
1

Vol.:(0123456789)

Scientific Reports |        (2022) 12:18474  | https://doi.org/10.1038/s41598-022-23155-3

www.nature.com/scientificreports

Extreme temperature increases 
the risk of stillbirth in the third 
trimester of pregnancy
Hsiao‑Yu Yang1,2,3*, Jason Kai Wei Lee4,5,6,7,8,9 & Chia‑Pin Chio1,10

Epidemiological studies have reported the association between extreme temperatures and adverse 
reproductive effects. However, the susceptible period of exposure during pregnancy remains unclear. 
This study aimed to assess the impact of extreme temperature on the stillbirth rate. We performed a 
time‑series analysis to explore the associations between temperature and stillbirth with a distributed 
lag nonlinear model. A total of 22,769 stillbirths in Taiwan between 2009 and 2018 were enrolled. 
The mean stillbirth rate was 11.3 ± 1.4 per 1000 births. The relative risk of stillbirth due to exposure 
to extreme heat temperature (> 29 °C) was 1.18 (95% CI 1.11, 1.25). Pregnant women in the third 
trimester were most susceptible to the effects of extreme cold and heat temperatures. At lag of 
0–3 months, the cumulative relative risk (CRR) of stillbirth for exposure to extreme heat temperature 
(29.8 °C, 97.5th percentile of temperature) relative to the optimal temperature (21 °C) was 2.49 
(95% CI: 1.24, 5.03), and the CRR of stillbirth for exposure to extreme low temperature (16.5 °C, 1st 
percentile) was 1.29 (95% CI: 0.93, 1.80). The stillbirth rate in Taiwan is on the rise. Our findings inform 
public health interventions to manage the health impacts of climate change.

Global warming is a critical public health emergency. It has increased the global temperature average by approxi-
mately 0.5 °C over the past 50 years, and the frequency and severity of extreme  temperatures1. Non-optimal 
temperature exposure is associated with a substantial mortality burden, accounting for 9.43% of all deaths; 
among them, 8.52% were cold-related, and 0.91% were heat-related2. There is increasing evidence that ambient 
temperature influences adverse birth  outcomes3. The stillbirth rates had regional  differences4.

The UN Inter-Agency Group for Child Mortality Estimation (UN-IGME) reported nearly two million still-
births occurred in 2019, with most stillbirths occurring in sub-Saharan Africa and south  Asia4. Taiwan is a 
subtropical island country in East Asia; it has a humid climate and is susceptible to global warming. In Taiwan, 
hot seasons are long, lasting from May to September. The winter is short and mild, with there being no severe 
cold temperature in the winter. The mean annual high temperature on the island is 21 °C (70 ºF) (https:// www. 
brita nnica. com/ place/ Taiwan/ Clima te). From 1911 to 2005, Taiwan’s temperature warmed by 1.4 °C, indicating 
that warming in Taiwan is occurring approximately twice as fast as that in the Northern Hemisphere (0.7 °C)5. 
Taiwan is suitable for observing the impact of global warming on stillbirths.

This study aimed to examine the effects of extreme temperature on the stillbirth rate in Taiwan. First, we 
determined associations between ambient temperature and stillbirth risk. Then, we estimated the number of 
stillbirths attributable to hot and cold temperatures in Taiwan and explored the trends of stillbirths.
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Results
A total of 22,769 stillbirths occurred in Taiwan from January 1, 2009, to December 31, 2018. The mean stillbirth 
rate was 11.3 (SD 1.4) per 1000 births. The stillbirth rate was highest in June, at 12.6 (SD 1.2) per 1000 births. 
The mean monthly temperature and relative humidity were 23.9 °C (median 24.4, range 14.8–30.2) and 75% 
(median 75, range 66–82), respectively (Supplementary Table 1). There was a seasonal stillbirth pattern, with a 
primary peak in hot seasons and a minor peak in cold seasons (Fig. 1). When we decomposed the time series 
data of stillbirths in Taiwan, we observed that stillbirths had seasonality that occurred over a fixed period. Sea-
sonality has a bimodal distribution with a primary peak in hot seasons and a minor peak in cold seasons. There 
is an increasing trend of the stillbirth rate in Taiwan (Fig. 2). Though there was a positive association between 
temperature and the stillbirth rate (Pearson correlation coefficient = 0.30, p-value = 0.01), the association between 
temperature and the stillbirth rate was nonlinear. The minimum stillbirth rates were observed at temperatures 
between 20 and 22 °C (Supplementary Fig. 1). The relative risks (RRs) of stillbirth due to exposure to cold 
(< 20 °C), mild heat (22–25 °C), moderate heat (25–29 °C), and extreme heat (> 29 °C) were 1.08 (95% CI 1.02, 
1.14), 1.10 (95% CI 1.04, 1.17), 1.15 (95% CI 1.09, 1.22), and 1.18 (95% CI 1.11, 1.25), respectively. Non-optimal 
temperature (either cold or heat) exposure was responsible for 10.24% (95% CI 0.06, 0.15) of stillbirths; among 
them, hot temperature exposure was responsible for a higher attributable fraction (AF) of stillbirths (8.34%, 95% 
CI 0.05, 0.11) than cold temperature exposure (1.89%, 95% CI 0.01, 0.03). Extreme heat exposure (> 29 °C) was 
responsible for 2.64% (0.02, 0.03) of the total stillbirths (Table 1).

An overall picture of the effect of temperature on stillbirth using a contour map of the RR with tempera-
tures and lag times was compared with the reference value at 21 °C, which represents the minimum stillbirth 
rate. The plot shows a very strong and immediate effect of heat at lag 0–2 months before delivery and suggests 
a more delayed effect of cold at lag 0–6 months. In the third trimester (lag 0–4 months), extreme hot and cold 
temperatures increased the risks of stillbirth (Fig. 3). Figure 4 shows a clear harvesting effect of extreme heat 
on stillbirth, and the heat stress had the greatest impact on stillbirth one month before delivery (lag 1 month). 
The associations between stillbirth and temperature were U-shaped at lag 0–4 months, indicating that pregnant 
women were more sensitive to the influence of temperature during the third trimester of pregnancy. The overall 
cumulative effect of hot temperatures was more significant than cold temperatures (Fig. 5). The greatest cumula-
tive effect of extreme heat temperature was found in the 97.5th percentile of temperature (29.8 °C) relative to the 
optimal temperature (21 °C) at lag 0–3 months, with a cumulative relative risk (CRR) of 2.49 (95% CI: 1.24, 5.03). 
The largest CRR of stillbirth in those exposed to extreme low temperatures was observed for the 1st percentile 
of temperature (16.5 °C) relative to the optimal temperature (21 °C), with a CRR of 1.29 (95% CI: 0.93, 1.80) at 
lag 0–3 months (Table 2).

Given the season and trend effects, the data were fitted by the additive Holt-Winters seasonal exponential 
smoothing model. The SSE was 2.05. The Ljung-Box test showed that there was little evidence of nonzero auto-
correlations in the in-sample forecast errors at lags 1–20 (chi-squared = 20.879, df = 20, p-value = 0.40). The 
distribution of forecast errors was normally distributed with a mean zero. This suggests that the autocorrelation 
was controlled well, and the simple exponential smoothing method can provide an adequate predictive model 

Figure 1.  Monthly average temperatures and stillbirth rates in Taiwan from January 2009 to December 2018. 
The monthly average temperatures (blue bar charts) show a seasonal pattern. There was an increased stillbirth 
rate (orange line) in the hot seasons. The red line is the trendline of stillbirths, showing an increased risk of 
stillbirth in Taiwan over time.
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for stillbirth (Supplementary Fig. 2). Using the predictive model, the stillbirth rate in Taiwan is still increasing 
(Fig. 6).

Discussion
This study shows that the stillbirth rate in Taiwan is on the rise. Unlike the downward trend in the global stillbirth 
rate from 2000 to 2019, this study shows regional differences in the stillbirth  rate4. To the best of our limited 
knowledge, this is the first study to provide evidence of adverse reproductive effects of temperature on stillbirth 
in East Asia. This study showed an apparent harvesting effect of extreme heat on stillbirth during the third tri-
mester of pregnancy. The harvesting effect (mortality displacement) refers to a period of excess deaths followed 
by a period of mortality deficit, a mortality displacement due to the death of susceptible individuals by environ-
mental  factors6. This study provides important evidence for the reproductive hazards caused by temperatures.

This study showed that pregnant women had an increased risk of stillbirth due to extreme heat and cold tem-
peratures during the third trimester of pregnancy. The overall cumulative effect of hot temperatures was more 
significant than that of cold. Hot and cold temperatures had the most significant impacts on stillbirth during 
the third trimester of pregnancy, especially at about one month before delivery. These findings are similar to 
that of a retrospective cohort study conducted in Australia by Strand et al., in which exposure to higher ambient 
temperatures in the last four weeks of pregnancy increased the risk of  stillbirth7, and a study in Texas that found 
evidence of an association between apparent temperature increases in the week preceding an event and the risk 
of  stillbirth8. Arroyo et al.9conducted an ecological study in Spain that showed that exposure to the minimum 
temperature in the third trimester increased the risk of stillbirth. Another study in Australia by Li et al.10 reported 
that exposure to low or high temperatures in the third trimester of pregnancy significantly increased the risk of 

Figure 2.  Decomposition of time-series data of the stillbirth rate in Taiwan from January 2009 to December 
2018. A seasonal time series consists of a trend component, a seasonal component, and an irregular component. 
Seasonality has a bimodal distribution with a primary peak in hot seasons and a minor peak in cold seasons. 
There is an increasing trend of the stillbirth rate in Taiwan.

Table 1.  Relative risk and attributable fraction of stillbirth related to mild, moderate, and extreme heat. RR, 
relative risk; CI, confidence interval. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001. a Adjusted for relative 
humidity. The Akaike information criterion (AIC) for the model was 1262.

Total births (No.) Stillbirths (No.)
Adjusted RR (95% 
CI)a

Attributable fractions 
(%) (95% CI)

Attributable 
stillbirths (95% CI)

Cold (< 20 °C) 555,504 6053 1.08 (1.02, 1.14)** 7.11% (0.02, 0.12) 431 (120, 728)

Optimum (20–22 °C) 157,088 1699 Referent Referent –

Mild heat (22–25 °C) 365,724 3935 1.10 (1.04, 1.17)*** 9.18% (0.04, 0.14) 361 (152, 560)

Moderate heat 
(25–29 °C) 604,404 7079 1.15 (1.09, 1.22)*** 13.69% (0.05, 0.22) 936 (599, 1259)

Extreme heat (> 29 °C) 336,837 3999 1.18 (1.11, 1.25)*** 15.06% (0.10, 0.20) 602 (404, 790)
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preterm birth, while the risk of stillbirth was significantly associated with exposure to low or high temperatures 
in the second and third trimesters of pregnancy. Identifying pregnancy windows during which women are most 
susceptible to adverse effects associated with exposure to extreme temperatures can determine the best periods 
for effective interventions. We suggest that pregnant women avoid temperature extremes, especially in the third 
trimester of pregnancy.

Our findings show that hot temperature has a more significant impact on stillbirth than cold temperature. The 
estimated risk of stillbirth in those exposed to moderate heat (25–29 °C) and extreme heat (> 29 °C) increased 
by 15% and 18%, respectively, compared to those exposed to the optimal temperature of 21 °C. The results were 
similar to those of a study in Quebec, Canada, in which exposure to an elevated outdoor temperature of 28 °C 
was associated with a 1.19 times higher risk of stillbirth (95% CI 1.02–1.40)11. Our findings are in line with 
earlier studies, which reported that cold seasons also increased the risk of stillbirth. An earlier study at Uppsala 

Figure 3.  Contour plots of the thermal effect of time lags and temperature on the RR of stillbirth, with the 
reference of 21 °C. Taiwan, 2009–2018. This figure shows that exposure to both hot and cold temperatures 
increases the risk of stillbirth in pregnant women in the second and third trimesters. The figures of pregnant 
women were created with BioRender.com.

Figure 4.  The association between temperature and stillbirth summarized by the RR of stillbirth associated 
with exposure to extreme heat temperatures (29.8 °C, the 97.5th percentile) above the optimal temperature 
(21 °C). The lag response curve shows the existence of the mortality displacement for extreme heat temperature. 
The effects of extreme heatt temperatures on stillbirth was largest at lag 1 month and then reduced below 
baseline from lag 3 to 8 months.
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Hospital in Sweden from 1915 to 1929 reported that exposure to cold temperatures during pregnancy increased 
the risk of  stillbirth12. A study in New York City conducted between 1940 and 1954 observed that the number of 
stillbirths increased in late winter and  spring13. A survey of white singleton resident births in Minnesota from 
1967 to 1973 showed that there was an increased risk of fetal death before labor in autumn and  winter14. In 
Switzerland, higher rates of stillbirth were observed in winter and spring, and lower rates were observed during 
summer and  autumn15. The mean stillbirth rate was 11.3 per 1000 births during our study period from 2009 to 
2018. According to our forecast, the trend of stillbirths will continue to increase. As indicated in a projection of 
temperature-related mortality in Taiwan, the annual number of hot days with a mean temperature over 30 °C 
was predicted to have a substantial 2- to 5-fold increase by 2060, and heat-related mortality was predicted to 
increase  drastically16. The climate has diverse effects worldwide. We suggested that additional studies in different 
climate zones are needed to assess the adverse effects of heat on maternal health outcomes.

Figure 5.  Exposure–response curves of monthly mean temperatures and cumulative RRs of stillbirth using 
quasi-Poisson regression with the DLNM and different lag periods; the reference corresponds to 21 °C. Taiwan, 
2009–2018. Cumulative RRs (red line) and 95% CIs (gray zone) for stillbirths over different lag periods (0, 0–1, 
0–2, 0–3, 0–4, 0–5, 0–6, 0–7, 0–8, and 0–9 months). Estimates are relative to the optimal temperature (21 °C) 
for the study area as a reference. We observed a U-shaped association between stillbirth risk and temperature 
during lag 0–1, 0–2, and 0–3 months. Heat stress has the highest cumulative RR during the third trimester (lag 
0–3 months). The overall cumulative effect of hot temperatures was larger than that of cold temperatures.

Table 2.  The cumulative relative risk (CRR) of stillbirth in extreme heat temperature (99th and 97.5th 
percentile) and extreme cold temperature (1st and 2.5th percentile) relative to the optimal temperature (21 °C). 
*p < 0.05.

Lag effect
99th percentile (30.1 °C) relative to 
21 °C, CRR (95% CI)

97.5th percentile (29.8 °C) relative to 
21 °C, CRR (95% CI)

2.5th percentile (16.7 °C) relative to 
21 °C, CRR (95% CI)

1st percentile (16.5 °C) relative to 
21 °C, CRR (95% CI)

Lag 0 1.10 (0.80, 1.50) 1.09 (0.80, 1.48) 1.10 (0.96, 1.25) 1.10 (0.96, 1.27)

Lag 0–1 1.34 (0.86, 2.09) 1.33 (0.86, 2.05) 1.19 (0.98, 1.43) 1.20 (0.99, 1.46)

Lag 0–2 1.55 (0.91, 2.67) 1.55 (0.90, 2.67) 1.24 (0.96, 1.60) 1.25 (0.97, 1.63)

Lag 0–3 2.40 (1.19, 4.8)* 2.49 (1.24, 5.03)* 1.28 (0.92, 1.77) 1.29 (0.93, 1.80)

Lag 0–4 2.46 (0.95, 6.40) 2.50 (0.96, 6.53) 1.22 (0.79, 1.87) 1.22 (0.80, 1.88)

Lag 0–5 1.85 (0.58, 5.89) 1.84 (0.57, 5.91) 1.17 (0.69, 2.00) 1.17 (0.69, 2.00)

Lag 0–6 0.92 (0.23, 3.64) 0.95 (0.24, 3.76) 1.18 (0.62, 2.25) 1.19 (0.63, 2.27)

Lag 0–7 0.56 (0.11, 2.94) 0.56 (0.11, 2.88) 0.72 (0.30, 1.75) 0.73 (0.30, 1.78)

Lag 0–8 0.29 (0.04,1.96) 0.31 (0.05,2.04) 0.84 (0.29, 2.40) 0.85 (0.30, 2.43)

Lag 0–9 0.36 (0.04, 3.67) 0.38 (0.04, 3.75) 0.80 (0.21,3.10) 0.76 (0.19, 3.00)
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There has been increasing interest in investigating the effects of heat exposure on fetal  development8. Epi-
demiological studies in recent years have reported the association between extreme heat temperature, heat 
stress, premature  birth17, low birth  weight18, and  stillbirth19,20. A systematic review of the effect of temperature 
on pregnancy outcomes showed stronger evidence of adverse effects due to heat than  cold3. Current hypotheses 
regarding the biological mechanisms by which pregnant women are more susceptible to heat stress include (1) 
an increase in the core temperature due to increased fat deposition; (2) a decrease in the surface area to body 
mass, reducing the capacity to dissipate heat by sweating; (3) an increase in heat production due to weight 
gain; and (4) an increase in maternal heat stress due to the body composition and metabolic rate of the  fetus21. 
The pathophysiological mechanisms might include uterine blood flow decreases under heat stress, resulting 
in hypoxia and increased oxidative stress, affecting placental blood flow, endocrine hormones, and metabolic 
functions in the placental environment, which affects fetal  development22. We recommend that future studies 
investigate the biological responses and pathophysiological changes of the fetus and mother to thermal effects 
during pregnancy, especially in the first to the third trimester of pregnancy. However, due to ethical reasons, 
no studies have tested these hypotheses. We suggest that future studies develop alternative methods to observe 
pregnancy outcomes, such as mimicking exposure to hot environmental temperatures. For example, in a previ-
ous study, the risk of adverse birth outcomes in pregnant women who had a habit of hot tub or spa use during 
pregnancy was  observed23.

The limitations of this study should be acknowledged. First, we showed that hot temperatures had a more 
significant overall effect on stillbirth than cold temperatures. However, Taiwan is located in a subtropical area, 
and the temperature is generally warm. Thus, we cannot generalize the observed effect to all countries, espe-
cially countries with cold climates. Second, we did not have information on medication, maternal infection, 
and congenital anomalies at an individual level. We suggest that future studies collect data on medical history 
and health care services, such as the number of visits, delays or non-attendance, adherence to protocol, and lack 
of risk assessment. Third, heat adaptation and resilience could reduce the impact of thermal hazards, but this 
study could not collect these effect modifiers at an individual level. We suggest that future studies collect data on 
adaptive behaviors, indoor temperatures, socioeconomic conditions, and cultural issues that may affect stillbirth.

In addition to direct climatic factors, thermal adaptation behaviors also indirectly affect the effects of heat 
stress on pregnant  women24, such as reducing workloads during pregnancy, establishing early warning systems 
in the community, water supplementation, increasing medical accessibility, monitoring for heat-related condi-
tions during labor, building modifications, and use of cooling  systems25. We recommend more behavioral and 
health service-related researches to formulate recommendations for prevention.

In conclusion, we explored lag structures and performed a time-series analysis to investigate the impact of 
temperature on the stillbirth rate. Our study revealed that the third trimester of pregnancy is the critical expo-
sure window, during which extreme heat and cold temperatures increased the risk of stillbirth. Pregnant women 
should be informed of the hazardous thermal effect on their unborn infants and protect themselves from extreme 
temperatures during the critical period.

Figure 6.  The trend plot of the forecast using the Holt-Winters exponential smoothing method. This study 
provided evidence of the increasing trend of stillbirth in Taiwan under global warming.
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Methods
Study design. We conducted time-series studies to investigate and forecast the impact of environmental 
temperature on birth outcomes in Taiwan.

Birth and climate data. We obtained birth data from 2009 to 2018 from the Taiwan Birth Reporting Database of 
the Health Promotion Administration, Ministry of Health and Welfare (https:// olap. hpa. gov. tw/). It is a national 
registration data covering a population of 23,863,707. In Taiwan, the nationwide online birth reporting system 
was launched in 2004. Hospitals must report all birth certificates and birth data, including pregnancy duration, 
stillbirth, preterm birth, presence and type of any birth defects, and original nationality of the parturient within 
seven days following delivery. The database is complete and reliable due to mandatory and online  entry26. A 
validation study for the birth registry in Taiwan showed a low rate of missing information and a high level of 
 validity27. We obtained the monthly counts of live births and stillbirths from 2009 to 2018. In Taiwan, stillbirth is 
defined as the death of a fetus at more than 20 weeks of gestation or a weight of more than 500  grams28. The cor-
responding monthly mean temperature and relative humidity were obtained from the meteorological stations of 
the Central Weather Bureau in  Taiwan29. The Research Ethics Committee of National Taiwan University deter-
mined whether ethical approval was required for this study (review No. 202004HM030). In Taiwan, collecting 
data from stillbirth cases is part of routine public health surveillance, and the available data do not contain per-
sonal identifying information. This study was therefore exempted from institutional review board assessment.

Definition of extreme temperature. According to the World Meteorological Organization, extreme 
temperature is a general term for temperature variations above (extreme heat) or below (extreme cold) normal 
conditions. Since climate varies regionally, the definition of an extreme temperature and its threshold will differ 
from location to location. In other words, an extreme value in one location may be within the normal range in a 
different location. A simple method is to establish a specific threshold for temperature and evaluate the extremes 
that occur over (or under) that given  threshold30. In this study, extreme temperatures were defined by different 
percentiles of  Tave. We defined the 1st percentile (16.5 °C) and 2.5th percentile (16.7 °C) as extreme cold tempera-
ture, and 97.5th percentile (29.8 °C) and 99th percentile (30.1 °C) as extreme heat temperature.

Statistical analysis. The analysis was performed in four steps:

Decomposition of time series data. To check whether there is seasonality between the stillbirth rate and tem-
perature, we decomposed the time-series data into a trend component, a seasonal component, and an irregular 
component. The model was as follows:

where at is the horizontal component of the sequence, bt is the trend component of the sequence, and st is the 
seasonal factor of the sequence (π is the cycle length of the sequence)31.

Estimate the burden of stillbirth attributable to non‑optimal temperature. Because the distribution of the num-
ber of stillbirths follows a Poisson distribution, we conducted Poisson regression to calculate the RR of stillbirth 
and estimate the burdens of cold and heat-related stillbirths. We estimated the burdens of heat-related stillbirths 
and cold-related stillbirths by calculating the AF of stillbirths using the following equation:

where RR is the relative risk of cold or hot temperatures considering the optimal temperature as the reference 
temperatures, which corresponded to the time points with the minimum stillbirth rates. We calculated the num-
ber of stillbirths attributable to exposure to hot and cold temperatures, defined as temperatures above (> 29 °C) 
or below (< 20 °C) the optimal temperature, respectively, which corresponded to the minimum stillbirth rate. 
The total number of stillbirths attributable to non-optimal temperature exposure was calculated as the sum of 
the contributions from cold and hot temperatures; the total attributable fraction was defined as the ratio of the 
summed value to the total number of stillbirths.

Lag and nonlinear effect analysis. Because the association between temperature and stillbirth might be non-
linear, and there might be a lag effect of temperature that may affect stillbirth on given periods after exposure. 
We applied generalized linear quasi-Poisson regression combined with the DLNM to identify the delayed effects 
of ambient temperature on the stillbirth  rate32. The model was as follows:

where t is the month of observation; E(Yt) is the expected number of stillbirths in month t; β is the vector of 
coefficients for Tempt,l; Tempt,l is a matrix representing the two-dimensional relationship of mean temperature 
and lag months; l denotes the maximum lag months;  RHt is the relative humidity (RH) in the t months of obser-
vation; NS() represents the natural cubic spline. Considering that the impacts of temperature on stillbirth may 

(1)
at = α(xt − st−π )+ (1− α)(at−1 + bt−1)

bt = β(at − at−π )+ (1− β)bt−1

st = γ (xt − at)+ (1− γ )st−π

(2)AF =
(RR− 1)

RR
×100

(3)Log[E(Yt)] = α + β Tempt,l + NS(RHt , df) + NS
(

year, df
)

+ NS(month, df)

https://olap.hpa.gov.tw/
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occur with delay, cross-basis Tempt,l was constructed, with a quadratic B-spline with three internal knots placed 
at equally spaced values in the log scale  lags33,34. To estimate the effect of temperature on all stages of pregnancy, 
we specified a maximum lag of 9 months. Degrees of freedom (df) for the lag structure was selected based on 
the seasonal pattern and trend observed from the decomposition of the time-series analysis and Akaike infor-
mation criterion (AIC)35. We used a natural cubic spline with 10 dfs per year to adjust for the long-term trend 
during human gestation, and a natural cubic spline with 12 dfs per month to adjust for the monthly  variation34. 
The final model used a quadratic B-spline with 5 dfs and a second-order quadratic B-spline with 4 dfs. A natural 
cubic spline with 3 dfs was applied for the relative  humidity36. We identified the temperature corresponding to 
the lowest risk as to the optimal temperature and the reference value. Then, we obtained estimates for the heat 
effect on  stillbirth37. To estimate the effects of extreme temperature on stillbirth, we defined the 99th and 97.5th 
percentiles of temperature as extremely high temperatures and the 1st and 2.5th percentiles as extremely low 
temperatures to calculate the risk relative to the reference value, which corresponded to the lowest stillbirth rate. 
We also calculated the number and fraction of stillbirths attributable to extreme temperatures, defined using 
cutoffs at the 2.5th and 97.5th temperature percentiles and the estimated exposure-lag-response association 
defined by the  DLNM37.

Projection of stillbirth rate. We constructed the additive Holt-Winters exponential smoothing model to fore-
cast the stillbirth rate until  202538. Temporal autocorrelation is common in time-series analyses, in which con-
secutive outcome data may be highly correlated. To test whether there were nonzero autocorrelations in the in-
sample forecast errors, we performed the Ljung-Box  test39. To ensure that the predictive model was optimized, 
we assessed whether the forecast errors were normally distributed with mean zero and constant variance. We 
measured the accuracy of the predictive model using the sum of squared error (SSE) to assess in-sample forecast 
errors.

We used the "forecast" package of R software for time-series  forecasting40 and the "dlnm" package for distrib-
uted lag nonlinear  modeling41. A P-value less than 0.05 was considered to be statistically significant.

Data availability
The data that support the findings of this study are available upon request from the corresponding author 
(H.-Y.Y.).

Received: 7 November 2021; Accepted: 25 October 2022

References
 1. Godlee, F. Climate change. BMJ 349, g5945. https:// doi. org/ 10. 1136/ bmj. g5945 (2014).
 2. Zhao, Q. et al. Global, regional, and national burden of mortality associated with non-optimal ambient temperatures from 2000 to 

2019: A three-stage modelling study. Lancet Planet Health 5, e415–e425. https:// doi. org/ 10. 1016/ S2542- 5196(21) 00081-4 (2021).
 3. Zhang, Y. Q., Yu, C. H. & Wang, L. Temperature exposure during pregnancy and birth outcomes: An updated systematic review 

of epidemiological evidence. Environ. Pollut. 225, 700–712. https:// doi. org/ 10. 1016/j. envpol. 2017. 02. 066 (2017).
 4. Hug, L. et al. Global, regional, and national estimates and trends in stillbirths from 2000 to 2019: A systematic assessment. Lancet 

398, 772–785. https:// doi. org/ 10. 1016/ S0140- 6736(21) 01112-0 (2021).
 5. Shiu, C. J., Liu, S. C. & Chen, J. P. Diurnally asymmetric trends of temperature, humidity, and precipitation in Taiwan. J. Climate 

22, 5635–5649. https:// doi. org/ 10. 1175/ 2009j cli25 14.1 (2009).
 6. Saha, M. V., Davis, R. E. & Hondula, D. M. Mortality displacement as a function of heat event strength in 7 US cities. Am. J. Epi‑

demiol. 179, 467–474. https:// doi. org/ 10. 1093/ aje/ kwt264 (2014).
 7. Strand, L. B., Barnett, A. G. & Tong, S. Maternal exposure to ambient temperature and the risks of preterm birth and stillbirth in 

Brisbane, Australia. Am. J. Epidemiol. 175, 99–107. https:// doi. org/ 10. 1093/ aje/ kwr404 (2012).
 8. Konkel, L. Taking the heat: Potential fetal health effects of hot temperatures. Environ Health Persp. 2019, 127. https:// doi. org/ 10. 

1289/ Ehp62 21 (2019).
 9. Arroyo, V., Diaz, J., Carmona, R., Ortiz, C. & Linares, C. Impact of air pollution and temperature on adverse birth outcomes: 

Madrid, 2001–2009. Environ. Pollut. 218, 1154–1161. https:// doi. org/ 10. 1016/j. envpol. 2016. 08. 069 (2016).
 10. Li, S. S., Chen, G. B., Jaakkola, J. J. K., Williams, G. & Guo, Y. M. Temporal change in the impacts of ambient temperature on 

preterm birth and stillbirth: Brisbane, 1994–2013. Sci. Total Environ. 634, 579–585. https:// doi. org/ 10. 1016/j. scito tenv. 2018. 03. 
385 (2018).

 11. Auger, N., Fraser, W. D., Smargiassi, A., Bilodeau-Bertrand, M. & Kosatsky, T. Elevated outdoor temperatures and risk of stillbirth. 
Int. J. Epidemiol. 46, 200–208. https:// doi. org/ 10. 1093/ ije/ dyw077 (2017).

 12. Bruckner, T. A., Modin, B. & Vagero, D. Cold ambient temperature in utero and birth outcomes in Uppsala, Sweden, 1915–1929. 
Ann. Epidemiol. 24, 116–121. https:// doi. org/ 10. 1016/j. annep idem. 2013. 11. 005 (2014).

 13. Hewitt, D. A study of temporal variations in the risk of fetal malformation and death. Am. J. Public Health Nations Health 52, 
1676–1688. https:// doi. org/ 10. 2105/ ajph. 52. 10. 1676 (1962).

 14. Keller, C. A. & Nugent, R. P. Seasonal patterns in perinatal mortality and preterm delivery. Am. J. Epidemiol. 118, 689–698. https:// 
doi. org/ 10. 1093/ oxfor djour nals. aje. a1136 79 (1983).

 15. Eriksson, A. W. & Fellman, J. Seasonal variation of livebirths, stillbirths, extramarital births and twin maternities in Switzerland. 
Twin. Res. 3, 189–201. https:// doi. org/ 10. 1375/ 13690 52003 20565 148 (2000).

 16. Chen, C. C. et al. Projection of future temperature extremes, related mortality, and adaptation due to climate and population 
changes in Taiwan. Sci. Total Environ. 760, 143373. https:// doi. org/ 10. 1016/j. scito tenv. 2020. 143373 (2021).

 17. Cheng, P. et al. Short-term effects of ambient temperature on preterm birth: A time-series analysis in Xuzhou, China. Environ. Sci. 
Pollut. Res. Int 28, 12406–12413. https:// doi. org/ 10. 1007/ s11356- 020- 11201-4 (2021).

 18. Lawrence, W. R. et al. A population-based case-control study of the association between weather-related extreme heat events and 
low birthweight. J. Dev. Orig. Health Dis. 12, 335–342. https:// doi. org/ 10. 1017/ s2040 17442 00003 92 (2021).

 19. Kanner, J. et al. Ambient temperature and stillbirth: Risks associated with chronic extreme temperature and acute temperature 
change. Environ. Res. 189, 8. https:// doi. org/ 10. 1016/j. envres. 2020. 109958 (2020).

 20. Chersich, M. F. et al. Associations between high temperatures in pregnancy and risk of preterm birth, low birth weight, and still-
births: Systematic review and meta-analysis. BMJ 371, m3811. https:// doi. org/ 10. 1136/ bmj. m3811 (2020).

https://doi.org/10.1136/bmj.g5945
https://doi.org/10.1016/S2542-5196(21)00081-4
https://doi.org/10.1016/j.envpol.2017.02.066
https://doi.org/10.1016/S0140-6736(21)01112-0
https://doi.org/10.1175/2009jcli2514.1
https://doi.org/10.1093/aje/kwt264
https://doi.org/10.1093/aje/kwr404
https://doi.org/10.1289/Ehp6221
https://doi.org/10.1289/Ehp6221
https://doi.org/10.1016/j.envpol.2016.08.069
https://doi.org/10.1016/j.scitotenv.2018.03.385
https://doi.org/10.1016/j.scitotenv.2018.03.385
https://doi.org/10.1093/ije/dyw077
https://doi.org/10.1016/j.annepidem.2013.11.005
https://doi.org/10.2105/ajph.52.10.1676
https://doi.org/10.1093/oxfordjournals.aje.a113679
https://doi.org/10.1093/oxfordjournals.aje.a113679
https://doi.org/10.1375/136905200320565148
https://doi.org/10.1016/j.scitotenv.2020.143373
https://doi.org/10.1007/s11356-020-11201-4
https://doi.org/10.1017/s2040174420000392
https://doi.org/10.1016/j.envres.2020.109958
https://doi.org/10.1136/bmj.m3811


9

Vol.:(0123456789)

Scientific Reports |        (2022) 12:18474  | https://doi.org/10.1038/s41598-022-23155-3

www.nature.com/scientificreports/

 21. Strand, L. B., Barnett, A. G. & Tong, S. L. The influence of season and ambient temperature on birth outcomes: A review of the 
epidemiological literature. Environ. Res. 111, 451–462. https:// doi. org/ 10. 1016/j. envres. 2011. 01. 023 (2011).

 22. Samuels, L. et al. Physiological mechanisms of the impact of heat during pregnancy and the clinical implications: Review of the 
evidence from an expert group meeting. Int. J. Biometeorol. https:// doi. org/ 10. 1007/ s00484- 022- 02301-6 (2022).

 23. Chambers, C. D. Risks of hyperthermia associated with hot tub or spa use by pregnant women. Birth Defects Res. A Clin. Mol. 
Teratol. 76, 569–573. https:// doi. org/ 10. 1002/ bdra. 20303 (2006).

 24. Hess, J. J., McDowell, J. Z. & Luber, G. Integrating climate change adaptation into public health practice: Using adaptive manage-
ment to increase adaptive capacity and build resilience. Environ. Health Perspect. 120, 171–179. https:// doi. org/ 10. 1289/ ehp. 11035 
15 (2012).

 25. Chersich, M. F. et al. Increasing global temperatures threaten gains in maternal and newborn health in Africa: A review of impacts 
and an adaptation framework. Int. J. Gynaecol. Obstet. https:// doi. org/ 10. 1002/ ijgo. 14381 (2022).

 26. Sun, C. C., Chou, H. H. & Chuang, L. L. Trends and risk factors of stillbirth in Taiwan 2006–2013: A population-based study. Arch. 
Gynecol. Obstet. 299, 961–967. https:// doi. org/ 10. 1007/ s00404- 019- 05090-3 (2019).

 27. Lin, C. M. et al. Validation of the Taiwan Birth Registry using obstetric records. J. Formos Med. Assoc. 103, 297–301 (2004).
 28. Hu, I. J. et al. A nationwide survey of risk factors for stillbirth in Taiwan, 2001–2004. Pediatr. Neonatol. 53, 105–111. https:// doi. 

org/ 10. 1016/j. pedneo. 2012. 01. 007 (2012).
 29. Lin, Y. K., Chang, C. K., Li, M. H., Wu, Y. C. & Wang, Y. C. High-temperature indices associated with mortality and outpatient 

visits: Characterizing the association with elevated temperature. Sci. Total Environ. 427, 41–49. https:// doi. org/ 10. 1016/j. scito tenv. 
2012. 04. 039 (2012).

 30. Radović, V. & Iglesias, I. In Climate Action. Encyclopedia of the UN Sustainable Development Goals (ed W. Leal Filho et al.) 1–13 
(Springer Nature, 2019).

 31. Qiu, H. et al. Forecasting the incidence of acute haemorrhagic conjunctivitis in Chongqing: A time series analysis. Epidemiol. 
Infect. 148, e193. https:// doi. org/ 10. 1017/ S0950 26882 00018 2X (2020).

 32. Gasparrini, A., Armstrong, B. & Kenward, M. G. Distributed lag non-linear models. Stat. Med. 29, 2224–2234. https:// doi. org/ 10. 
1002/ sim. 3940 (2010).

 33. Kim, E., Kim, H., Kim, Y. C. & Lee, J. P. Association between extreme temperature and kidney disease in South Korea, 2003–2013: 
Stratified by sex and age groups. Sci. Total Environ. 642, 800–808. https:// doi. org/ 10. 1016/j. scito tenv. 2018. 06. 055 (2018).

 34. Zhou, M. G. et al. Health impact of the 2008 cold spell on mortality in subtropical China: The climate and health impact national 
assessment study (CHINAs). Environ. Health 13, 60. https:// doi. org/ 10. 1186/ 1476- 069X- 13- 60 (2014).

 35. Gasparrini, A. Modeling exposure-lag-response associations with distributed lag non-linear models. Stat. Med. 33, 881–899. 
https:// doi. org/ 10. 1002/ sim. 5963 (2014).

 36. Yang, J., Ou, C. Q., Ding, Y., Zhou, Y. X. & Chen, P. Y. Daily temperature and mortality: A study of distributed lag non-linear effect 
and effect modification in Guangzhou. Environ. Health 11, 63. https:// doi. org/ 10. 1186/ 1476- 069X- 11- 63 (2012).

 37. Gasparrini, A. et al. Mortality risk attributable to high and low ambient temperature: A multicountry observational study. Lancet 
386, 369–375. https:// doi. org/ 10. 1016/ S0140- 6736(14) 62114-0 (2015).

 38. Gelper, S., Fried, R. & Croux, C. Robust forecasting with exponential and holt-winters smoothing. J. Forecasting 29, 285–300. 
https:// doi. org/ 10. 1002/ for. 1125 (2010).

 39. Ljung, G. M. & Box, G. E. P. Measure of lack of fit in time-series models. Biometrika 65, 297–303. https:// doi. org/ 10. 2307/ 23352 
07 (1978).

 40. Hyndman, R. J. & Khandakar, Y. Automatic time series forecasting: The forecast package for R. J. Stat. Softw. 27, 1–22. https:// doi. 
org/ 10. 18637/ jss. v027. i03 (2008).

 41. Gasparrini, A. Distributed lag linear and non-linear models in R: The Package dlnm. J. Stat. Softw. 43, 1–20. https:// doi. org/ 10. 
18637/ jss. v043. i08 (2011).

Acknowledgements
This study was supported by grants from the Higher Education Sprout Project of National Taiwan University 
(NTU-111L881004), Ministry of Science and Technology, Taiwan (109-2314-B-002-166-MY3), and the National 
Research Foundation-Prime Minister’s office, Republic of Singapore under its Campus for Research Excellence 
and Technological Enterprise (CREATE) programme (NRF2019-THE001-0006) Any opinions, findings and 
conclusions or recommendations expressed in this material are those of the authors and do not reflect the views 
of the National Taiwan University, Taiwan and the National University of Singapore, Singapore or the National 
Research Foundation, Singapore. These funding sources had no role in the design of this study and will not have 
any role during its execution, analyses, interpretation of the data, or decision to submit results. We appreciate 
the authorities of the Department of Health and Taiwan Central Weather Bureau for providing research data.

Author contributions
H.-Y.Y. conceptualized the study and collected data. H.-Y.Y. contributed to the methodology. C.-P.C. contributed 
to the methodology and software. H.-Y.Y wrote the original draft. H.-Y.Y. wrote the main manuscript text and 
prepared all figures. J.K.-W.L. co-wrote & edit the manuscript. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 23155-3.

Correspondence and requests for materials should be addressed to H.-Y.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1016/j.envres.2011.01.023
https://doi.org/10.1007/s00484-022-02301-6
https://doi.org/10.1002/bdra.20303
https://doi.org/10.1289/ehp.1103515
https://doi.org/10.1289/ehp.1103515
https://doi.org/10.1002/ijgo.14381
https://doi.org/10.1007/s00404-019-05090-3
https://doi.org/10.1016/j.pedneo.2012.01.007
https://doi.org/10.1016/j.pedneo.2012.01.007
https://doi.org/10.1016/j.scitotenv.2012.04.039
https://doi.org/10.1016/j.scitotenv.2012.04.039
https://doi.org/10.1017/S095026882000182X
https://doi.org/10.1002/sim.3940
https://doi.org/10.1002/sim.3940
https://doi.org/10.1016/j.scitotenv.2018.06.055
https://doi.org/10.1186/1476-069X-13-60
https://doi.org/10.1002/sim.5963
https://doi.org/10.1186/1476-069X-11-63
https://doi.org/10.1016/S0140-6736(14)62114-0
https://doi.org/10.1002/for.1125
https://doi.org/10.2307/2335207
https://doi.org/10.2307/2335207
https://doi.org/10.18637/jss.v027.i03
https://doi.org/10.18637/jss.v027.i03
https://doi.org/10.18637/jss.v043.i08
https://doi.org/10.18637/jss.v043.i08
https://doi.org/10.1038/s41598-022-23155-3
https://doi.org/10.1038/s41598-022-23155-3
www.nature.com/reprints


10

Vol:.(1234567890)

Scientific Reports |        (2022) 12:18474  | https://doi.org/10.1038/s41598-022-23155-3

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	Extreme temperature increases the risk of stillbirth in the third trimester of pregnancy
	Results
	Discussion
	Methods
	Study design. 
	Birth and climate data. 

	Definition of extreme temperature. 
	Statistical analysis. 
	Decomposition of time series data. 
	Estimate the burden of stillbirth attributable to non-optimal temperature. 
	Lag and nonlinear effect analysis. 
	Projection of stillbirth rate. 


	References
	Acknowledgements


