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Background: The progression of global warming and increase in instances of extreme weather have received considerable attention. We conducted a cohort study on women of childbearing age in Yunnan Province, examined the association between ambient temperature and humidity on preterm birth and evaluated the effects of extreme weather during early pregnancy and before parturition on preterm birth.

Methods: We conducted a population-based cohort study on women of childbearing age 18–49 years who participated in National Free Preconception Health Examination Project (NFPHEP) in Yunnan Province from January 1, 2010, to December 31, 2018. Meteorological data, namely daily average temperature (°C) and daily average relative humidity (%), were obtained from China National Meteorological Information Center. Four exposure windows were explored: 1 week of pregnancy, 4 weeks of pregnancy, 4 weeks before delivery, and 1 week before delivery. We used a Cox proportional hazards model and adjusted the potential risk factors for preterm birth to obtain the effects of exposure to temperature and humidity on preterm birth among the stages of pregnancy.

Results: At 1 week of pregnancy and at 4 weeks of pregnancy, the association between temperature and preterm birth was U-shaped. The correlation between relative humidity and the risk of preterm birth was n-type at 1 week of pregnancy. The correlation between preterm birth and temperature and relative humidity at 4 weeks before delivery and at 1 week before delivery is J-shaped. Low temperature and low humidity were protective factors against preterm birth, whereas high temperature and high humidity were risk factors for preterm birth.

The effects of high temperature and extremely high temperature were the strongest at 4 weeks before delivery, with HRs of 1.417 (95% CI: 1.362–1.474) and 1.627 (95% CI: 1.537–1.722), respectively. The effects of extremely low humidity and low humidity were strongest at 1 week before delivery, with HRs of 0.681 (95% CI: 0.609–0.761) and 0.696 (95% CI: 0.627–0.771), respectively.

Conclusion: Temperature and relative humidity affect preterm birth differently for each pregnancy stage. The effects of meteorological factors on pregnancy outcomes such as premature birth should not be ignored.
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1. Introduction

The progression of global warming and increase in instances of extreme weather have received considerable attention, and numerous studies have investigated diseases that may be related to environmental factors (1). Seasonal weather changes strongly affect human health. Studies have reported that exposure to low and high temperatures was associated with mortality and morbidity related to the cardiopulmonary system, infections, and mental health (2–4). Studies have also indicated that exposure to low and high temperatures could restrict the circulation system and induce cytokine release, which were hypothesized to potentially affect pregnancy (5). Pregnancy increases women’s vulnerability to environmental hazards and factors (6). Pregnancy can also increase social vulnerability, especially in low- and middle-income countries, where women often perform household chores and work long hours outdoors to avoid forgoing pay during pregnancy (7). Exposure to environmental factors during pregnancy and their potential association with adverse pregnancy outcomes such as preterm birth are major public health concerns.

Globally, preterm birth complications are the second leading cause of death among children under 5 years of age, after pneumonia (8). Approximately 1 million children under 5 years of age die each year because of preterm birth complications. Approximately 944,000 neonates died from preterm birth every year, accounting for 35.3% of all neonatal deaths (9). In almost all countries with reliable data, preterm birth rates are increasing. More than 60% of preterm births occur in Africa and South Asia, but preterm birth is a global problem. In low-income countries, the prevalence of preterm birth is 12% on average, and in high-income countries, the prevalence is 9% (9). With a large population and high number of births, China has the second most preterm births in the world (9). Therefore, improving the problem of preterm births is critical to reducing neonatal and childhood mortality and morbidity.

China possesses a large territory comprising a variety of natural environments. Therefore, the association between premature birth and temperature and humidity may differ by region. Most national studies have analyzed meteorological factors by province, and the results have been inaccurate because of the high granularity. Our study focused on Yunnan Province, China, which includes 16 cities (Kunming, Qujing, Yuxi, Baoshan, Zhaotong, Lijiang, Puer, Lincang, Chuxiong Autonomous Prefecture, Honghe Hani and Yi Autonomous Prefecture, Wenshan Zhuang and Miao Autonomous Prefecture, Xishuangbanna Dai Autonomous Prefecture, Dali Bai Autonomous Prefecture, Dehong Dai and Jingpo Autonomous Prefecture, Nujiang Lisu Autonomous Prefecture, and Diqing Tibetan Autonomous Prefecture), and we analyzed the basic characteristics of temperature and humidity by city. The low granularity ensured that the association between preterm birth and temperature and humidity was accurate.

Yunnan is at a subtropical northern latitude and has a climate typical of such a region. The average annual temperature is above 15°C, and the average annual precipitation is 750–1750 mm. Precipitation is unevenly distributed throughout the year, with distinct dry and rainy seasons. In addition, Yunnan has the most ethnic groups in China but is less economically developed than the rest of the country; the province exhibits regional economic disparity, and medical and health resources are also unevenly distributed. Therefore, targeted assistance and interventions must be implemented to improve its health services and poverty relief initiatives (10).

Studies have indicated that high temperatures were associated with a high risk of preterm birth (11, 12). However, this association varies by country, population, and pregnancy stage. Studies have mainly investigated the association between temperature and preterm birth, and few studies have investigated the joint effect of temperature and humidity on preterm birth. To explore the effects of environmental factors during pregnancy on preterm birth, we conducted a cohort study on women of childbearing age in Yunnan Province, examined the association between ambient temperature and humidity on preterm birth and evaluated the effects of extreme weather during early pregnancy and before parturition on preterm birth.



2. Methods

We conducted a population-based cohort study on women who attempted to become pregnant and participated in the National Free Preconception Health Examination Project (NFPHEP) from January 1, 2010, to December 31, 2018, in 16 cities in Yunnan Province. The NFPHEP was launched by the Chinese National Health and Family Planning Commission in 2010 to provide free health examinations and other services before conception for couples who plan to become pregnant within 6 months as well as follow-up during the first trimester of pregnancy and after delivery. This study was approved by the Institutional Review Board of the Chinese Association of Maternal and Child Health Studies (AMCHS-2014-6). All participants provided written informed consent before enrollment (13).

Trained and qualified local health workers used a standardized questionnaire to collect baseline information from the women who participated in the NFPHEP, namely age, education level, history of childbirth, and adverse pregnancy outcomes. The health workers measured the participants’ height, weight, and concentration of hemoglobin and calculated their body mass index (BMI). For the diagnostic criteria for anemia, this study referenced the diagnostic threshold recommended by the World Health Organization [lower than 120 g/L for nonpregnant women (14)]. Maternal and child health specialists interviewed the participants 3 months after conception and noted the participants’ last menstrual period and any habits of smoking or drinking alcohol during pregnancy. The health workers followed up with all participants 1 month after delivery and noted their delivery method, pregnancy outcome, delivery date, gestational age, and information regarding the newborn (sex and singleton or multiple birth). The study ended when the participants had a preterm birth or other outcome or when the observation period ended (December 31, 2018).


2.1. Outcomes

Gestational age was the first day of the last menstruation until the end of the process, approximately 280 days (40 weeks). The primary outcome was preterm birth, which was defined as a delivery from 28 weeks to less than 37 weeks of gestation (9). The preterm birth rate was the proportion of premature births among the total number of all singleton livebirths.



2.2. Exposure

Meteorological data from 16 cities in Yunnan Province, namely daily average temperature (°C) and daily average relative humidity (%) between 2010 to 2018, were obtained from China National Meteorological Information Center. Because the etiological threshold for the effects of temperature and relative humidity exposure on risk of preterm birth is unclear, several exposure windows were explored.

The windows of exposure were 1 week of pregnancy, 4 weeks of pregnancy, 4 weeks before delivery, and 1 week before delivery. Term births were censored at the end of the 36th week of gestation because the risk of preterm birth was eliminated (15). For full-term births, 1 and 4 weeks before delivery were considered weeks 33–36 after pregnancy and the 36th week after pregnancy, respectively.

The daily exposure temperature and relative humidity were matched to each pregnant woman according to the date of conception, and the average exposure in each window was calculated to identify the association between premature delivery and temperature and humidity. Extremely low temperature and humidity were the first percentile of temperature and humidity distribution. Low temperature and humidity were the fifth percentile of the temperature and humidity distribution. High temperature and humidity were the 95th percentile of the temperature and humidity distribution. Extremely high temperature and humidity were the 99th percentile of the temperature and humidity distribution (16).



2.3. Covariates

Covariates related to preterm birth, namely age (≤20, 21–25, 26–30, 31–35, and > 35 years of age), education (elementary school and below, middle school, high school, and college or higher), history of delivery (yes or no), history of adverse pregnancy outcomes (yes or no), BMI (<18.5, 18.5–23.9, 24.0–27.9, and ≥ 28.0 kg/m2), anemia (yes or no), habit of smoking during pregnancy (yes or no), habit of drinking alcohol during pregnancy (yes or no), and fetal sex (male or female), were adjusted.



2.4. Statistical analysis

Length of exposure may differ by gestational age. To account for differences in birth outcome and exposure time, we used a Cox proportional hazards model with gestational age as the time axis and preterm birth as the outcome to study the effects of exposure to temperature and humidity on preterm birth among the stages of pregnancy. We first modeled time-varying weekly temperatures during each time window as a cubic spline with three degrees of freedom (df) to create a nonlinear relationship with preterm birth and then incorporated the basis function into the Cox proportional hazards model to form the basic model (17). We then incorporated other covariates into the model. Similar to temperature, relative humidity was used as a time-dependent variable during each exposure window by using a spline with three df. The formula for the Cox proportional hazards model is as follows:
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where GA is the time variable, gestational age, PTB is whether the child was born prematurely, cb() represents the basis function, MMi represents the average value of the meteorological variables in the ith window of exposure, df is the degree of freedom, β is a coefficient, MAG is the age of the mother, CL is the maternal education level, PD is the history of delivery, AP is the history of adverse pregnancy outcomes, BMI is the body mass index, AN is anemia, AL is a habit of smoking during pregnancy, SK is a habit of drinking during pregnancy, and GD is the fetal sex.

Based on the results of the Cox model, we plotted the risk exposure–response curves for temperature and relative humidity during pregnancy with respect to preterm birth to represent the temperature and relative humidity distribution. In addition, we calculated specific hazard ratios (HRs) and 95% confidence intervals (CIs) relative to the median temperature for extreme temperature and humidity. All statistical analyzes were performed using R (version 4.0.2). The “survival” and “smoothHR” packages were used to create a Cox proportional risk regression model with a significance level of 0.05 on both sides.




3. Results

This study recruited 214,695 participants, of whom 2,684 had missing delivery time or address data, 6 were younger than 13 years of age or older than 50 years of age, 1,132 had multiple births, 589 had stillbirths, 3,329 had a gestational age of less than 20 weeks or more than 44 weeks, and 1,184 had an abortion or induced labor—these participants were excluded, and 205,771 participants remained (Supplementary Figure S1). Supplementary Table S1 presents the basic characteristics of the participants.


3.1. Meteorological data and preterm birth by cities and exposure window

The lowest mean temperature was observed in Diqing Tibetan Autonomous Prefecture (5.87–6.98°C), and the highest was observed in Xishuangbanna Dai Autonomous Prefecture (21.6–22.3°C). The lowest average relative humidity was observed in Lijiang (58.8–61.6%), and the highest was observed in Xishuangbanna Dai Autonomous Prefecture (82.4–83.1%). Of the 205,771 participants, 18,014 had preterm births, accounting for 8.75% of the participants. Qujing had the lowest preterm birth rate: 4.63%. Diqing Tibetan Autonomous Prefecture had the highest preterm birth rate: 19.08% (Table 1).



TABLE 1 Meteorological data and preterm births in 16 cities of Yunnan province in different exposure windows.
[image: Table1]



3.2. Effects of temperature and relative humidity on preterm birth by exposure window

Supplementary Table S2 displays the distribution of temperature and relative humidity by exposure window. The mean daily temperatures 1 week of pregnancy, 4 weeks of pregnancy, 4 weeks before delivery, and 1 week before delivery were 16.08, 16.09, 15.99, and 16.03°C, respectively. The mean daily relative humidity 1 week of pregnancy, 4 weeks of pregnancy, 4 weeks before delivery, and 1 week before delivery was 71.91, 71.82, 73.05, and 73.04%, respectively. The median daily mean temperature (P50) 1 week of pregnancy, 4 weeks of pregnancy, 4 weeks before delivery, and 1 week before delivery was 16.97, 16.94, 16.89, and 16.95°C, respectively. The median daily relative humidity (P50) 1 week of pregnancy, 4 weeks of pregnancy, 4 weeks before delivery, and 1 week before delivery was 75.5, 74.75, 81.48, and 82.14%, respectively (Table 2).



TABLE 2 Distribution of temperature and relative humidity by exposure window.
[image: Table2]

Figure 1 presents the association between the risk of preterm birth and temperature and relative humidity at 1 week of pregnancy and at 4 weeks of pregnancy. At these times, the association between temperature and preterm birth was U-shaped, and the risk of preterm birth was lowest at 13–18°C. The correlation between relative humidity and the risk of preterm birth was n-type at 1 week of pregnancy, and the risk of preterm birth was highest when relative humidity was approximately 70–80%. No association between relative humidity at 4 weeks of pregnancy and preterm birth was observed.

[image: Figure 1]

FIGURE 1
 Effect of temperature and relative humidity on preterm birth at 1 week of pregnancy and 4 weeks of pregnancy after adjusting for covariates such as age, education, history of delivery, history of adverse pregnancy outcomes, BMI, anemia, smoking during pregnancy, drinking during pregnancy, and fetal sex. (A) COX regression model of temperature at 1 week of pregnancy and preterm birth; (B) COX regression model of relative humidity at 1 week of pregnancy and preterm birth; (C) COX regression model of temperature at 4 weeks of pregnancy and preterm birth; (D) COX regression model of relative humidity at 4 weeks of pregnancy and preterm birth.


Figure 2 presents the association between temperature and relative humidity during the 4 weeks before delivery and at 1 week before delivery for a preterm birth. The correlation between preterm birth and temperature and relative humidity at 4 weeks before delivery and at 1 week before delivery is J-shaped. Low temperature and low humidity were protective factors against preterm birth, whereas high temperature and high humidity were risk factors for preterm birth. An increased risk of preterm birth was significantly associated with high temperature during all four exposure windows (p < 0.05).
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FIGURE 2
 Effect of temperature and relative humidity on preterm birth during 4 weeks before delivery and 1 week before delivery after adjusting for covariates such as age, education, history of delivery, history of adverse pregnancy outcomes, BMI, anemia, smoking during pregnancy, drinking during pregnancy, and fetal sex. (A) COX regression model between temperature 4 weeks before delivery and preterm birth; (B) COX regression model of relative humidity 4 weeks before delivery and preterm birth; (C) COX regression model between temperature 1 week before delivery and preterm birth; (D) COX regression model of relative humidity 1 week before delivery and preterm birth.




3.3. Effects of extreme weather on preterm birth by exposure window

Figure 3 presents the results of the Cox proportional risk model for the effect of exposure to extreme temperature on preterm birth by exposure window. The results indicated that extremely low temperature (P1) and low temperature (P5) at 1 week of pregnancy and at 4 weeks of pregnancy were both risk factors for preterm birth and that extremely low temperature (P1) and low temperature (P5) at 4 weeks before delivery and at 1 week before delivery were protective factors against preterm birth. High temperature (P95) and extremely high temperature (P99) were both risk factors for preterm labor in the four exposure windows, and the effects of high temperature (P95) and extremely high temperature (P99) were the strongest at 4 weeks before delivery, with HRs of 1.417 (95% CI: 1.362–1.474) and 1.627 (95% CI: 1.537–1.722), respectively.

[image: Figure 3]

FIGURE 3
 Effect of extreme temperature on preterm birth by exposure window.


Supplementary Figure S2 presents the results of the Cox proportional risk model for the effects of exposure to extreme humidity on preterm birth for each exposure window. Extremely low humidity (P1) and low humidity (P5) at 1 week of pregnancy, 4 weeks before delivery, and at 1 week before delivery were protective factors against preterm birth, and the effects were strongest at 1 week before delivery, with HRs of 0.681 (95% CI: 0.609–0.761) and 0.696 (95% CI: 0.627–0.771), respectively. High humidity (P95) and extremely high humidity (P99) at 1 week of pregnancy were protective factors against preterm birth, and high humidity (P95) and extremely high humidity (P99) at 4 weeks before delivery and at 1 week before delivery were risk factors for preterm birth. The effects were strongest at 4 weeks before delivery, with HRs of 1.257 (95% CI: 1.189–1.329) and 1.313 (95% CI: 1.228–1.404), respectively.




4. Discussion


4.1. Main findings

Our study found that an increased risk of preterm birth was significantly associated with high temperatures during pregnancy. Temperature during the early stage of pregnancy (1 and 4 weeks of pregnancy) was found to be associated with preterm birth in a U-shaped curve. The association between temperature and preterm birth was J-shaped during the preterm period (1 and 4 weeks before delivery). High temperatures (P95) and extremely high temperatures (P99) were both risk factors for preterm labor during all four exposure windows. Extremely low temperatures (P1) and low temperatures (P5) at 1 and 4 weeks of pregnancy were both risk factors for preterm birth and that extremely low temperatures (P1) and low temperatures (P5) at 1 and 4 weeks before delivery were protective factors for preterm birth. Low humidity was a protective factor for preterm birth, whereas high humidity was a risk factor for preterm birth. The correlation between relative humidity and risk of preterm birth was n-type at 1 week of pregnancy and the correlation between relative humidity and preterm birth at 1 and 4 weeks before delivery was J-shaped.



4.2. Strengths and limitations

Our study has several advantages. First, our study is the first study to explore the effects of both temperature and relative humidity during the early stage of pregnancy and before parturition on preterm birth in women of childbearing age. Second, our study is a long-term, population-based, large-sample cohort study on all women of childbearing age who participated in the NFPHEP and gave birth in Yunnan Province, resulting in high representativeness. In addition, we considered the effect of extreme weather, namely high temperatures, high humidity, low temperatures, and low humidity, on preterm birth to accurately describe the effects of meteorological factors on preterm birth.

Our study also has some limitations. The NFPHEP does not collect information regarding pregnancy complications such as gestational hypertension, gestational diabetes, and other factors affecting preterm birth (such as infection); this may have affected the results to a certain extent. Numerous studies have reported that air pollution is associated with premature birth, but we did not collect data on air pollution in Yunnan Province from 2010 to 2018. Subsequent studies should investigate air pollution and preventative measures in their analyzes.



4.3. Interpretation

Preterm birth is a global public health. The increases in global warming and extreme weather have received much attention in recent years, and many studies have been conducted on preterm birth that may be related to environmental factors. From a biological perspective, the early stage of pregnancy, specifically the weeks around conception when gametes mature, fertilization occurs, and the developing embryo forms, is a critical period (18). This stage is the most sensitive to environmental factors such as the availability of macronutrients and micronutrients and exposure to smoking, alcohol, drugs, and other teratogens (18). In addition, with the growth and development of the fetus, pregnant women’s physiology and metabolism undergo substantial adaptive changes that challenge their physical fitness (19). Studies have observed that exposure to social pressure (20), high temperature (21), pollutants (22), and radiation (23) before delivery in addition to depression (20) and anemia (24) in pregnant women may lead to adverse pregnancy outcomes.

Numerous studies have investigated the effect of temperature on preterm birth. An Australian study using Cox proportional hazards models and discovered that between July 1994 and December 2013, the relationship between temperature (mean, maximum, and minimum temperature) and risk of preterm birth formed a U-shaped curve. The HRs of preterm birth increased with temperature during the first two trimesters but nonsignificantly (5). A 2019 ecological study from the United States used a distributed lag nonlinear model and revealed a monotonic association between ambient temperature and risk of preterm birth. Days of extreme heat were associated with a higher relative risk of preterm birth, and days of extreme cold were associated with a slightly lower risk of preterm birth (17). A nationwide cohort study in China used the Cox proportional hazard regression models with random effect and discovered that the association between temperature and risk of preterm birth formed a U-shape curve during pregnancy (25). Relatively high temperatures during the first trimester were significantly associated with an increased risk of preterm birth [75th percentile vs. threshold: 1.78 (95% CI: 1.69–1.87); 95th percentile vs. threshold: 1.96 (95% CI: 1.85–2.08)]. Relatively high temperatures during the second trimester were significantly associated with an increased risk of preterm birth, and the effects tended to diminish but remained significant [75th percentile vs. threshold: 1.41 (95% CI: 1.34–1.47); 95th vs. threshold: 1.30 (95% CI: 1.23–1.38)]. Relatively low temperatures during the third trimester were significantly associated with an increased risk of preterm birth [25th percentile vs. threshold: 1.16 (95% CI: 1.13–1.20); 5th percentile vs. threshold: 1.17 (95% CI: 1.12–1.22)] (25). The results of a 2020 meta-analysis of 40 studies on the association between high temperatures and preterm birth revealed that the odds of a preterm birth increased 1.05-fold (95% CI: 1.03–1.07) per each 1°C increase in temperature. Most studies have reported a dose–response association where the rate of preterm birth increases with temperature and duration of heat exposure. Five studies on humid subtropical regions observed a U-shaped association between temperature and preterm birth, with the base covering the range of 18 to 25°C (6). Most studies show that high temperatures can increase the risk of preterm birth, but conclusions about the effect of low temperatures on preterm birth are inconsistent. Some studies showed the association between temperature and risk of preterm birth formed a U-shape curve, meaning that low temperatures also increased the risk of preterm birth, while other studies showed that low temperatures can reduce the risk of preterm birth. In this study, the effect of low temperatures on preterm birth varied with gestational age. Therefore, the conflicting results published to date might be due to difference in definitions of exposure, methods of exposure assessment, participants, gestational age and climate zones.

Few studies have investigated the effect of humidity on preterm birth. A Romanian study with a small sample analyzed the effects of atmospheric conditions on premature birth and discovered no significant correlation between humidity and preterm birth (26). A study in the Gambia identified July and October as two peaks in the incidence of preterm birth and an increased risk of preterm birth during the rainy season compared with the dry season (27). However, a study in Zimbabwe discovered that babies born early in the dry season were significantly more likely to be preterm than were those born late in the rainy season (28). In this study, the effect of humidity on preterm birth varied with gestational age. Studies have drawn differing conclusions, indicating the potential heterogeneity among the associations with region, climatic zone, population-based characteristics (e.g., socioeconomic conditions and adaptation), and other factors (17). In addition, the study in Romania had a small sample size, included pregnant women attending a single clinic, and used Pearson correlation and bivariate regression for correlation analysis (26). The study in Gambia involved all live births in 3 subsistence-farming villages of the West Kiang District in the Gambia, and used Fourier series and logistic regression for correlation analysis (27). The study in Zimbabwe involved pregnant women living in the residential area of Mbare in Harare, Zimbabwe, and used multiple linear and logistic regression for correlation analysis (28). Therefore, the sample size, the environment in which the study population lived, and statistical methods also influenced the association between meteorological factors and preterm birth.

Extreme weather has been documented to cause numerous health problems (4, 29, 30). A study in China observed that exposure to heat (>95th percentile) in hot areas increased the risk of preterm birth at the various stages of pregnancy more than did exposure to mild temperatures (5th–95th percentiles). The largest increase was during the 3 months before pregnancy [odds ratio (OR) = 1.229, 95% CI: 1.166–1.295]. Unlike heat exposure, cold exposure (<fifth percentile) in hot areas reduced the risk of preterm birth; the protective effect was strongest in the 3 months before pregnancy (OR = 0.784, 95% CI: 0.734–0.832). In mild and cold areas, cold exposure also reduced the risk of preterm birth. The effects of exposure to extreme ambient temperatures throughout pregnancy on preterm birth are similar to those of the aforementioned periods (1). A study in the United States observed that days of extreme heat and cold were associated with relative risks of preterm birth of 1.025 (95% CI: 1.015–1.036) and 0.985 (95% CI: 0.976–0.993), respectively. The association between extreme heat and risk of preterm birth varied by geographic region and climate zone, with stronger associations observed in the Southwest and Midwest United States and in the hot-dry–mixed-dry and cold–very cold climatic zones (17).

The exact mechanisms by which ambient temperatures cause preterm birth is unclear, but studies have proposed several hypotheses. First, dehydration and reduced blood flow caused by exposure to high temperatures may cause uterine contraction (31, 32). Second, exposure to high temperatures may increase cholesterol levels and blood viscosity, which may induce preterm delivery (31). In addition, existing evidence partially explains the association between exposure to low temperatures and preterm birth. First, exposure to low temperatures affects the circulatory system and causes an increase in blood viscosity and vasoconstriction, which in turn affects delivery (33). Exposure to cold temperatures exacerbates the risk factors for preterm delivery (pre-eclampsia and pregnancy-induced hypertension syndrome) because the cold environment leads to increased exposure to passive smoking and infection (15).




5. Conclusion

This study demonstrated that temperature and relative humidity during pregnancy were nonlinearly associated with risk of preterm birth. Temperature and relative humidity affect preterm birth differently for each pregnancy stage. High and low temperatures increase the risk of preterm birth during the early stage of pregnancy. High temperatures and high humidity increase the risk of preterm birth during the late stage of pregnancy. The meteorological factors on pregnancy outcomes such as premature birth should not be ignored.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by Institutional Review Board of the Chinese Association of Maternal and Child Health Studies (AMCHS-2014-6). The patients/participants provided their written informed consent to participate in this study.



Author contributions

YW: writing–original draft, methodology, software, and data curation. JY: writing–original draft, methodology, and software. YY and CK: data curation and investigation. WJ and JL: writing–review and editing, supervision, and methodology. HY: data curation, investigation, project administration, and supervision. ML: conceptualization, funding acquisition, project administration, and supervision. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the grant from National Natural Science Foundation of China (No. 71874003).



Acknowledgments

The authors thank all health workers in 192 counties for their strong collaboration and great effects made in data collection.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The handling editor LP declared a shared affiliation with the authors at the time of review.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpubh.2023.1101283/full#supplementary-material



References

 1. Guo, T, Wang, Y, Zhang, H, Zhang, Y, Zhao, J, Wang, Y , et al. The association between ambient temperature and the risk of preterm birth in China. Sci Total Environ. (2018) 613-614:439–46. doi: 10.1016/j.scitotenv.2017.09.104 

 2. Gasparrini, A, Guo, Y, Hashizume, M, Lavigne, E, Zanobetti, A, Schwartz, J , et al. Mortality risk attributable to high and low ambient temperature: a multicountry observational study. Lancet (London, England). (2015) 386:369–75. doi: 10.1016/S0140-6736(14)62114-0 

 3. Peng, Z, Wang, Q, Kan, H, Chen, R, and Wang, W. Effects of ambient temperature on daily hospital admissions for mental disorders in Shanghai, China: a time-series analysis. Sci Total Environ. (2017) 590-591:281–6. doi: 10.1016/j.scitotenv.2017.02.237 

 4. Ye, X, Wolff, R, Yu, W, Vaneckova, P, Pan, X, and Tong, S. Ambient temperature and morbidity: a review of epidemiological evidence. Environ Health Perspect. (2012) 120:19–28. doi: 10.1289/ehp.1003198 

 5. Li, S, Chen, G, Jaakkola, JJK, Williams, G, and Guo, Y. Temporal change in the impacts of ambient temperature on preterm birth and stillbirth: Brisbane, 1994-2013. Sci Total Environ. (2018) 634:579–85. doi: 10.1016/j.scitotenv.2018.03.385 

 6. Chersich, MF, Pham, MD, Areal, A, Haghighi, MM, Manyuchi, A, Swift, CP , et al. Associations between high temperatures in pregnancy and risk of preterm birth, low birth weight, and stillbirths: systematic review and meta-analysis. BMJ. (2020) 371:m3811. doi: 10.1136/bmj.m3811 

 7. Flocks, J, Vi Thien Mac, V, Runkle, J, Tovar-Aguilar, JA, Economos, J, and McCauley, LA. Female farmworkers' perceptions of heat-related illness and pregnancy health. J Agromedicine. (2013) 18:350–8. doi: 10.1080/1059924X.2013.826607 

 8. Liu, L, Oza, S, Hogan, D, Chu, Y, Perin, J, Zhu, J , et al. Global, regional, and national causes of under-5 mortality in 2000-15: an updated systematic analysis with implications for the sustainable development goals. Lancet. (2016) 388:3027–35. doi: 10.1016/S0140-6736(16)31593-8 

 9. WHO. Preterm birth. (2018). Available at: https://www.who.int/zh/news-room/fact-sheets/detail/preterm-birth. (Accessed September 19, 2021).

 10. Ye, Q, Qin, M, Yang, Z, Deng, R, Jiao, F, Li, B , et al. Regional disparities in under-five mortality and potential years of life lost in Yunnan, China, 2015-2019. Chin Gen Pract. (2021) 24:3227–32. doi: 10.12114/j.issn.1007-9572.2021.00.244

 11. Carolan-Olah, M, and Frankowska, D. High environmental temperature and preterm birth: a review of the evidence. Midwifery. (2014) 30:50–9. doi: 10.1016/j.midw.2013.01.011 

 12. Zhang, Y, Yu, C, and Wang, L. Temperature exposure during pregnancy and birth outcomes: an updated systematic review of epidemiological evidence. Environ Pollut. (2017) 225:700–12. doi: 10.1016/j.envpol.2017.02.066 

 13. Zhang, S, Wang, Q, and Shen, H. Design of the national free proception health examination project in China. Zhonghua Yi Xue Za Zhi. (2015) 95:162–5. doi: 10.3760/cma.j.issn.0376-2491.2015.03.002 

 14. WHO. Haemoglobin concentrations for the diagnosis of anaemia and assessment of severity. (2011) Available at: https://www.who.int/publications/i/item/WHO-NMH-NHD-MNM-11.1.

 15. He, JR, Liu, Y, Xia, XY, Ma, WJ, Lin, HL, Kan, HD , et al. Ambient temperature and the risk of preterm birth in Guangzhou, China (2001-2011). Environ Health Perspect. (2016) 124:1100–6. doi: 10.1289/ehp.1509778 

 16. Chen, R, Wang, C, Meng, X, Chen, H, Thach, TQ, Wong, CM , et al. Both low and high temperature may increase the risk of stroke mortality. Neurology. (2013) 81:1064–70. doi: 10.1212/WNL.0b013e3182a4a43c 

 17. Sun, S, Weinberger, KR, Spangler, KR, Eliot, MN, Braun, JM, and Wellenius, GA. Ambient temperature and preterm birth: a retrospective study of 32 million US singleton births. Environ Int. (2019) 126:7–13. doi: 10.1016/j.envint.2019.02.023 

 18. Stephenson, J, Heslehurst, N, Hall, J, Schoenaker, D, Hutchinson, J, Cade, JE , et al. Before the beginning: nutrition and lifestyle in the preconception period and its importance for future health. Lancet. (2018) 391:1830–41. doi: 10.1016/S0140-6736(18)30311-8 

 19. Zhang, Y, and Wang, P. Nutritional diet guidance and lifestyle management of pregnant women. Chin J Health Manage. (2008) 2:172–5. doi: 10.3760/cma.j.issn.1674-0815.2008.03.015

 20. Goldenberg, RL, Culhane, JF, Iams, JD, and Romero, R. Epidemiology and causes of preterm birth. Lancet. (2008) 371:75–84. doi: 10.1016/S0140-6736(08)60074-4 

 21. Ha, S, Liu, D, Zhu, Y, Kim, SS, Sherman, S, and Mendola, P. Ambient temperature and early delivery of singleton pregnancies. Environ Health Perspect. (2017) 125:453–9. doi: 10.1289/EHP97 

 22. Arroyo, V, Díaz, J, Carmona, R, Ortiz, C, and Linares, C. Impact of air pollution and temperature on adverse birth outcomes: Madrid, 2001-2009. Environ Pollut. (2016) 218:1154–61. doi: 10.1016/j.envpol.2016.08.069 

 23. Hastie, CE, Mackay, DF, Clemens, TL, Cherrie, MPC, Megaw, LJ, Smith, GCS , et al. Antenatal exposure to UV-B radiation and preeclampsia: a retrospective cohort study. J Am Heart Assoc. (2021) 10:e020246. doi: 10.1161/JAHA.120.020246 

 24. Eweis, M, Farid, EZ, El-Malky, N, Abdel-Rasheed, M, Salem, S, and Shawky, S. Prevalence and determinants of anemia during the third trimester of pregnancy. Clin Nutr ESPEN. (2021) 44:194–9. doi: 10.1016/j.clnesp.2021.06.023

 25. Wang, YY, Li, Q, Guo, Y, Zhou, H, Wang, QM, Shen, HP , et al. Ambient temperature and the risk of preterm birth: a national birth cohort study in the mainland China. Environ Int. (2020) 142:105851. doi: 10.1016/j.envint.2020.105851 

 26. Muresan, D, Staicu, A, Zaharie, G, Marginean, C, and Rotar, IC. The influence of seasonality and weather changes on premature birth incidence. Clujul Med. (2017) 90:273–8. doi: 10.15386/cjmed-744 

 27. Rayco-Solon, P, Fulford, AJ, and Prentice, AM. Differential effects of seasonality on preterm birth and intrauterine growth restriction in rural Africans. Am J Clin Nutr. (2005) 81:134–9. doi: 10.1093/ajcn/81.1.134 

 28. Friis, H, Gomo, E, Nyazema, N, Ndhlovu, P, Krarup, H, Kæstel, P , et al. Maternal body composition, HIV infection and other predictors of gestation length and birth size in Zimbabwe. Br J Nutr. (2004) 92:833–40. doi: 10.1079/bjn20041275 

 29. Basu, R. High ambient temperature and mortality: a review of epidemiologic studies from 2001 to 2008. Environ Health. (2009) 8:40. doi: 10.1186/1476-069X-8-40 

 30. McMichael, AJ, Woodruff, RE, and Hales, S. Climate change and human health: present and future risks. Lancet. (2006) 367:859–69. doi: 10.1016/S0140-6736(06)68079-3

 31. Basu, R, Malig, B, and Ostro, B. High ambient temperature and the risk of preterm delivery. Am J Epidemiol. (2010) 172:1108–17. doi: 10.1093/aje/kwq170

 32. Stan, CM, Boulvain, M, Pfister, R, and Hirsbrunner-Almagbaly, P. Hydration for treatment of preterm labour. Cochrane Database Syst Rev. (2013) 11:Cd003096. doi: 10.1002/14651858.CD003096

 33. Bruckner, TA, Modin, B, and Vågerö, D. Cold ambient temperature in utero and birth outcomes in Uppsala, Sweden, 1915-1929. Ann Epidemiol. (2014) 24:116–21. doi: 10.1016/j.annepidem.2013.11.005 



OPS/images/fpubh-11-1101283-t001.jpg
Number of Exposure windows Preterm

pregnant birth n (%)
e 1week of pregnancy 4weeks of pregnancy 1week before delivery 4weeks before delivery
Average Average Average Average Average Average Average Average
temperature (C)  relative temperature relative  temperature (°C)  relative  temperature  relative
humidity (%) C) humidity (%) humidity (%) (C) humidity (%)
Kunming 11,991 15.80 71.30 15.80 71.40 15.60 71.40 15.60 71.50 1,192 (9.94)
Quiing 24,025 1400 69.40 14.10 69.90 1240 69.90 1230 69.70 1,112 (4.63)
Yuxi 22,732 16.70 70.70 16.60 70.60 16.80 71.70 16.80 71.80 1967 (8.65)
Baoshan 4,826 18.00 67.30 18.00 66.90 17.50 64.60 17.60 64.80 510(10.57)
Zhaotong 9,207 1280 73.80 1270 7390 1230 7430 1230 7410 969 (10.42)
Lijiang 8,609 1450 61.60 1430 61.00 13.90 58.80 13.90 59.90 532(6.18)
Puer. 8,504 19.90 76.30 19.90 76.40 19.40 76.10 19.40 76.20 847 (9.96)
Lincang 11,832 18.10 68.80 18.10 68.40 18.10 69.90 18.10 7040 854(7.22)
Chuxiong Yi Autonomous
11,231 19.20 73.40 1930 73.10 19.10 74.70 19.00 74.80 1,458 (12.98)
Prefecture
Honghe Hani and Yi
42,694 15.20 74.60 15.30 7450 15.80 77.20 15.70 77.00 2,300 (5.39)
Autonomous Prefecture
Wenshan Zhuang and Miao
15,073 17.00 77.90 17.00 77.90 18.40 79.80 18.30 79.80 2,345 (15.56)
Autonomous Prefecture
Xishuangbanna Dai
4,654 2230 82.50 2220 8240 21.60 83.10 21.60 83.10 734(15.77)
Autonomous Prefecture
Dali Bai Autonomous
17,221 15.40 64.90 15.50 64.60 15.70 67.50 15.60 67.40 1,441 (8.37)
Prefecture
Dehong Dai and Jingpo
9,445 15.70 78.90 15.70 78.70 15.40 78.80 15.40 79.10 1,172 (12.41)
Autonomous Prefecture
Nujiang Lisu Autonomous
1928 20.50 63.40 20.70 63.60 20.50 66.70 20.30 66.60 255(13.23)
Prefecture
Diging Tibetan
1709 6.84 64.10 6.98 63.70 591 63.70 5.87 64.00 326 (19.08)

Autonomous Prefecture

Total 205,771 1608 7191 1609 7182 1599 73.04 1603 73.05 18,014 (875)





OPS/images/fpubh-11-1101283-t002.jpg
Meteorological factors

1week of
pregnancy

4weeks of
pregnancy

4weeks before
delivery

1week before
delivery

Temperature (°C)

Relative humidity (%)

Average
PI (Extreme cold)
P5 (Cold)

P25

P50 (Median)

P75

P95 (Hot)

P99 (Extreme hot)
Average
P1(Extreme dry)
P5(Dry)

P25

P50

P75

P95(Wet)

P99(Extreme wet)

1608

264

6.67

1214

1697

2027

2326

25.26

7191

35.86

46.39

64.36

75.50

8157

87.18

9100

1609

429

743

1225

1694

2014

29

25.00

7182

4093

49.46

6184

7475

80.88

8192

88.82

1599

199

629

1214

1689

2024

23.09

25.04

73.05

5132

66.19

76.36

8148

85.24

88.69

315

1603

352

7.08

1227

1695

20.16

279

24.81

73.04

4871

65.84

76.57

82.14

87.50

9L11

3843





OPS/images/fpubh-11-1101283-g002.jpg
B
4 weeks prior to delivery 4 weeks prior to delivery

3 G2
F H
815 240
« P
£ £

1o} 08

1 [ ) © @ @
Temperature (°C) Relative humidity (%)
1 week prior to delivery 1 week prior to delivery

20 12
3 3
F1s b
2 e
£ Fos

ot

06
T ) % ) ) E) % o

Temperature (°C) Relative humidity (%)





OPS/images/fpubh-11-1101283-g003.jpg
Extreme temperature

HR(95%CI)

Extremely high —— 1.327(1.257,1.401)
High - 1.223(1.176,1.272)
Low —— 1.288(1.235,1.343)

Extremely low

—=— 1.495(1.402,1.595)

HR(95%CI)
— 1.388(1.309,1.472)
- 1.258(1.207,1.311)
—-— 1.302(1.247,1.361)

—s— 1.491(1.399,1.589)

w0 12

1416

1 week of pregnancy

0 12 14 18
4 weeks of pregnancy

Extreme tempertature HR(95%CT) HR(95%CT)

Extremely high —=—  1.627(1.537,1.722) % 1.509(1.432,1.592)

High 1.417(1.362,1.474) - 1.359(1.307,1.412)

Low - 0.875(0.832,0.920) = 0.846(0.805,0.899)

Extremely low-s— 0.866(0.803,0.934) = 0.815(0.754,0.881)
58 1o 13 14 16 18 o5 1o 12 14 ie

4 weeks before delivery

1 week before delivery





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Effects of ambient temperature and relative humidity on preterm birth during early pregnancy and before parturition in China from 2010 to 2018: a population-based large-sample cohort study



		1. Introduction



		2. Methods



		2.1. Outcomes



		2.2. Exposure



		2.3. Covariates



		2.4. Statistical analysis









		3. Results



		3.1. Meteorological data and preterm birth by cities and exposure window



		3.2. Effects of temperature and relative humidity on preterm birth by exposure window



		3.3. Effects of extreme weather on preterm birth by exposure window









		4. Discussion



		4.1. Main findings



		4.2. Strengths and limitations



		4.3. Interpretation









		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/fpubh-11-1101283-e001.jpg
h(GA.PTB) = hy (GA)exp(ch(MM;.df =3))+ BiMAG + B2CL
+ B3PD + 4 AP+ PsBMI + PoAN + B7 AL
+ BySK + PoGD,





OPS/images/fpubh-11-1101283-g001.jpg
HR (95%CI)

HR (95%Cl)

1 week after pregnancy

1 week after pregnancy

1ot ----

HR (95%C1)

Temperature (°C)

4 weeks after pregnancy

Relative humidity (%)

4 weeks after pregnancy

HR (95%C1)

095

3 £
Temperature (<)

)
Relative humidity (%)





OPS/images/cover.jpg
& frontiers | Frontiers in Public Health

Eeff cts of ambient temperature
and relative humidity on preterm
birth during early pregnancy and
before parturition in China from

2010 to 2018: a population-based
large-sample cohort study












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
& frontiers Frontiers in Public Health






