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Abstract

Despite consensus that projected climate changes may result in significant threats to human health, and considerable research

on extreme temperature-health risks in adults, there is a paucity of information on pediatric health impacts from extreme

temperature conditions. Weather data from Chicago’s O’Hare Airport measured at multiple times/hour were collected for

January 1, 2009 to August 1, 2018. Generalized Additive Models (GAMs) were used to investigate the relationships between

air temperature and electronic health record data for emergency department (ED) and pediatric intensive care unit (PICU)

admissions at a quaternary-pediatric medical center, for the same period. Daily environmental temperatures increased over

time as expected, while unexpectedly ED and PICU admissions decreased. Even when temporal trends in each admission-high

risk condition variable were accounted for, a consistent negative relationship was found with 0.406 fewer total (0.038 fewer high

risk) ED encounters and 0.012 fewer total (0.010 fewer high risk) PICU admissions per 1°F increase in daily environmental

temperature using both regression and GAMs. Our results for the ED and PICU admissions are not consistent with previously

reported studies. Many of the previous studies were from under-resourced countries in which factors not considered in this

study (e.g., food insecurity, other diseases, air quality, natural disasters) existed. These differences point to the need for further

clarification of the relationship between environmental temperature and child health.
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Abstract  20 
Despite consensus that projected climate changes may result in significant threats to human 21 
health, and considerable research on extreme temperature-health risks in adults, there is a paucity 22 
of information on pediatric health impacts from extreme temperature conditions. Weather data 23 
from Chicago’s O’Hare Airport measured at multiple times/hour were collected for January 1, 24 
2009 to August 1, 2018. Generalized Additive Models (GAMs) were used to investigate the 25 
relationships between air temperature and electronic health record data for emergency 26 
department (ED) and pediatric intensive care unit (PICU) admissions at a quaternary-pediatric 27 
medical center, for the same period. Daily environmental temperatures increased over time as 28 
expected, while unexpectedly ED and PICU admissions decreased. Even when temporal trends 29 
in each admission-high risk condition variable were accounted for, a consistent negative 30 
relationship was found with 0.406 fewer total (0.038 fewer high risk) ED encounters and 0.012 31 
fewer total (0.010 fewer high risk) PICU admissions per 1°F increase in daily environmental 32 
temperature using both regression and GAMs. Our results for the ED and PICU admissions are 33 
not consistent with previously reported studies. Many of the previous studies were from under-34 
resourced countries in which factors not considered in this study (e.g., food insecurity, other 35 
diseases, air quality, natural disasters) existed. These differences point to the need for further 36 
clarification of the relationship between environmental temperature and child health. 37 

Plain Language Summary 38 

This manuscript explores the relationship between climate change and pediatric health, 39 
specifically via temperature patterns and emergency department/pediatric intensive care unit 40 
admissions to our academic children’s hospital in Chicago, over the past decade. This was made 41 
possible via a partnership between our institution and Argonne National Laboratory, delivering 42 
the first ever study to describe a multi-industry method elucidating the impact of climate change 43 
on pediatric hospitalizations, while exploring particularly vulnerable patient groups. The results 44 
for this study are not consistent with previously reported studies. Many of the previous studies 45 
were from under-resourced countries in which factors not considered in this study (e.g., food 46 
insecurity, other diseases, air quality, natural disasters) existed. These differences point to the 47 
need for further clarification of the relationship between environmental temperature and child 48 
health. 49 

1 Introduction 50 

There is consensus among scientific organizations and climatologists that the recent 51 
physical, chemical, biogeochemical, and ecological changes to planet Earth, collectively known 52 
as “climate change”, present a catastrophic threat to human health, safety, and security 53 
(Anderegg et al., 2010; Doran & Zimmerman, 2009; Oreskes, 2004; and Vitousek et al., 1997). 54 
In 2000, over 150,000 deaths worldwide were attributed to climate change, and 88% were child 55 
deaths (Sheffield and Landrigan, 2010). Tens of thousands of additional deaths are predicted by 56 
the World Health Organization (WHO) as early as 2030, compared to a future with no climate 57 
change (Hales et al., 2014), and the expectation is that infants and children will be over-58 
represented due to their immature physiology and metabolism, increased oxygen, caloric, and 59 
water needs relative to unit body weight, unique behavior patterns, and dependence on caregivers 60 
for sustenance and protection (Sheffield et al., 2011). Collectively, these factors render them at 61 
higher risk of climate-related health burdens (compared to adults). The projected clinical 62 
sequelae of climate change in children are varied and numerous, including expanded ranges of 63 
vector-borne diseases such as malaria and dengue fever, increased severity of diarrheal and 64 



 

3 

respiratory disease, increased morbidity and mortality from extreme weather, worsened poverty, 65 
food and physical insecurity, and threats to habitation (Akachi et al., 2009; Bunyavanich, 2003; 66 
Ebi & Paulson, 2007; and Shea, 2007). These clinical effects are associated with elevated 67 
environmental temperatures, ecosystem disruption, extreme weather events including flooding 68 
and drought, and increased humidity and rainfall (Ahdoot & Pacheco, 2015). 69 

The impact of longitudinal climate changes evolving over thousands of years is difficult 70 
to gauge over smaller units of more contemporary time (Fouillet et al., 2008; Golden et al., 2008; 71 
and Semenza et al., 1999). Thus, climate change presents a unique challenge to researchers.  72 
Instead of relying on a lack of longitudinal prospective or retrospective data, researchers often 73 
must theorize, model, or estimate the potentially catastrophic effects of climate change (Honda et 74 
al, 2014; Smith & Myers, 2018; Springmann et al., 2017). Our study diverges from this paradigm 75 
by 1) evaluating the feasibility of a partnership between Argonne National Laboratory and a 76 
quaternary-level pediatric hospital-academic medical center, and 2) utilizing contemporary 77 
analysis of historical temperature extremes in the geographic vicinity of the hospital as a proxy 78 
for global warming and retrospective electronic health records (EHR) of emergency department 79 
(ED) encounters and pediatric intensive care unit (PICU) admissions as a measure of overall 80 
pediatric health and specific health conditions expected to have a heightened risk of illness and 81 
hospitalization among infants and children, over nearly a decade (Boonstra et al., 2014).  82 
 83 

2  Materials and Methods 84 

2.1 Climate Data  85 

Argonne National Laboratory provided access to the National Centers for Environmental 86 
Information (NCEI) archives (https://www.ncei.noaa.gov/) of data from weather stations and 87 
assessment of the state of the Earth's climate in near real-time. The NCEI open-access datasets 88 
include temperature, dew point, relative humidity, precipitation, wind speed and direction, and 89 
other variables, and are accessible from the NCEI website. NCEI data were obtained from 90 
January 1, 2009 to August 1, 2018. The download portal allows researchers to specify the 91 
increments and time frame of interest, as well as choose the closest land-based measurement 92 
station. Chicago, located in the mid-latitude temperate regime where normal temperatures can 93 
range from a low of 15°F in winter to a high of 85°F in summer, experiences extreme 94 
temperatures as low as -25°F and as high as 105°F.  The weather station at the Chicago O’Hare 95 
International Airport, fewer than fifteen miles away from Ann & Robert H. Lurie Children’s 96 
Hospital of Chicago (Lurie Children’s Hospital; LCH), was selected as the source of the weather 97 
data for this study. This weather station is part of the international reporting network that 98 
provides weather data for aviation operations and is the site for official Chicago-area weather 99 
data. The complete record of weather data recorded at O’Hare includes multiple measurements 100 
per hour and hourly, daily, and monthly averages and the deviations of these averages from the 101 
historical climate record. 102 

2.2  Lurie Children’s Hospital  103 

LCH is a 364 bed, free-standing children’s hospital that serves racially and ethnically 104 
diverse pediatric patients, located within Cook County, the second largest county in the United 105 
States and home to 40% of the population of Illinois based on census data (U. S. Department of 106 
Commerce, 2019).  LCH electronic health records (EHR) for all patients evaluated in the ED or 107 
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admitted to the PICU between January 1, 2009 and August 1, 2018 in total and secondarily those 108 
with the most pertinent and frequent pediatric health conditions identified in the Cook County 109 
Department of Public Health annual reports of the top causes of death by age group and race 110 
were targeted for data extraction (Cook County Department of Public Health, 2013). These ‘high 111 
risk’ conditions include acute respiratory distress, chronic persistent respiratory distress, 112 
circulatory system disease, influenza, meningococcal infection, pneumonia, and sepsis. 113 
Preliminary analyses of frequency for health conditions of interest were conducted to ensure 114 
sufficient year-to-year variability in ED encounters and PICU admission numbers for planned 115 
analyses.  Among the aforementioned conditions, the following had sufficient prevalence and 116 
variability for inclusion in analysis: acute respiratory distress, chronic persistent respiratory 117 
distress (tracheostomy status upon admission and/or ICD code corresponding to chronic 118 
respiratory distress), circulatory system disease (hypertension, heart disease, valve diseases, 119 
chronic kidney disease), pneumonia, and sepsis. The starting date for this study was selected 120 
because it corresponded with the introduction of EHR at LCH.   121 

2.3 Statistical Analysis 122 

 A daily temperature measure was created as the mean of daily maximum and mean of 123 
daily minimum temperatures and used in all presented analyses. Analyses are provided in two 124 
parts. First, descriptive analyses show the general relationships between environmental 125 
temperature data with ED encounters and PICU admissions, featuring graphical displays and 126 
simple regressions to show trends over time. These models include several regression analyses to 127 
separate time trends into seasonal effects and year-over-year change. Second, we employed 128 
Generalized Additive Models (GAMs) (Wood, 2017 and Hastie, 2017) in keeping with existing 129 
literature on global warming (Hastie, 2017; Panagiotakos et al., 2004; and Schwartz, 1996), with 130 
aim to investigate the relationships between daily temperature and ED encounters and PICU 131 
admissions. All GAMs were fit using the mgcv library in R (Wood, 2011). These analyses were 132 
completed for the total ED encounters and PICU admissions, as well as for the subset with the 133 
above-described high-risk conditions. 134 

This study received approval from the Institutional Review Board at LCH (IRB 2018-135 
2183) as exempt from requirement of informed consent. Members of Lurie Children’s Data 136 
Analytics and Reporting (DAR) group, analysts who specialize in the extraction of data from 137 
EHR, were consulted in the design of the project.  138 
 139 

3  Results 140 

3.1 Fluctuations in temperature, ED encounters and PICU admissions   141 

Analyses of temperature patterns over the study interval show a strong and expected 142 
seasonal effect of temperature (Figure 1). Both daily maximum and daily minimum temperatures 143 
are very highly correlated (r=0.949, CI=[0.945, 0.952], p<0.001). Results of ED encounter- and 144 
PICU admission-temperature relationships do not vary as a function of which measure is used, 145 
due to the very high correlation between these maximum/minimum temperature variables. For 146 
subsequent analyses, we used the midpoint of these two temperatures as a predictor. A simple 147 
regression analysis with year as the only predictor shows an annual increase in midpoint 148 
temperature of 0.298°F per year (R2=0.002, p=0.015).   149 
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During the analyzed study period, there were overall a total of 546,627 ED encounters 150 
and 17,067 PICU admissions. ED encounters (Figure 2) and PICU admissions (Figure 3) show a 151 
similar oscillatory pattern. Regression models predicted 173.99 ED encounters per day in 2009 152 
and a decrease of 3.720 admissions per year (partial R2=0.115, p<0.001). Of those, 6.03 153 
admissions per day were deemed ‘high risk’ in 2009, dropping by -0.13 per year (R2=0.018, 154 
p<0.001). PICU admissions began at 5.09 per day in 2009 and decreased by 0.044 admissions 155 
per year (partial R2=0.003, p=0.002). Of those, 1.05 per day were ‘high risk’, dropping by 0.08 156 
per year (partial R2=0.023, p<0.001). Daily ED encounters were highly variable. Three dates 157 
showed more than 300 ED encounters, including two on consecutive days (373 on 4/29/09, 343 158 
on 4/30/09, and 302 on 11/8/09): these dates are excluded from regression analyses due to their 159 
extreme influence and lack of impact on results. The seven dates with the most admissions all 160 
occurred in 2009. Excepting 2/2/11 (n=63) and 2/1/15 (n=78), all dates had more than 80 ED 161 
encounters. The relatively small number of PICU admissions make it more difficult to test for 162 
outliers in this manner. 163 

3.2 Regression analyses 164 

We tested the impact of temperature on total ED encounters and PICU admissions via 165 
multiple regression as well as a simple correlation. The regression allows us to control for other 166 
factors, while the correlation provides a simple-to-understand check on our results. Results for 167 
these models are shown in Table 1. Midpoint daily temperature was negatively correlated with 168 
both the total number of ED encounters (r=-0.282, p<0.001) and the number of ‘high risk’ 169 
encounters (r=-0.197, p<0.001), meaning that ED encounters increased as temperature declined. 170 
Multiple regression estimates a decrease of 0.406 total ED encounters and 0.025 ‘high risk’ 171 
encounters per day for every degree Fahrenheit increase in temperature. Adding an interaction 172 
term showed that the weather-admission relationship grew stronger in recent years (Bint=-0.038, 173 
p<0.001), but this did not replicate for ‘high risk’ admissions (Bint=0.000, p=0.330). 174 
Temperature, time in years, and their interaction combine to explain 18.8% of the variance in ED 175 
encounters, but only 5.4% of variance in ‘high-risk’ encounters. Comparable analyses for PICU 176 
admission data showed a small but significant relationship between PICU admissions and 177 
temperature, with -0.012 additional admissions per degree Fahrenheit increase in temperature 178 
(p<0.001) and -0.010 additional ‘high risk’ admissions per degree increase. Despite the high 179 
significance level, daily temperature and timing data explain approximately 1.3% of the variance 180 
in PICU admissions and 4.2% of variance in ‘high risk’ PICU admissions. 181 

3.3  Generalized additive models (GAMs) 182 

Results for GAMs replicated the results of the simpler regression approaches. As 183 
expected, there were strong significant associations between smoothed time and temperature 184 
(F(3.824, 3.981)=498.9, p<0.001, R2adj=0.845). There was a weaker relationship between 185 
smoothed time and both total ED encounters (F(8.663, 8.967)=100.1, p<0.001, R2adj=0.204) and 186 
‘high risk’ ED encounters (F(6.924, 8.010)=12.080, p<0.001, R2adj=0.026). Controlling for 187 
smoothed time, there was a negative association between daily temperature and ED admissions 188 
that closely mirrored the regression results for both total (B=-0.419, t=-18.63, p<0.001) and 189 
‘high-risk’ encounters (B=-0.012, t=-3.39, p<0.001). Taken together smoothed time and 190 
temperature explain 27.6% of variance in ED admissions (7.3% of ‘high risk’), with the 191 
improved fit relative to the regression approaches due to improved fit of smoothed time under 192 
the GAM approach.   193 
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GAMs fit to PICU admissions showed similar trends. Smoothed time and PICU 194 
admissions showed a weak but significant relationship between both total (F(8.421, 195 
8.906)=9.990, p<0.001, R2adj=0.023) and ‘high risk’ encounters (F(18.750, 18.990)=10.51, 196 
p<0.001, R2adj=0.050). Controlling for the effect of time, PICU admissions decreased with 197 
increasing temperature with -0.012 total admissions (-0.010 ‘high risk’) per additional degree 198 
Fahrenheit (p<0.001), closely mirroring the regression results. 199 

Clinical condition occurrences were relative to temperature extremes. Among the 200 
pediatric health conditions with higher risk of death based on inclusion criteria, only chronic 201 
respiratory distress had consistently increased representation for ED encounters and PICU 202 
admissions during the January to March window and for the July to September window over the 203 
nearly decade of evaluation.   204 

 205 

4 Discussion 206 

In this study, we examined the relationship between temperature extremes (as a proxy for 207 
global warming) and electronic health records for ED and PICU patients overall and for those 208 
with the highest risk diagnoses for death, using nearly a decade of daily data. Overall, we found 209 
that daily environmental temperatures increased over time as expected, while unexpectedly ED 210 
encounters and PICU admissions decreased over this time period. Considered overall, we found 211 
a consistent negative relationship with approximately 0.4 fewer ED admissions (0.038 of which 212 
are ‘high risk’) and 0.012 fewer PICU admissions (0.010 ‘high risk’) per 1°F increase in daily 213 
environmental temperature using both regression and GAMs.  Both regression and GAM 214 
approaches identified the same negative relationship between temperature and admissions, with 215 
GAMs fitting slightly better due to their more flexible approach to modeling time. 216 

 Despite notable temperature change over the nearly decade of study, our analysis did not 217 
demonstrate the expected surge in ED evaluations and PICU admissions.  These results are in 218 
keeping with the work of O’Lenick et al. (2017) who similarly did not identify a significant 219 
effect of high ambient temperature on pediatric respiratory disease ED encounters. However, a 220 
relationship between high ambient temperatures and asthma has been consistently documented 221 
(O’Lenick et al., 2017; Anderson et al., 2013; Li et al., 2014; and Winquist et al., 2016). Because 222 
in our study respiratory diseases, aside from pneumonia, were studied grouped as acute or 223 
chronic, we are unable to compare asthma results specifically to the published literature. Xu et al. 224 
(2014) identified an increase in pneumonia in both low and high temperatures, in contrast to our 225 
results wherein pneumonia as a solitary condition did not have a consistent relationship to 226 
environmental temperature.  Mixed results have been found when investigating change in 227 
hospital visits and mortality with higher ambient temperatures (Basu & Ostro, 2008; Kysely & 228 
Kim, 2009; Huang et al, 2010; Nitschke et al, 2011; Basagaña et al., 2011; Ye et al., 2007; and 229 
Nastos et al., 2008), and in some reports a significant effect was only identified for young 230 
children or certain medical conditions (Knowlton et al., 2009; Lam, 2007; Checkley et al., 2000; 231 
and Hashizume et al., 2007).  Because we did not focus on mortality we are unable to make 232 
comparison between our cohort and this literature.  Another key comparison is recognition that 233 
most studies, including our research, have gathered ambient temperature and other 234 
meteorological information using ground monitors, rather than satellite sensing technology that 235 
is proposed to be more accurate for environmental variable measurements than ground monitors 236 
(Xu et al., 2014).  237 
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 While the results of our study are compelling and unexpected, they must be interpreted in 238 
the context of several important identified limitations.  The clinical information was derived 239 
from a single-center retrospective EHR review that did not begin until EHR introduction to our 240 
medical center, limiting the number of years of study and the volume of the patients in each 241 
diagnostic group for the ‘high risk’ patient condition analysis. Second, ED encounter and PICU 242 
admission diagnosis data were extracted from the EHR record on a large scale, which prevented 243 
review of each patient’s chart. This may have allowed for risk of an erroneous diagnosis, or 244 
omission of multiple significant diagnoses, when the primary admission diagnosis that auto-245 
populated in the EHR might not encapsulate all conditions potentially impacted by temperature 246 
extremes. As such, the true impact of temperature change in ‘high risk’ pediatric populations 247 
may have been underestimated in this study population.  Third, variance in admission trends may 248 
be confounded by non-environmental causes unaccounted for in our analysis, such as 249 
demographic changes, market/consumer behavior influences, changes in population-specific 250 
service delivery at our institution over time, and seasonal variation of common infectious 251 
diseases contributory to cyclical admissions. Fourth, though we were strategic in looking at total 252 
ED encounters/PICU admissions and secondarily selecting ‘high risk’ health conditions that 253 
were most often associated with death, we may have inadvertently selected diagnoses that were 254 
not impacted by temperature extremes.  Fifth, our study design used environmental air 255 
temperature as the assumed driver for the physiological conditions that would result in a need for 256 
hospital care. Temperature can be a contributing factor but there are other environmental 257 
conditions, such air quality, that were not considered in this initial study.  Inclusion of composite 258 
measures as a proxy for climate change and inclusion of several geographically diverse 259 
quaternary medical centers might allow for a more definitively determined relationship between 260 
such measures and ED encounters/PICU admissions than we studied in our pilot analysis.  261 
Finally, the observation of an increase in chronic respiratory failure for ED encounters/PICU 262 
admissions over time may be indicative of evolution in caring for more medically 263 
complex/technologically-dependent children in the outpatient setting; with advances in modern 264 
medicine, they are being increasingly successfully supported beyond the hospital walls with 265 
mechanical ventilation, yet contributing to relatively increased frequency of admissions due to 266 
their heightened vulnerability to critical illness. This trend is likely unrelated to the consequences 267 
of extreme temperature, but to the ability to manage patients in an outpatient setting for longer 268 
durations without needing hospitalization. Despite these limitations, the success of the 269 
partnership between Argonne National Laboratory and a large academic and clinical pediatric 270 
medical center lays the foundation for expanded study of the impact of global warming on the 271 
health of infants and children, and similar multi-industry research partnerships. 272 

 The impact of rising temperature and other sequelae of climate change hold a critical 273 
influence on human health, with unknowns that necessitate further exploration by the medical 274 
and science communities. Pediatric health is unique in its sensitive response to changes in our 275 
planet’s environment, especially that of the medically complex and critically ill infants and 276 
children. Partnerships among multi-industry agencies and healthcare delivery organizations have 277 
the potential to build synergies for system readiness to protect this vulnerable population as the 278 
effects of climate change continue to manifest over time.  Future analyses will broaden 279 
temperature data evaluation to focus on patients with the most common causes of acute and 280 
chronic respiratory distress in children, such as asthma and bronchiolitis, examine trends in 281 
exacerbating factors such as hazardous air particulate matter, and have the potential to alert at-282 
risk populations on health precautions in anticipation of projected extreme temperature events. 283 
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 428 

Table 1. Predicting Total and High-Risk Emergency Department (ED) Encounters and 429 
Pediatric Intensive Care Unit (PICU) Admissions from Time and Temperature 430 
 431 
Outcome Predictor Estimate S.E. p pR2 
 Intercept 174.268 0.955 <0.001  
Total ED Temperature -0.406 0.024 <0.001 0.069 
 Time -3.684 0.172 <0.001 0.107 
 Intercept 6.016 0.089 <0.001  
High-Risk ED Temperature -0.026 0.002 <0.001 0.036 
 Time -0.122 0.016 <0.001 0.016 
 Intercept 5.08 0.080 <0.001  
Total PICU Temperature -0.012 0.002 <0.001 0.019 
 Time -0.040 0.014 0.005 0.025 
 Intercept 1.047 0.048 <0.001  
High-Risk PICU Temperature -0.010 0.001 <0.001 0.010 
 Time 0.083 0.009 <0.001 0.002 

 432 
Note. Regression results for four models where time and temperature predict ED encounters and 433 
PICU admissions. Time is calculated as years since January 1, 2008, while temperature is in 434 
degrees Fahrenheit (centered at 50). Partial R2 values indicate the proportion of variance in the 435 
admission type explained by each predictor.   436 
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Figure Legends temperatures in June of 2019 were the hottest on record, about 0.18°F higher t 437 

 438 
Figure 1. Change in daily environmental temperature over time. Vertical axis shows the 439 
maximum (black) and minimum (grey) temperature for each day in degrees Fahrenheit. 440 
Horizontal axis shows time in days from January 1, 2009 to August 1, 2018. 441 



 

15 

(a.)  442 



 

16 

(b.)  443 
Figure 2. Changes in total (Figure 2a) and high risk (Figure 2b) emergency department (ED) 444 
encounters over time. Vertical axis shows the number of ED encounters for each day. Horizontal 445 
axis shows time in days from January 1, 2009 to August 1, 2018. 446 
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(b.) 449 

 450 
Figure 3. Change in total (Figure 3a) and high risk (Figure 3b) pediatric intensive care unit 451 
(PICU) admissions over time. Vertical axis shows the number of PICU admissions for each day. 452 
Horizontal axis shows time in days from January 1, 2009 to August 1, 2018.1995 C. 1 453 
 454 


