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Background: Previous studies have identified a series of specific adverse pregnancy outcomes (APOs) linked with temperature extremes. Most of them focus on preterm birth, low birth weight, and stillbirth. Other possible adverse outcomes were under-researched. This study aimed to investigate the impact of ambient temperature on maternal complications, white blood cell count (WBC), newborn hearing, and neonatal jaundice.

Methods: A total of 418 participants were recruited from Fuzhou Maternity & Child Healthcare Hospital in 2016. Participants were invited to fill out a structured questionnaire. The gridded near-surface air temperatures at a resolution of 0.1°* 0.1° for Fuzhou were extracted from a published dataset. Meteorological data and PM2.5 were extracted based on participants’ residential addresses using R packages “ncdf4” and “raster.” Multivariate logistic regression models were used to quantify the effects of ambient temperature on APOs after controlling for confounders.

Results: Overall, there were 107 APOs, accounting for 25.6% of all participants. Every 1°C increase in mean temperature was associated with a 10.0% increase in APOs (aOR = 1.100, 95%CI 1.006–1.203) during the period of early pregnancy. However, negative associations were observed in the middle pregnancy period, and a 1°C increase in mean temperature was associated 8.8% decrease in APOs (aOR = 0.912, 95%CI 0.846–0.982). Diurnal temperature variation had a significant impact on APOs in the third trimester. Infant jaundice was negatively associated with temperature exposure in the middle and late pregnancy periods. The risk of neonatal jaundice increased at lag weeks 2–9 in the first trimester, with the greatest lagged effect (aOR = 1.201, 95%CI 1.020–1.413) observed at lag week 3. A 1°C increase in mean temperature led to a 29.6% (aOR = 1.296, 95%CI 1.019–1.649) increase in high WBC. A 1°C increase in temperature variation was associated with more than two times (aOR = 2.469, 95%CI 1.001–6.089) increase of high WBC in the first trimester and about five times (aOR = 4.724, 95%CI 1.548–14.409) increase in the third trimester.

Conclusion: Ambient temperature affects neonatal jaundice, newborn hearing loss, and infections during pregnancy. In addition to the identified epidemiologic link and susceptible exposure windows, there is a need to understand the underlying biological mechanisms for better recommendations for climate change adaptation policies.
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1. Introduction

Adverse pregnancy outcomes (APOs), mainly including gestational diabetes, hypertensive disorders of pregnancy, preterm birth, low birth weight, stillbirth, premature rupture of membrane, and birth defect, are important public health concerns worldwide (1), affecting up to 16% of pregnancies in China during 2007–2019 (2). In some low-income countries such as Ethiopia, the prevalence of APOs could reach as high as 28% (3). Climate change has been identified as the single biggest health threat facing humanity and is predicted to cause about 250,000 additional death per year globally in the coming decades (4). Evidence has shown that climate-sensitive health risks disproportionately affect the most vulnerable and disadvantaged sub-groups (e.g., older adults, those with chronic diseases, and outdoor labor workers), especially in some low- and middle-income countries (5).

Pregnant women are vulnerable to extreme temperatures as they experience pregnancy-related physiological and psychological changes associated with thermoregulation mechanisms (6), such as increased body weight in a short period of time, decreased ratio of surface area to body mass, and fetal metabolic heat. Epidemiological evidence has shown that the impact of climate change may not only be limited to the maternal period but also extend to an individual’s lifespan and even into future generations (1, 7). However, pregnant women and the growing fetus have not been regarded as being vulnerable to climate change-related extreme temperatures until recently (7–9). In recognition of the need to prepare for the likely increasing climate crisis, more and more researchers call for awareness and global actions to respond to the maternal and newborn health risks because of climate change (10, 11). Since 2020, the International Federation of Gynecology and Obstetrics has taken actions by incorporating climate change into its education, advocacy, and research programs (9).

APOs are generally considered induced by the combined effects of genetic, behavioral, socioeconomic, and environmental risk factors. Climate change is one of the most important environmental stressors in this century. Many previous studies have identified a series of specific APOs linked with temperature extremes (12–14), and most of them focus on preterm birth, low birth weight, stillbirth, and premature rupture of membrane. By contrast, other possible maternal, fetal, and neonatal adverse outcomes were neglected in the global literature (6, 15). In this study, we investigated the impact of ambient temperature on maternal complications, high white blood cell (WBC), newborn hearing loss, and neonatal jaundice. Findings of this study may provide further evidence for a better understanding of the mechanisms of temperature-APOs and inform adaptation measures for women’s healthcare providers, the public, and policymakers to reduce climate change-attributable APOs.



2. Materials and methods


2.1. Participant recruitment

The study participants were recruited from the antenatal care outpatient units of Fuzhou Maternity & Child Healthcare Hospital in the metro area and another two hospitals in the suburban counties (Fuqing Women & Children Hospital, Changle Hospital) of Fuzhou City, the Capital of Fujian Province between January and December in 2016. Characterized with long and hot summers, Fuzhou has a humid subtropical climate, with a population of around 8 million in 2020. The inclusion criteria were hCG or/and ultrasound-confirmed clinical pregnancy, maternal age between 18–50 years, without the following diseases which were found to be associated with APOs: hyperthyroidism (16), heart disease (17), chronic kidney disease (18), tuberculosis (19), and psychiatric disease (20). Those who did not live in Fuzhou city during pregnancy and gestational age ≥ 42 weeks were excluded from this study. Participants were invited to fill out a structured questionnaire through face-to-face interviews. Participation was completely voluntary. A written informed consent form was obtained from each participant at enrolment. Ethical approvals were obtained from the Ethics Committees of above mentioned three hospitals (approval numbers: 20151110FQ, 20151110FZ, and 20,160,307).



2.2. Outcome definition

In this study, APOs include adverse maternal outcomes (gestational diabetes, gestational hypertension, and premature rupture of membranes), birth defect, preterm birth, failed newborn hearing test, neonatal jaundice, low birth weight, and high WBC count. We divided the entire pregnancy into three stages: early pregnancy (0–13 weeks, 1st trimester), middle pregnancy (14–26 weeks, 2nd trimester), and the last stage from week 27 to the delivery (3rd trimester).



2.3. Exposure assessment

The gridded near-surface air temperatures at a resolution of 0.1°* 0.1° for Fuzhou in 2015–2016 were downloaded from a published dataset (21), including daily average, maximum, and minimum temperatures. This dataset was modeled using the China Meteorological Forcing Dataset (CMFD) and ERA5 reanalysis data. CMFD is a set of comprehensive meteorological datasets developed by the Institute of Tibetan Plateau Research, Chinese Academy of Sciences, with a temporal resolution of 3 h and a spatial resolution of 0.3° (22). ERA5 is the 5th-generation product of the atmospheric reanalysis of global climate data launched by the European Center for Medium-Range Weather Forecast, with a temporal resolution of 1 h and a spatial resolution of 0.1° (23).

Gridded daily air pollution data (e.g., PM2.5) at a spatial resolution of 1 kilometer were downloaded from a publicly available dataset (ChinaHighPM2.5).1 These data were generated from multiple data sources including ground-based measurements, satellite remote sensing products, atmospheric reanalysis, and model simulations, using artificial intelligence by considering the spatiotemporal heterogeneity of air pollution (24). Missing values of daily temperature and PM2.5 were interpolated using inverse distance weighted (IDW) models (by using “gstat” package in R4.2) (25).

In this study, a two-step method was used to estimate each individual prenatal exposure to ambient temperature and PM2.5. First, we used Baidu Map API2 to transform participants’ home addresses into longitude and latitude coordinates. The participants’ locations were reprojected to WGS 84 using “geoChina” package in R. Then, daily mean, maximum, and minimum temperatures, and PM2.5 were extracted from the gridded datasets using R packages “ncdf4” and “raster.” Diurnal temperature variation is the variation between the maximum and minimum temperatures during the same day. The average exposure values of trimester-specific temperatures and PM2.5 were calculated for each participant.



2.4. Statistical analysis

The demographic characteristics of participants were descriptively summarized as counts and percentages or as mean and standard deviation (SD) for categorical variables and continuous variables, respectively. Bivariate logistic regression analysis was used to compare the differences in adverse pregnancy outcomes by different covariates. T-test was conducted to compare maternal weight and baby weight between APOs and non-APOs. Stata command ‘pwmean’ was used to make pairwise comparisons in temperature exposure and air pollution between the three trimesters. In the multivariate logistic regression model, we adjusted the following confounding factors: maternal age, maternal education level, maternal infection, household income, mode of delivery, location (metro or suburb), infant sex, parity, and gravidity. As previous evidence has shown that air pollutants may affect pregnancy outcomes (26), PM2.5 was put into the regression model as a proxy of air pollution and controlled for as a potential confounder.

In addition to the overall temperature-APOs association at each trimester, we also conducted APOs-specific analyses, including adverse maternal outcomes (gestational diabetes, gestational hypertension, and premature rupture of membranes), failed newborn hearing tests, and neonatal jaundice. We not only investigated the exposure effects of daily mean temperature and diurnal air temperature variation but also daily maximum and minimum temperatures, to check the consistency of different heat metrics. Considering the possibly lagged effects of ambient temperature on APOs as reported by previous studies (6, 12), we generated heat exposure variables lagged for 12 weeks according to our preliminary cross-correlation analysis. All statistical analyses were performed by using Stata V17.0 (StataCorp LP, College Station, TX). The 0.05 level of statistical significance for two tails was adopted for all tests.




3. Results

A total of 418 participants were recruited during the study period. The demographic characteristics of participants are summarized in Table 1 and Supplementary Table S1. Figure 1 shows the spatial distribution of the participants. Overall, there were 107 APOs, accounting for 25.6% of all participants. They include 23 participants suffering from pregnancy complications, 14 participants with high WBC, 37 infants who failed in hearing screening tests, 44 infants with neonatal jaundice, one each birth defect and low birth weight. Sixteen participants (14.9%) had more than one APOs. The vast majority (88.4%) of participants were less than 35 years old and the average maternal weight was 77.0 ± 8.4 kg. More than 80% of participants were recruited from the two suburban counties (Fuqing and Changle) of Fuzhou. About 40% of participants reported they were employed when being interviewed. Regarding household income, most participants fell into the range of 5,000–10,000 Yuan per month. About two-thirds of participants had two or more children. Twenty-one percent of participants got maternal infections, including rubella (75), syphilis (8), and other unspecified infections (6). In this study, 64.8% of infants were born in warm seasons. Vaginal birth accounted for 64.1%. The sex ratio (male/female) of infants was 0.92. The newborns’ average weight was 3253.6 ± 356.5 g. Results of bivariate analysis (Table 1) showed that pregnant women with a higher education level were at a lower risk of APOs, with the OR (95%CI) being 0.263 (0.088–0.784) for senior high school and 0.231 (0.077–0.692) for ≥undergraduate, compared to ≤primary school. Moreover, participants from the Fuzhou metro area were at lower risk of APOs than those from the suburban countries (OR = 0.228, 95%CI 0.102–0.513). Significant differences between APOs and Non-APOs were not observed by other covariates.



TABLE 1 Characteristics of the study participants.
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FIGURE 1
 Location of Fuzhou City and the spatial distribution of participants. Red dots represent the residential addresses of participants. Red star indicates the capital city (Beijing) of China.


Characteristics of temperature exposure and PM2.5 during pregnancy by trimester were summarized in Table 2. The average temperature in the 2nd trimester was significantly lower than that in trimester one (Tukey-t = 9.88, 95%CI −4.94 to −3.05) and three (Tukey-t = −2.14, 95%CI −3.09 to −1.19), and similarly for maximum and minimum temperatures (data not shown). Temperature variations in the 3rd trimester were significantly higher than that in early (Tukey-t = 9.44, 95%CI 0.49 to 0.81) and middle (Tukey-t = 7.83, 95%CI 0.38 to 0.70) pregnancy. While for PM2.5, the highest average exposure was in the 2nd trimester, compared to trimester one (Tukey-t = 11.84, 95%CI 3.46 to 5.16) and three (Tukey-t = 1.95, 95%CI 1.10 to 2.80).



TABLE 2 Summary of daily temperature exposure and PM2.5 during pregnancy by gestational period.
[image: Table2]

Table 3 shows the effects of prenatal temperature exposure on APOs at different pregnancy stages after controlling for potential confounders. We found overall a 1°C increase in mean temperature was associated with a 10.0% increase in APOs (aOR = 1.100, 95%CI 1.006–1.203) during the period of early pregnancy. However, APOs were negatively associated with temperature exposure in the middle pregnancy period, and a 1°C increase in mean temperature was associated 8.8% decrease in APOs (aOR = 0.912, 95%CI 0.846–0.982). Results of APOs-specific analysis show that infant jaundice was negatively associated with temperature exposure in the middle and late pregnancy periods. A 1°C increase in mean temperature was associated with 13.1% (aOR = 0.869, 95%CI 0.784–0.963) and 11.4% (aOR = 0.886, 95%CI 0.789–0.995) decrease of infant jaundice, respectively. With respect to the impacts of temperature on WBC count and newborns’ hearing, significant effects were observed only in the 3rd trimester. A 1°C increase in mean temperature may lead to a 1.8% (aOR = 0.981, 95%CI 0.857–1.122) decrease in failed newborn hearing screening and 29.6% (aOR = 1.296, 95%CI 1.019–1.649) increase in high WBC. A similar exposure-APOs pattern was observed in maximum and minimum temperatures (Supplementary Tables S2, S3).



TABLE 3 Effect estimates (odds ratio, 95% CI) of daily mean temperature on adverse pregnancy outcomes in Fuzhou.
[image: Table3]

Table 4 shows the effects of diurnal temperature variation on APOs at the three trimesters after controlling for confounding factors. Overall, diurnal temperature variation had a significant impact on APOs in the third trimester and a 1°C increase in temperature variation was associated with a 35.1% (aOR = 1.351, 95%CI 1.023–1.784) increase in APOs. Results of APOs-specific analysis show that diurnal temperature variation had a significant impact on maternal WBC in the early and late pregnancy stages. A 1°C increase in temperature variation was associated with more than two times (aOR = 2.469, 95%CI 1.001–6.089) increase of high WBC in the first trimester and about five times (aOR = 4.724, 95%CI 1.548–14.409) increase in the third trimester.



TABLE 4 Effect estimates (odds ratio, 95% CI) of diurnal temperature variation on adverse pregnancy outcomes in Fuzhou.
[image: Table4]

Figure 2 shows the lagged effects of mean temperature on overall APOs and diagnosis-specific conditions by trimesters after controlling for confounding factors. For overall APOs in trimester 1, we found the lagged effects of ambient temperature last 10 weeks, with the greatest effects (aOR = 1.172, 95%CI 1.051–1.306) observed at lag week 4, while significantly lagged effects were not observed in trimesters 2 and 3. Results of diagnosis-specific analysis show that mean temperature had no lagged effects on complications of pregnancy (gestational diabetes, gestational hypertension, and premature rupture of membranes) during the entire pregnancy period. For newborn hearing screening, lagged effects were not observed in the early and middle stages of pregnancy. However, the mean temperature was negatively associated with the risk of a failed hearing screening test at lags 4–6 weeks, with the greatest effect (aOR = 0.776, 95%CI 0.619–0.973) observed at lag week 4. The risk of neonatal jaundice increased at lag weeks 2–9 in the first trimester, with the greatest lagged effect (aOR = 1.201, 95%CI 1.020–1.413) observed at lag week 3. However, the risk of neonatal jaundice significantly reduced at lag weeks 0–1 in trimester 2 and lag weeks 0–4 in trimester 3. The risk of high WBC significantly increased at lag weeks 1–4 in the first trimester with the greatest effect observed at lag week 3 (aOR = 1.268, 95%CI 1.010–1.590). By contrast, the risk of high WBC last 4 weeks in the third trimester with the greatest effect observed at lag week 4 (aOR = 1.404, 95%CI 1.046–1.883).

[image: Figure 2]

FIGURE 2
 Lagged effects (0–12 weeks) of mean temperature on overall adverse pregnancy outcomes (APOs) and APOs-specific diagnoses (maternal complications, failed hearing screening, neonatal jaundice, and high WBC) at trimester 1 (left column), trimester 2 (middle column), and trimester 3 (right column).




4. Discussion

With the predicted likely increasing frequency and intensity of extreme temperatures, climate change is presenting a growing challenge for maternal, fetal, and neonatal health (4, 9, 10). In this study, we examined the impact of ambient temperature on some under-researched APOs including maternal complications, high WBC, newborn hearing loss, and neonatal jaundice. The findings of this study may not only expand the spectrum of temperature-attributable APOs but also provide insights for mitigating the health-related harms of a warming climate on pregnant women, fetuses, and newborns.

In this study, we found APOs were positively associated with mean temperatures in the 1st trimester with lagged effects lasting up to 10 weeks. However, a negative temperature-APOs association was observed in the 2nd trimester with a 3-week lagged effect. Generally, findings of previous studies suggest that the last few weeks of pregnancy were more sensitive to APOs (6, 27). Our results show that diurnal temperature variation significantly increased the risk of APOs in the 3rd trimester. The discrepancy between different heat metrics needs further investigation. The temperature-APOs and susceptible windows vary depending on the outcomes being examined. Therefore, we conducted APOs-specific analyses.

Neonatal jaundice is characterized with yellowish discoloration of the sclera and skin in a newborn baby due to the accumulation of unconjugated bilirubin. Neonatal jaundice occurs in up to 85% of all live birth (28). Most neonatal jaundice is self-limiting and does not require special treatment. Recent studies even suggest that unconjugated bilirubin may play a protective role against oxidative stress (29). However, severe neonatal jaundice may not only lead to infants’ long-term neurological impairments but also affect mothers’ psychological health (30, 31). Multiple factors have been identified associated with neonatal jaundice such as ethnicity, geography, gender of newborns, birth weight, gestational age, labor and delivery, blood group incompatibility, eating habits, and genetics (28). Since Milby et al. observed a seasonal variation in the incidence of neonatal jaundice among 3,096 babies delivered in an agricultural community hospital in California during 1963–1966 (32), dozens of studies investigated the influence of birth season or ambient temperature on the risk of neonatal jaundice (33). However, there is no consensus and the potential mechanisms of seasonal fluctuations in the development of neonatal jaundice remain unclear.

In this study, we found neonatal jaundice was negatively associated with ambient temperature at trimesters 2 and 3. This is consistent with evidence from Japan (33), Finland (34), and Iran (35). The relatively short duration of daylight during the cold season may increase the risk of hyperbilirubinemia, as the sun emits blue–green light in the spectrum needed to most effectively convert bilirubin to its water-soluble isomers for excretion (36). In addition, parents usually increase indoor temperatures to prevent newborns from hypothermia, which can cause dehydration and increase serum bilirubin levels (35). However, a recent comprehensive literature review found more studies tend to support a positive relationship between birth season and neonatal jaundice (33). The possible explanations include: (1) Neonates tend to drink more breast milk during the hot season to compensate for dehydration. This may contribute to the development of neonatal jaundice, as human milk inhibits the conjugation of bilirubin (28); (2) During hot summer, parents are usually reluctant to be outdoors which may reduce the potential for phototherapy; and (3) Neonatal jaundice is relatively easier to be found as newborns wear fewer clothes in the hot season. Divergent findings in the previous studies may be due to the differences in case inclusion criteria, study design, and various cut-offs for hyperbilirubinemia (28, 37). We noticed that previous studies did not explore the possible lagged effects of heat exposure on neonatal jaundice. Moreover, we found a positive relationship between mean temperature and neonatal jaundice at lag weeks 2–9 in trimester 1, while the lagged effects were negative in trimester 2 (lag week 1) and 3 (lag weeks 1–4). This may be another important factor resulting in the inconsistencies in previous studies and deserves further research on the molecular mechanisms of pathogenesis.

Infections during pregnancy are associated with a wide range of morbidity and mortality in pregnant women and developing fetus, such as maternal death, congenital anomalies, pregnancy loss, preterm birth, low birth weight, and even lifelong consequences to the neonates (38). White blood cells are commonly measured in pregnancy as an indicator to facilitate the diagnosis of infection or inflammation in clinical practice. Evidence has shown that ambient temperatures were associated with infections-related morbidity and mortality in the general population (39). Compared with non-pregnant women, pregnant women are more likely to be severely affected by infections (40). However, few studies investigated the impact of ambient temperature on infections during pregnancy. In this study, we found that mean temperatures were positively associated with high WBC in the third trimester with lagged effects lasting for up to 4 weeks. Moreover, temperature variations had a significant impact on high WBC at trimesters one and three. The increase in temperature may accelerate the incubation period of microorganisms and the population dynamics of vector species and pathogenic organisms. Warmer temperatures can lead to increased proliferation of pathogens in food and water sources (41). Therefore, temperature variation may be an independent risk factor leading to infections during pregnancy. This deserves more attention, especially in the context of global warming. There is a need to strengthen the awareness of pregnant women and relevant stakeholders about the prevention of infections during warm days for protecting maternal and infant health.

Although the long-term health effects of extreme heat exposure on maternal complications are largely unknown, mounting evidence shows that elevated ambient temperatures were associated with adverse maternal outcomes such as gestational diabetes mellitus, hypertensive disorders, premature rupture of membrane, placental abruption, maternal stress, and cardiovascular risk at labor (6). Currently, the physiological mechanisms that underpin these associations are poorly understood, which may include reduced placental blood flow, oxidative stress and release of inflammatory markers, heat shock proteins, dehydration, uterine contractility, and hypercoagulability (42). However, in this study daily mean temperature and diurnal temperature variation had no significant impacts on maternal outcomes, probably due to the small sample size which could not generate sufficient statistical power. We also explored the impact of ambient temperature on newborn hearing loss, as there is evidence that the increase in body core temperature could result in transient deafness among infants (43). We did not observe a significant temperature-hearing loss association at lag 0, but a negative association was found at lag weeks 4–6. Herbig examined the effects of ambient temperature and relative humidity on the initial refer rate from January to March 2003 in newborn hearing screening using transient evoked otoacoustic emissions testing and did not find statistically significant results (44).

This study has several limitations that should be acknowledged. Firstly, the relatively small sample size in this study dictates a cautious interpretation of the results, although it is a common issue in temperature-APOs research (6). Therefore, future studies with a big sample size are warranted for the causal inference between temperature and APOs. Secondly, this study was only conducted in one city (Fuzhou), which may limit the generalizability of the findings to other regions or populations with different demographical characteristics. Thirdly, the study relied on self-reported data from participants which may introduce recall bias or measurement errors, although relevant quality assurance and quality control procedures have been adopted during the survey. Fourthly, recent evidence shows that temperature extremes can independently and act synergistically with PM2.5 on APOs (45). In this study, we did not explore the interactive effects between ambient temperature and PM2.5 on APOs. Under a warming climate, adverse pregnancy outcomes attributed to climate change-driven increases in heat exposure and air pollution may be larger than considering these risk factors individually (46).



5. Conclusion

Pregnant women, fetuses, and newborns are vulnerable to extreme temperatures, which may be exaggerated by the ongoing climate crisis. A diverse range of heat-related adverse pregnancy outcomes has been reported, but less attention has been paid to heat-attributed neonatal jaundice, newborn hearing loss, and infections during pregnancy. Women’s healthcare providers can educate their patients about the adverse health effects of high temperatures. In addition to the identified epidemiologic link and susceptible exposure windows, there is a need to understand the underlying biological mechanisms for better recommendations for climate change adaptation policies.
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