793 cases, followed by ALRIs with 311,116 cases, and the smallest group was FLU&PN.
TABLE 1 | Basic situation of outpatient volume of respiratory diseases in children (Shijiazhuang, China, 2014–2022).
[image: Table 1]Table 2 presents the descriptive data of humidex, meteorological factors, and air pollutants. Humidex ranged from −10.2 to 45.0. The number of extremely low humidex (<−2) days was 163 days, 4.9% of the total number of days; the extremely high humidex (>38) was 136 days, 4.1% of the total days. Moreover, the daily average mean temperature, relative humidity, and wind speed were 15.8°C, 56.0%, and 1.8 m/s, respectively. During the study period, the daily average concentrations of PM10, O3, PM2.5, NO2, and SO2 were 109, 87, 54, 41, and 16 μg/m3, respectively.
TABLE 2 | Description summary of humidex, meteorological factors, and air pollutants (Shijiazhuang, China, 2014–2022).
[image: Table 2]Supplementary Figure S1 presented the time-series distribution of outpatient visits for children’s respiratory diseases, humidex, temperature, and humidity from 2014 to 2022 in Shijiazhuang. The total number of daily outpatient visits for children’s respiratory diseases, humidex, and temperature had seasonal trends. Among them, the temperature exhibited the same pattern as the humidex, which was reduced in winter and more elevated during the summer.
To avoid co-linearity in the model, we used spearman’s approach to examine the correlation between humidex and meteorological indicators or air pollutants (Table 3). According to the results of correlation analysis, the possible confounding factors were identified, which were wind speed (rs = 0.14, P < 0.01), PM2.5 (rs = −0.36, P < 0.01), NO2 (rs = −0.46, P < 0.01), SO2 (rs = −0.34, P < 0.01). Furthermore, humidex was determined using the daily average temperature and daily average relative humidity. As a result, the regression model did not account for the daily average temperature or relative humidity levels.
TABLE 3 | Spearman’s correlation coefficients of humidex, meteorological parameters, and air contaminants (Shijiazhuang, China, 2014–2022).
[image: Table 3]Relationship Between Humidex and Outpatient Visits for Pediatric Respiratory Diseases
Figure 1 depicted the exposure-response relationship between humidex and the outpatient department of children’s respiratory disorders in Shijiazhuang, with humidex and the outpatient department forming an approximate “V” shape. Both high and low humidex had a significant influence when compared to MRH.
[image: Figure 1]FIGURE 1 | The exposure-response relationship between humidex change and children’s respiratory diseases and their subtypes (Shijiazhuang, China, 2014–2022). Notes: RESP, respiratory diseases; AURIs, acute upper respiratory infections; ALRIs, acute lower respiratory infections; FLU&PN, influenza and pneumonia.
Supplementary Figure S2 displayed the exposure lag response of outpatient visits for respiratory diseases in children with extreme humidex on different lag days. The lagged impact of extremely high humidex on children’s respiratory disease clinics appeared on the first day (RR = 1.012, 95% CI = 1.002–1.022) after exposure and continued until the 8th day (RR = 1.007, 95% CI = 1.000–1.013). However, the lag effect of extremely low humidex occurred from lag 8 to lag 20, with a peak at a lag of about 15 (RR = 1.046, 95% CI = 1.033–1.058). The lag diagram of the impact of extremely high and low humidex on children’s acute upper respiratory infections, acute lower respiratory infections, and influenza and pneumonia outpatient visits in different lag days can be found in Supplementary Figure S2.
Table 4 showed the cumulative relative risk (CRR) of the effects of different extreme humidex on children’s respiratory diseases. We found that both extremely low and high humidex were associated with an increased risk of respiratory diseases in children, with CRR values of 1.344 (95% CI = 1.136–1.590) and 1.124 (95% CI = 1.030–1.228), respectively. There was no significant difference between gender groups. When the humidex was very low, the risk of children aged 7–14 years was significant, with a CRR of 2.148 (95%CI = 1.523–3.030); both extremely low and high humidex were associated with an increased risk of children aged 0–6 years, but they were less affected by extremely low humidex than children aged 7–14 years. In addition, ALRIs were only sensitive to extremely low humidex, with a CRR of 1.342 (95%CI = 1.031–1.748).
TABLE 4 | The cumulative relative risk of the impact of extreme humidex on outpatient visits of children in different subgroups with lag of 0–21 days (Shijiazhuang, China, 2014–2022).
[image: Table 4]Table 5 showed the attributable fractions related to humidex for different subgroups. A total of 13.96% of RESP outpatients were attributed to humidex. Most of the outpatient burden of RESP could be attributed to low humidex, and the corresponding AF was 12.54% (95% eCI = 5.94–18.32%). The composition of attribution burden in different subgroups was consistent with RESP, and the burden of treatment attributed to low humidex was greater.
TABLE 5 | Attribution fractions of the impact of the humidex on children’s respiratory diseases (Shijiazhuang, China, 2014–2022).
[image: Table 5]DISCUSSION
Our findings showed that humidex, particularly low humidex, increased the outpatient rate of children’s respiratory diseases in Shijiazhuang. A study in Fuzhou identified a substantial relationship between low temperature, low humidity, and children’s respiratory disease clinics, which is consistent with our findings [11]. In subgroup analysis, our findings revealed that children aged 7–14 were more susceptible to low humidex.
Humidex considered temperature and humidity, which could better understand the human body’s response to climate. Previous research has demonstrated that humidity has a moderating impact on temperature [28]. Furthermore, research has looked into the association between humidex and disease outcomes. For example, a study based on numerous cities in Southwest China found that humidex also significantly increased cardiovascular disease mortality [29]. Another time series study conducted in Hefei was similar to our findings, revealing that low humidex was related to an increased incidence of pediatric asthma [14]. Children are still growing and developing, so their immune systems and physiological organs are not fully formed. Therefore, they are vulnerable to external environmental factors [14, 21]. In addition, low temperature and humidity are conducive to the survival of viruses such as respiratory syncytial virus, thereby increasing the risk of respiratory diseases in children [30]. So far, the probable pathogenic mechanism underlying humidex’s impact on children’s respiratory health remains unknown. Thus, more studies are required to offer biological support.
Our study found that in the first few days of lag, the extremely low humidex had a protective effect on outpatient visits for respiratory diseases in children, which was not consistent with most previous studies [14, 31–33]. However, a time-series study conducted in a northern Chinese city (Harbin) found that extremely low temperature had a protective effect on daily outpatient visits for children with respiratory diseases [10]. The humidex is highly correlated with the daily average temperature. A possible explanation for this result may be that both our study area and Harbin belong to cities in northern China. In order to avoid cold weather, heating equipment has been installed in the homes of urban residents in northern cities, which may lead to protection [10]. Moreover, when the extremely low humidex appears, the reduction of children’s outdoor activities may also lead to inconsistent results. It is noteworthy that with the increase in lag time, the protective effect of extremely low humidex on children’s respiratory disease clinics gradually disappeared, while the lag effect gradually increased with the lag time and lasted for about 2 weeks. Therefore, the lag effect of extremely low humidex should be focused on in the subsequent public health intervention stage.
Age was a crucial element. According to the age stratification analysis, we found that school-age children (7–14 years old) were more susceptible to low humidex. Similar to our results, a study in Hefei found that school-age children were more sensitive to low humidex and more likely to develop asthma than other children [14]. Due to the high activity of school-age children, they may spend more time on outdoor activities, making them more exposed to the outdoor environment for a longer time, resulting in their higher susceptibility to low humidex than preschool children [21]. Studies have confirmed that human immunity will be affected in exposure and low temperature environments, which may increase the risk of respiratory diseases in children [34]. In addition, humidity also plays an important role. When the humidity is low, it will be conducive to the spread of pathogens, such as airway bacteria in the air, coupled with the dryness of the airway mucosa, eventually leading to an increased risk of respiratory diseases [35, 36].
AF is an indicator that quantitatively estimates the effect of exposure factors (temperature, etc.) on population health outcomes (morbidity, hospitalization, or death). It is the proportion of diseases attributable to exposure factors in the population, that is, the proportion of diseases reduced by eliminating risk factors in the population. This indicator is more helpful in estimating the potential benefits of public health interventions and preventive measures. In this study, the AF of children’s respiratory diseases was 13.96%, and the attribution burden caused by low humidex was greater than that caused by high humidex, respectively 12.54% and 1.42%. This result is similar to previous studies [14, 29], indicating that cold weather is more likely to increase the risk of respiratory diseases in children than hot weather. In the subgroup analysis, most AF was attributed to low humidex. This may be related to the higher MRH, which makes the low humidex contain a wider range, resulting in a higher AF. In future research, we can further divide the humidex into different ranges and study its impact on health. In addition, the low humidex covers the winter and spring, and the seasonal alternating temperature changes greatly. Studies have confirmed that changes in temperature can easily induce the incidence and death of weather-sensitive diseases such as the respiratory system [37]. Our findings can provide epidemiological evidence for the development of guidelines for the prevention and treatment of weather-sensitive diseases.
We did not find any difference in the ability of humidex and average temperature to indicate children’s respiratory diseases, and both exposures thus appear to be equally able to predict incidence (Supplementary Table S2).
This study has a few drawbacks. First, similar to other studies, we used data from outdoor fixed environmental monitoring sites for analysis, which may differ from children’s actual exposure level. Second, our research only used data from Shijiazhuang, China. Shijiazhuang belongs to a temperate continental monsoon climate, and the dry and wet periods are apparent. Therefore, caution should be taken when projecting these findings to other regions, particularly cities in varying climate zones.
In conclusion, our findings suggest that humidex exposure raises the incidence of respiratory disease in children. Exposure to low humidex had a greater impact on school-age children. Our findings may spark fresh ideas for future exploration into the relationship between children’s respiratory disorders and the environment.
Conclusion
This study examined the relationship between humidex and the outpatient visit rate of children’s respiratory diseases in Shijiazhuang, China. Our findings showed that exposure to humidex increases the risk of children’s respiratory diseases, and most of the disease burden can be attributed to low humidex. This study provides a necessary reference for a more comprehensive and quantitative study of respiratory diseases and temperature and humidity indicators in children. Children aged 7–14 years were more sensitive to low humidex. These children need more attention and intervention. When the humidex is low, we can remind people, especially sensitive people, to reduce outdoor activities, pay attention to keeping warm and moisturizing, and use air conditioners, humidifiers, dehumidifiers, and other equipment scientifically.
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