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Abstract

Substance use disorder is a growing public health challenge in the United States. People who use 

drugs may be more vulnerable to ambient heat due to the effects of drugs on thermoregulation 

and their risk environment. There have been limited population-based studies of ambient 

temperature and drug-related morbidity. We examined short-term associations between daily 

ambient temperature and emergency department (ED) visits for use or overdose of amphetamine, 

cocaine and opioids in California during the period 2005 to 2019. Daily ZIP code-level maximum, 

mean, and minimum temperature exposures were derived from 1-km data Daymet products. A 

time-stratified case-crossover design was used to estimate cumulative non-linear associations of 

daily temperature for lag days 0 to 3. Stratified analyses by patient sex, race, and ethnicity were 

also conducted. The study included over 3.4 million drug-related ED visits. We found positive 

associations between daily temperature and ED visits for all outcomes examined. An increase in 

daily mean temperature from the 50th to the 95th percentile was associated with ED visits for 

amphetamine use (OR = 1.072, 95% CI: 1.058, 1.086), cocaine use (OR = 1.044, 95% CI: 1.021, 

1.068 and opioid use (OR = 1.041, 95% CI: 1.025, 1.057). Stronger positive associations were 

also observed for overdose: amphetamine overdose (OR = 1.150, 95% CI: 1.085, 1.218), cocaine 

overdose (OR = 1.159, 95% CI: 1.053, 1.276), and opioid overdose (OR = 1.079, 95% CI: 1.054, 

1.106). In summary, people who use stimulants and opioids may be a subpopulation sensitive 
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to short-term higher ambient temperature. Mitigating heat exposure can be considered in harm 

reduction strategies in response to the substance use epidemic and global climate change.
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1. Introduction

Substance use disorder is a major public health challenge in the United States (US). In 

2021, more than 40 million people aged 12 or older used illicit drugs, and over 107,000 

drug-related overdose deaths were reported (SAMHSA, 2022a; Spencer et al. 2022). While 

opioid overdoses have deservedly captured national attention, the predictable shift in trend 

from opioids to stimulants has led to a recognition of the increasing - but less understood - 

role of stimulants and polysubstance use in domestic and international drug overdose trends 

(Black et al. 2022, Cicero et al. 2020, Jones et al. 2021, Morley et al. 2017). For example, 

from 2012 to 2019, the rate of death related to cocaine overdose in the US increased more 

than 3-fold, and deaths related to stimulants increased more than 6-fold (Hedegaard et al. 

2021). Significant gaps in knowledge exist on how to best support those with stimulant use 

disorder (Fischer et al. 2021).

Increasingly, public health practitioners are linking structural and social determinants of 

health with overdose (Jalali et al., 2020; Latimore et al., 2023; American Institutes for 

Research, 2023). However, limited attention has been given to the physical context in which 

people use drugs and the intersection of climate change, the built environment, and harm 

reduction. High ambient temperature is considered a significant risk factor for human health, 

especially with the changing climate projected to have more frequent and intense extreme 

heat events (Armstrong et al. 2019, Guo et al. 2017, Reidmiller et al. 2019). People who 

use cocaine or other stimulants, such as amphetamines (e.g., methamphetamine, ecstasy), 

may be more sensitive to heat exposure due behavior-related risk environments (Vergunst et 

al. 2022), and several pathophysiological mechanisms, including altered thermoregulation, 

neurotoxicity and kidney injury (Kiyatkin et al. 2014, Liechti 2014, Mansoor et al. 2017).

Population-based epidemiological evidence on the health effect of heat exposure among 

people who use drugs is sparse. Previous studies have predominantly focused on death as the 

primary outcome of interest, case studies of historical heat wave events, and among people 

who use cocaine (Auger et al. 2017, Kilbourne 1998, Marzuk et al. 1998). While studies on 

heat and morbidity outcomes are increasing, they have typically only considered substance 

use as part of an undifferentiated definition of mental health outcomes that included those 

due to alcohol, cannabinoids, tobacco, and hallucinogens (Nori-Sarma et al. 2022, Yoo et 

al. 2021). Furthermore, identification of drug-related morbidity in administrative databases 

is often restricted to diagnoses classified under mental disorders. This approach may under-

ascertain overdoses, which are classified as poisoning and external causes of injury.

To address these knowledge gaps, this study aims to examine short-term associations 

between daily ambient temperature and emergency department (ED) visits for drug-specific 
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use and overdose in California over a 15-year period. We focus on amphetamine, cocaine, 

and opioids, which are among the top five drugs involved in drug-related ED visits in the 

U.S., with the other two being alcohol and cannabinoids (SAMHSA, 2022b). Furthermore, 

because heat exposure may impact multiple organs and systems, we consider ED visits 

with drug-related diagnosis, including both substance use and overdose, as the outcome of 

interest. We chose ED visit as the measure of morbidity because EDs often serve as the 

safety net for treatment access in a behavioral health system that has insufficient providers 

and many barriers for those seeking care (Hinderaker et al. 2020). Given the structurally-

driven racial disparities that exist in US drug overdoses (Ahmad et al., 2022; Han et al., 

2022; Jordan et al., 2022), we explore effect modification by patient race/ethnicity and sex.

2. Methods

2.1. Emergency department Visit, meteorology and ZIP code-level covariate data

We obtained patient-level ED visits during 2005–2019 from the California Office of 

Statewide Health Planning and Development. The definition of an ED visit included ED 

patients who were discharged directly, as well as ED patients admitted to the hospital. ED 

records included admission date, age in years, sex, race, ethnicity, self-reported patient’s 

residential ZIP code, and International Classification of Diseases (ICD) diagnosis codes. 

Both primary and secondary ICD diagnosis codes were used to identify ED visits associated 

with substance use and overdose for amphetamine, cocaine, and opioids. ICD codes for use 

and overdose were mutually exclusive and are provided in Supplementary Table S1. ED 

visits with both overdose and use diagnoses were defined as overdose.

Daily maximum and minimum temperature in degrees Celsius, and water vapor pressure 

(a measure of humidity) in pascals at 1 km × 1 km spatial resolution were acquired 

from Daymet Version 4 (Thornton et al. 2020). Daymet is based on observed meteorology 

from US automated surface observing stations, which include airports, cooperative network, 

and some regional mesonets, providing roughly 10–15,000 temperature observations per 

day across the contiguous US. Daymet has been found to accurately describe ambient 

temperature and mean heat index at weather stations (Thomas et al. 2021, Weinberger et al. 

2019). Daily mean temperature was calculated by taking the average of daily maximum 

and minimum temperature. Daily 1-km gridded Daymet data were aggregated to the 

annual ESRI ZIP code boundary by spatial averaging. Daily apparent temperature metrics 

(maximum, minimum, mean) were calculated from temperature and water vapor pressure as 

AT = − 1.3 + 0.92 T + 2.2e, where AT is apparent temperature (°C), T is temperature (°C), 

and e is water vapor pressure (kPa) (Steadman 1984).

2.2. Statistical analyses

We used distributed lag non-linear models to estimate short-term effects of temperature on 

ED visits for substance use, overdose, or a combined analysis of both use and overdose. 

All associations were estimated using conditional logistic regression models with a case-

crossover design. Specifically, a matched case-control stratum was created for each ED 

visit. The date of the ED visit was treated as the case, and control dates were selected as 

the same day-of-the-week within the same calendar month. We then assigned temperature 
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to each case and control dates using the patient’s ZIP code. This case-crossover design 

automatically controls for individual-level time-invariant confounders (e.g. age, sex, race) 

because each person serves as their own control. In our primary analysis, we utilized 

unconstrained distributed lag models which simultaneously included same-day temperatures 

(lag 0) and temperatures from up to the previous 3 days (lag 1, lag 2 and lag 3) using 

conditional logistic regression and the package dlnm for spline basis function creation 

(version 2.4.7) (Gasparrini 2011). This approach aimed to flexibly capture sustained effects 

of temperature that may last over a few days. For each temperature metric, we summarized 

the cumulative effect across exposure days from the distributed lag models. The cumulative 

effect is defined as the sum of lag-specific log odds ratios associated with a specific 

temperature and the median temperature (reference exposure).

Our models also included several time-varying confounders. First, within-month residual 

temporal trend was controlled using either day of the year or calendar date. Second, we 

controlled for daily dew-point temperature using the same nonlinear distributed specification 

as the temperature exposure. Since dew-point temperature and apparent temperature were 

both computed from water vapor pressure, we did not include dew-point temperature when 

apparent temperature is the exposure of interest. Finally, indicators of federal holidays 

were included. All non-linear associations were modeled using natural cubic splines. We 

also explored potential effect modifications by patient sex, race, and ethnicity in stratified 

analysis. All data analyses were performed in R 4.0.2 (R Core Team 2022).

We considered various model specifications to evaluate the robustness of estimated 

associations. These included (1) varying the length of exposure lag days from 0 to 3; (2) 

allowing the lag exposure–response function to change linearly by lag, to be identical across 

different lags or to be independent across lags; (3) varying the degrees of freedom (DF) for 

the exposure–response function from 3 to 6; (4) modeling the temporal trend using calendar 

date with DF varying from 1 to 6 per year, or with day of year with DF varying from 

1 to 6, (5) assuming a linear exposure-response function, and (6) restricting to only ED 

visits with a primary diagnosis of substance use. We report results from the model with the 

minimum Akaike’s information criterion for each outcome. Specifications of the selected 

primary models for each outcome are given in Table S2.

3. Results

Table 1 gives the number of ED visits for amphetamine, cocaine and opioid use or overdose, 

stratified by sex, age group, and race/ethnicity. Overall, the study included over 3.4 million 

ED visits (1,574,162 for amphetamine, 542,457 for cocaine, and 1,293,812 for opioid). 

For amphetamine and cocaine ED visits, around two-third of patients were male. Patients 

for cocaine and opioid ED visits tended to be older. Table S3 describes the degree of 

polysubstance use based on codiagnoses of multiple outcomes.

Proportions of ED visits with only 1 diagnosed substance use or overdose were 86.4% 

for amphetamine, 73.0% for cocaine, and 86.6% for opioid. The largest portion of 

polysubstance ED visits was for cocaine and amphetamine (n = 85,836), representing 15.8% 

of cocaine-related ED visits. Table S4 gives the proportion of acute kidney injury, fluid and 
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electrolyte imbalance and heat illness among ED visits for drug use/overdose. We found 

higher proportions of these heat-sensitive outcomes for drug overdose ED visits compared to 

drug use.

Summary statistics of different temperature metrics across the study period in California 

are given in Table S5. The mean and standard deviation (SD) of daily mean, maximum, 

minimum temperature in Celsius degree (°C) were 16.34 (6.63), 22.70 (7.87), 9.98 (5.96), 

respectively. Apparent temperature had similar summary statistics with mean (SD) of 15.53 

(6.27), 21.38 (7.33), 9.68 (5.74) for daily mean, maximum, minimum apparent temperature.

Fig. 1 shows the exposure-response functions for ED visits and 4-day cumulative exposure 

to daily mean temperature (lags 0 to 3) by use, overdose, and use or overdose. The median 

of daily mean temperature (16.4 °C; 61.5°C) was used as the reference exposure level. 

For all outcomes the odds of ED visits generally increased with increasing daily mean 

temperature, with larger odds ratios (ORs) observed for overdose compared to substance 

use outcomes. For cocaine overdose, a positive association was only observed at daily mean 

temperatures greater than ~ 17 °C. Point estimates and CIs are reported in Table S6. In 

sensitivity analyses, we found that the exposure–response function of some outcomes can 

be approximately by a linear relationship. For example, a per °C increase in exposure was 

associated with a 0.7% (95% CI: 0.6%, 0.8) increase in ED visits for amphetamine use and 

a 0.7% (95% CI: 0.5%, 0.9%) increase in ED visits for opioid use. Further comparisons 

between linear and non-linear associations are given in Supplementary Table S7.

Fig. 2 shows the ORs associated with substance-related ED visits comparing the 95th 

percentile and the 50th percentile of exposure with different temperature metrics. Overall, 

associations between daily temperature and substance-related ED visits were robust across 

the different temperature metrics. For daily mean temperature, a stronger association based 

the magnitude of OR was found for amphetamine use (OR = 1.072, 95% CI: 1.058, 1.086) 

compared to cocaine use (OR = 1.044, 95% CI: 1.021, 1.068) and opioid use (OR = 1.041, 

95% CI: 1.025, 1.057). For overdose, stronger associations were found for amphetamine 

overdose (OR = 1.150, 95% CI: 1.085, 1.218) and cocaine overdose (OR = 1.156, 95% 

CI: 1.053, 1.276) compared to opioid overdose (OR = 1.079, 95% CI: 1.054, 1.106). We 

note that our models did not control for substance use when analyzing overdose; hence 

associations with overdose and temperature may be partially attributed to increase use. 

Sensitivity analyses on the exposure–response function and residual temporal trend did not 

meaningfully impact our findings.

Fig. 3 shows the ORs associated with substance-related ED visits comparing the 95th 

percentile and 50th percentile exposure of daily mean temperature stratified by our selected 

effect modifiers of interest. Males had higher odds ratios than females, particularly for 

opioid use (p-value < 0.05). For amphetamine use, associations were weaker among non-

Hispanic Black patients compared to Hispanic patients (p-value < 0.05). Point estimates and 

CIs are reported in Table S8.

Supplementary Table S9 gives the percent of ED visits ascertained only through primary 

diagnosis. We found that substance use was mostly ascertained via secondary diagnosis 
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(87.2% for amphetamine, 93.6% for cocaine and 93.7% for opioid). While, for overdose, 

the diagnosis codes often occur in the primary field. When the analysis was restricted to 

only ED visits ascertained with primary diagnosis codes, we continue to find robust positive 

association for all outcomes, but with larger confidence intervals due to reduced sample size.

4. Discussion

We investigated short-term associations between daily temperature and ED visits for 

substance use and overdose. Based on over 3.5 million ED visits in California, as expected, 

we found robust positive associations between higher daily temperature and ED visits 

related to amphetamines and cocaine (use or overdose). Positive associations with opioid ED 

visits were less expected from a heat-related toxicological perspective because opioids do 

not have hyperthermic properties similar to stimulants. This suggests possible impacts of the 

environment on drug use behavior and the role of multi-substance use patterns (e.g., 13% of 

opioid ED visits had a co-diagnosis of amphetamine or cocaine).

There has only been a small number of population-based studies on ambient temperature 

and substance use morbidity. A time-series analysis in New York State reported positive 

associations between daily average temperature and substance use ED visits (Yoo et al. 

2021). Specifically, cumulative exposure (lags 0–7) was associated with a relative risk (RR) 

of 1.40 (95% CI: 1.18 – 1.42) comparing exposure at the 2.5th percentile (−15.91 °C) and 

the 97.5th percentiles (27.07 °C). A more recent case-crossover study in New York State 

reported an OR of 1.034 (95% CI: 1.015, 1.054) for psychoactive substance use ED visit per 

interquartile range increase in average daily temperature (Deng et al. 2022). Third, a large 

US national study among a convenience sample of adults with private insurance, reported 

an incidence rate ratio of 1.08 (95% CI: 1.07–1.10) between substance use disorder ED 

visits and warm-season daily maximum temperature (95th percentile versus the temperature 

associated with the minimum ED visits) (Nori-Sarma et al. 2022).

Notably, these three previous studies used broader definitions of substance use that 

also included alcohol and cannabinoids. In contrast, our study examined three specific 

substances, where patients may be particularly sensitive to heat exposure. We also 

considered substance use and overdose as separate outcomes to reflect differences in 

severity, including diagnosis codes that fall under poisoning of psychotropic drugs 

(Supplementary Table S1). We were not aware of previous investigations of effect 

heterogeneity for substance use/overdose ED visits by subpopulations. For broad mental 

health ED visits, Nori-Sarma et al. (2021) found higher risks among adult men compared 

to woman in their national analysis, but Yoo et al. (2021) and Deng et al. (2022) did not 

in New York State. Our stratified analyses using substance-specific ED visits suggest that 

heat-related risks may differ among sub-populations defined by race/ethnicity, which may be 

attributed to structural inequities, and by patient sex.

The hyperthermic property of stimulants are well documented in animal and human studies, 

particularly for 3,4-Methylenedioxymethamphetamine (MDMA) and cocaine (Liechti 2014, 

Lomax and Daniel 1993, Parrott 2012). Stimulants can increase heat production by 

increasing metabolic activity, and impair heat dissipation by reducing peripheral blood flow 
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as well as the delayed the onset of diaphoresis (Freedman et al. 2005, Mills et al. 2004, 

Rusyniak and Sprague 2005). Synergistic effects between stimulant and ambient temperature 

to induce hyperthermia have also been observed in rats (Cassel et al. 2007, Dafter 1995, 

Kiyatkin et al. 2014). MDMA and cocaine both have a deleterious effect on centrally 

mediated thermoregulation through their effects on dopamine, norepinephrine, and serotonin 

(Docherty and Alsufyani 2021a, Docherty and Alsufyani 2021b).

In addition to their impacts on thermoregulation, amphetamine and cocaine use are 

associated with rhabdomyolysis, leading to acute renal injury (Halachanova et al. 2001, 

Mansoor et al. 2017). Complicating the rhabdomylosis and kidney injury is dehydration 

from decreased fluid intake (Isoardi et al. 2019, Young et al. 2020), which may be 

exacerbated by increased ambient temperatures (Sherbakov et al. 2018). Recent studies have 

also reported associations between stimulants and various adverse cardiovascular outcomes, 

including arrhythmia, heart failure, and myocardial infarction (Dominici et al. 2022, Tadrous 

et al. 2021). Multiple studies have found associations between higher ambient temperature 

and ED visits for kidney and cardiovascular outcomes in the general population (Chen et al. 

2017, Kim et al. 2019, Knowlton et al. 2009, Sun et al. 2021), and the vulnerability to heat 

exposure may be enhanced among people who use stimulants.

The effects of opioids on thermoregulation are more complex and its ability to directly cause 

hyperthermia is unclear (Rawls et al. 2011). First, our observed opioid use/overdose ED 

visits association with higher temperature may be due to the sedating effects of opioids. For 

example, decreased alertness and drowsiness may impact the patient’s ability to mitigate 

heat exposures. Second, opioid use disorder is also associated with various chronic health 

conditions that are sensitive to ambient heat (Scott et al. 2016, Wu et al. 2018).

The observed positive associations between temperature and substance use/overdose may 

also be partially explained by the patient’s risk environment, behavior during warm 

temperature, impaired nutritional state, and physical health. Previous studies have reported 

higher rates of amphetamine and cocaine initiation during the summer due to increased 

idle time and willingness to use drug (Palamar et al. 2020). Furthermore, individuals who 

use drugs recreationally may not avoid higher ambient temperature as evidenced by the 

narrative of a heightened effect of ecstasy in dance clubs, raves, and festival settings 

due to higher ambient temperatures (Bedi and Redman 2006). These environments are 

particularly dangerous for heat-related illness due to crowding, limited access to water, and 

hot temperature (Palamar and Sonmez 2022). On the other hand, people who use drugs and 

are homeless have reported using methamphetamine to stay warm during nights. Further 

research, informed by people who use drugs, is needed to understand the role of multi-drug 

use patterns and the impact of the environment on drug use behavior and decision-making.

There are important implications for climate health equity planning if there are relationships 

between substance use behaviors and ambient temperature, in California and beyond. Both 

the California Department of Public Health (CDPH, 2023), and the United States federal 

government’s Department of Health & Human Services have re-organized to support major 

efforts around climate change and health equity that acknowledge population vulnerabilities 

to climate change may be heterogeneous and reflect prior disparities. Impacts on substance 
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use behaviors should be considered as well. The social patterning of substance use is 

nuanced according to intersectional identities of race, gender, and sexual orientation, all of 

which are important dimensions for achieving health equity (Mereish et al. 2014, Vu et al. 

2019). Taking an intersectional approach toward achieving population health equity, and in 

particular environmental justice and equitable climate resilience (Alvarez and Evens 2021, 

Ryder 2017, Malin and Ryder 2018, Versey 2021) may require holistically examining health 

disparities including aspects not commonly evaluated in environmental health research (e.g., 

substance use behaviors and the relationship between substance use and the environment).

This study has several strengths. First, temperature exposures were based on an observation-

based data product with fine spatial resolution and complete spatial coverage, which may 

reduce exposure measurement error compared to only using monitoring data (Thomas et al. 

2021). Second, the number of substance use ED visits in this study was large, allowing us 

to separately examine associations by substance type, and by use versus overdose. Third, we 

conducted extensive sensitivity analyses that include comparing different daily temperature 

metrics and different forms of the exposure–response functions.

The study also has limitations. First, substance use and overdose were ascertained using 

ICD codes on hospital billing records at the ED encounter, which is likely to under-

ascertain cases compared to those ascertained from longitudinal medical records and or 

surveys of people who use drug. While daily temperature is likely to be independent 

of outcome misclassification due to diagnosis, temperature may impact the likelihood of 

an ED encounter. Second, we used the outdoor temperatures as a proxy for the person 

exposure, which is influenced by an individual’s time-activity pattern. We expect this source 

of exposure measurement to be non-differential between case and control days within 

an individual, and may bias estimated associations towards the null. In our study, risks 

associated with daily maximum and daily average are slightly weaker compared to daily 

minimum (Fig. 2). This may suggest that minimum temperature may have less measurement 

error since it better corresponds to night-time temperature where individuals are at home. 

Finally, we did not examine effect modification by area-level covariates, including climatic 

regions, which may be associated with adaptation and resilience to extreme heat.

In conclusion, our study suggests that people who use stimulants and opioids may be 

a subpopulation sensitive to short-term higher ambient temperature. Several important 

research areas warrant future investigations to help identify harm reduction strategies. There 

is a need to better understand how people who use drug modify behaviors in response 

to high temperature and what are their health care utilization needs during heat stress. 

The built and social environments can influence drug use behaviors and experiences (Ezell 

et al. 2021); but how they interact with heat exposures is unclear as access to vacant 

homes and greenspace may be important for unhoused individuals. In addition, the role of 

polysubstance use should be further characterized given its increasing prevalence, unique 

risk profile and adverse consequences. A more detailed examination severity and symptom-

related diagnosis and procedure codes (e.g., rhabdomyolysis, fluid depletion, heat stroke/

exhaustion, and hyperthermia) among our ED visit cases may shed insights on the morbidity 

associated with increased environmental temperature. Finally, more research is needed to 

explore the nuanced social patterning of these relationships, which should also reflect input 
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from persons who use drugs, consider the intersectionality of place and membership in 

marginalized groups, to reduce the risk of further stigmatization, ensure interpretability of 

results, and facilitate meaningful translation of research.

5. Studies in humans and animals

The authors state that the study does not involve informed consent and only relies on 

secondary data analysis. The study was approved the Institutional Reviewer Board at Emory 

University for human subject research.

6. Data Statement

The authors are unable to share the emergency department visit data due to the 

Data Use Agreement regarding protected health information. Interested individuals can 

directly request similar data from the California Office of Statewide Health Planning and 

Development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgement

This research was partially supported by funding from the National Institute of Environmental Health Sciences 
(NIEHS) of the National Institutes of Health (NIH) under award numbers R01ES027892. The contents of this 
publication, including data analysis, interpretation, conclusions derived, views and opinions are those of the 
author(s) and do not necessarily reflect official policy or position of the NIH, the United States Air Force, Defense 
Health Agency, Department of Defense, or the U.S. Government. We are grateful for the support of the health 
data source: California Office of Statewide Planning and Development, now California Department of Health 
Care Access and Information. Authorization to release this information does not imply endorsement of this study 
or its findings by any of these data sources. The data sources, their employees, officers, and agents make no 
representation, warranty, or guarantee as to the accuracy, completeness, currency, or suitability of the information 
provided here.

Data availability

The authors do not have permission to share data.

References

Ahmad FB, Cisewski JA, Rossen LM, Sutton P, 2022. Provisional drug overdose death counts. 
National Center for Health Statistics.

Alvarez CH, Evans CR, 2021. Intersectional environmental justice and population health inequalities: 
A novel approach. Soc. Sci. Med 269, 113559. [PubMed: 33309156] 

American Institutes for Research. https://www.air.org/webinar-series-social-determinants-addiction 
Accessed May 9th 2023.

Armstrong B, Sera F, Vicedo-Cabrera AM, Abratzky R, Åström DO, Bell ML, Chen BY, de Sousa 
Zanotti Stagliorio Coelho M, Correa PM, Dang TN, Diaz MH, 2019. The role of humidity in 
associations of high temperature with mortality: a multicountry, multicity study. Environm. Health 
Perspect 127 (9), 097007.

Auger N, Bilodeau-Bertrand M, Labesse ME, Kosatsky T, 2017. Association of elevated ambient 
temperature with death from cocaine overdose. Drug Alcohol Depend. 178, 101–105. [PubMed: 
28645059] 

Chang et al. Page 9

Environ Int. Author manuscript; available in PMC 2023 December 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.air.org/webinar-series-sociaI-determinants-addiction


Bedi G, Redman J, 2006. Recreational ecstasy use: acute effects potentiated by ambient conditions? 
Neuropsychobiology 53 (2), 113. [PubMed: 16557042] 

Black JC, Rockhill KM, Dart RC, Iwanicki J, 2022. Clustering Patterns in Polysubstance Mortality 
in the United States in 2017: A Multiple Correspondence Analysis of Death Certificate Data. Ann. 
Epidemiol 119–126. [PubMed: 35378292] 

Cassel JC, Hamida SB, Jones BC, 2007. Attenuation of MDMA-induced hyperthermia by ethanol in 
rats depends on ambient temperature. Eur. J. Pharmacol 571 (2–3), 152–155. [PubMed: 17617399] 

Chen T, Sarnat SE, Grundstein AJ, Winquist A, Chang HH, 2017. Time-series Analysis of Heat Waves 
and Emergency Department Visits in Atlanta, 1993 to 2012. Environ. Health Perspect 125 (5), 
057009. [PubMed: 28599264] 

Cicero TJ, Ellis MS, Kasper ZA, 2020. Polysubstance Use: A Broader Understanding of Substance 
Use During the Opioid Crisis. Am. J. Public Health 110 (2), 244–250. [PubMed: 31855487] 

Dafters RI, 1995. Hyperthermia following MDMA administration in rats: effects of ambient 
temperature, water consumption, and chronic dosing. Physiol. Behav 58 (5), 877–882. [PubMed: 
8577883] 

Deng X, Brotzge J, Tracy M, Chang HH, Romeiko X, Zhang W, Ryan I, Yu F, Qu Y, Luo G, Lin 
S, 2022. Identifying joint impacts of sun radiation, temperature, humidity, and rain duration on 
triggering mental disorders using a high-resolution weather monitoring system. Environ. Int 167, 
107411. [PubMed: 35870379] 

Docherty JR, Alsufyani HA, 2021a. Cardiovascular and temperature adverse actions of stimulants. Br. 
J. Pharmacol 178 (13), 2551–2568. [PubMed: 33786822] 

Docherty JR, Alsufyani HA, 2021b. Pharmacology of drugs used as stimulants. J. Clin. Pharmacol 61, 
S53–S69. [PubMed: 34396557] 

Dominic P, Ahmad J, Awwab H, Bhuiyan MS, Kevil CG, Goeders NE, Murnane KS, Patterson 
JC, Sandau KE, Gopinathannair R, Olshansky B, 2022. Stimulant Drugs of Abuse and Cardiac 
Arrhythmias. Circ. Arrhythm. Electrophysiol 15 (1), e010273. [PubMed: 34961335] 

Ezell JM, Ompad DC, Walters S, 2021. How urban and rural built environments influence the health 
attitudes and behaviors of people who use drugs. Health Place 69, 102578. [PubMed: 33964805] 

Fischer B, O’Keefe-Markman C, Lee AMH, Daldegan-Bueno D, 2021. “Resurgent”, “twin” or “silent” 
epidemic? A select data overview and observations on increasing psycho-stimulant use and harms 
in North America. Subst. Abuse Treat. Prev. Policy 16 (1), 17. [PubMed: 33588896] 

Freedman RR, Johanson CE, Tancer ME, 2005. Thermoregulatory effects of 3,4-
methylenedioxymethamphetamine (MDMA) in humans. Psychopharmacology 183, 248–256. 
[PubMed: 16163516] 

Gasparrini A, 2011. Distributed lag linear and non-linear models in R: the package dlnm. J. Stat. Softw 
43 (8), 1.

Guo Y, Gasparrini A, Armstrong BG, Tawatsupa B, Tobias A, Lavigne E, Coelho MD, Pan X, Kim H, 
Hashizume M, Honda Y, 2017. Heat wave and mortality: a multicountry, multicommunity study. 
Environ. Health Perspect 125 (8), 087006. [PubMed: 28886602] 

Halachanova V, Sansone RA, McDonald S, 2001. Delayed rhabdomyolysis after ecstasy use. Mayo 
Clin. Proc 76 (1), 112–113. [PubMed: 11155406] 

Han B, Einstein EB, Jones CM, Cotto J, Compton WM, Volkow ND, 2022. Racial and Ethnic 
Disparities in Drug Overdose Deaths in the US During the COVID-19 Pandemic. JAMA Netw. 
Open 5 (9), e2232314. [PubMed: 36125815] 

CDPH, 2023. California Department of Public Health, Climate Change & Equity. CDPH - Climate 
Change & Health Equity (ca.gov). Accessed May 10, 2023.

Hedegaard H, Miniño AM, Spencer MR, Warner M, 2021. Drug overdose deaths in the United States, 
1999–2020. NCHS Data Brief, no 428. National Center for Health Statistics, Hyattsville, MD.

Hinderaker K, Weinmann A, 2020. Association of Patients’ Perception of Primary Care Provider 
Listening with Emergency Department Use. PRiMER. 4, 7. [PubMed: 32537607] 

Isoardi KZ, Ayles SF, Harris K, Finch CJ, Page CB, 2019. Methamphetamine presentations to an 
emergency department: management and complications. Emerg. Med. Australas 31 (4), 593–599. 
[PubMed: 30592564] 

Chang et al. Page 10

Environ Int. Author manuscript; available in PMC 2023 December 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Jalali MS, Botticelli M, Hwang RC, Koh HK, McHugh RK, 2020. The opioid crisis: A contextual, 
social-ecological framework. Health Research Policy and Systems 18 (1), 87. [PubMed: 
32762700] 

Jones CM, Houry D, Han B, Baldwin G, Vivolo-Kantor A, Compton WM, 2021. Methamphetamine 
use in the United States: Epidemiological update and implications for prevention, treatment, and 
harm reduction. Annals of the New York Academy of Sciences.

Jordan A, Quainoo S, Nich C, Babuscio TA, Funaro MC, Carroll KM, 2022. Racial and ethnic 
differences in alcohol, cannabis, and illicit substance use treatment: A systematic review and 
narrative synthesis of studies done in the USA. The Lancet Psychiatry S2215036622001602.. 
10.1016/S2215-0366(22)00160-2.

Kilbourne EM, 1998. Cocaine use and death during heat waves. J. Am. Med. Assoc 279 (22), 1828–
1829.

Kim Y, Kim H, Gasparrini A, Armstrong B, Honda Y, Chung Y, Ng CFS, Tobias A, Íñiguez C, 
Lavigne E, Sera F, Vicedo-Cabrera AM, Ragettli MS, Scovronick N, Acquaotta F, Chen BY, Guo 
YL, Seposo X, Dang TN, de Sousa Zanotti Stagliorio Coelho M, Saldiva PHN, Kosheleva A, 
Zanobetti A, Schwartz J, Bell ML, Hashizume M, 2019. Suicide and Ambient Temperature: A 
Multi-Country Multi-City Study. Environm. Health Perspect 127 (11), 117007.

Kiyatkin EA, Kim AH, Wakabayashi KT, Baumann MH, Shaham Y, 2014. Critical role of peripheral 
vasoconstriction in fatal brain hyperthermia induced by MDMA (Ecstasy) under conditions that 
mimic human drug use. J. Neurosci 34 (23), 7754–7762. 10.1523/JNEUROSCI.0506-14.2014. 
[PubMed: 24899699] 

Knowlton K, Rotkin-Ellman M, King G, Margolis HG, Smith D, Solomon G, Trent R, English P, 2009. 
The 2006 California heat wave: impacts on hospitalizations and emergency department visits. 
Environ. Health Perspect 117 (1), 61–67. [PubMed: 19165388] 

Latimore AD, Salisbury-Afshar E, Duff N, Freiling E, Kellett B, Sullenger RD, Salman A, 2023. and 
the Prevention, Treatment, and Recovery Services Working Group of the National Academy of 
Medicine’s Action Collaborative on Countering the U.S. Opioid Epidemic. NAM Perspectives. 
Discussion Paper. National Academy of Medicine, Washington, DC. 10.31478/202309b.

Liechti ME, 2014. Effects of MDMA on body temperature in humans. Temperature. 1 (3), 192–200.

Lomax P, Daniel KA, 1993. Cocaine and body temperature: effect of exercise at high ambient 
temperature. Pharmacology. 46 (3), 164–172. [PubMed: 8441763] 

Malin SA, Ryder SS, 2018. Developing deeply intersectional environmental justice scholarship. 
Environmental Sociology. 4 (1), 1–7.

Mansoor K, Kheetan M, Shahnawaz S, Shapiro AP, Patton-Tackett E, Dial L, Rankin G, Santhanam P, 
Tzamaloukas AH, Nadasdy T, Shapiro JI, Khitan ZJ, 2017. Systematic review of nephrotoxicity of 
drugs of abuse, 2005–2016. BMC Nephrol. 18 (1), 379. [PubMed: 29287591] 

Marzuk PM, Tardiff K, Leon AC, Hirsch CS, Portera L, Iqbal MI, Nock MK, Hartwell N, 1998. 
Ambient temperature and mortality from unintentional cocaine overdose. J. Am. Med. Assoc 279 
(22), 1795–1800.

Mereish EH, Bradford JB, 2014. Intersecting identities and substance use problems: Sexual 
orientation, gender, race, and lifetime substance use problems. J. Stud. Alcohol Drugs 75 (1), 
179–188. [PubMed: 24411810] 

Mills EM, Rusyniak DE, Sprague JE, 2004. The role of the sympathetic nervous system and 
uncoupling proteins in the thermogenesis induced by 3,4-methylenedioxymethamphetamine. J. 
Mol. Med. (Berl) 82 (12), 787–799. [PubMed: 15602689] 

Morley KI, Ferris JA, Winstock AR, Lynskey MT, 2017. Polysubstance use and misuse or abuse of 
prescription opioid analgesics: A multi-level analysis of international data. Pain 158 (6), 1138–
1144. [PubMed: 28267061] 

Nori-Sarma A, Sun S, Sun Y, Spangler KR, Oblath R, Galea S, et al. , 2022. Association between 
ambient heat and risk of emergency department visits for mental health among us adults, 2010 to 
2019. JAMA Psychiat. 79, 341.

Palamar JJ, Rutherford C, Keyes KM, 2020. Summer as a risk factor for drug initiation. J. Gen. Intern. 
Med 35, 947–949. [PubMed: 31338794] 

Chang et al. Page 11

Environ Int. Author manuscript; available in PMC 2023 December 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Palamar JJ, Sönmez İ, 2022. A qualitative investigation exploring why dance festivals are risky 
environments for drug use and potential adverse outcomes. Harm Reduct. J 19(1), 12. [PubMed: 
35120530] 

Parrott AC, 2012. MDMA and temperature: a review of the thermal effects of ‘Ecstasy’ in humans. 
Drug Alcohol Depend. 121 (1–2), 1–9. [PubMed: 21924843] 

R Core Team (2022). R: A language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria.

Rawls SM, Benamar K, 2011. Effects of opioids, cannabinoids, and vanilloids on body temperature. 
Frontiers in Bioscience-Scholar. 3 (3), 822–845.

Reidmiller DR, Avery CW, Easterling DR, Kunkel KE, Lewis KL, Maycock TK, Stewart BC, 2019. 
Fourth national climate assessment. Volume II: Impacts, Risks, and Adaptation in the United 
States, Report-in-Brief. 2019 Jun 5.

Rusyniak DE, Sprague JE, 2005. Toxin-induced hyperthermic syndromes. Med. Clin. North Am 89 
(6), 1277–1296. [PubMed: 16227063] 

Ryder SS, 2017. A bridge to challenging environmental inequality: Intersectionality, environmental 
justice, and disaster vulnerability. SOCIAL THOUGHT & RESEARCH. A Continuation of the 
Mid American Review of Sociology 85–115.

SAMHSA, 2022a. Key substance use and mental health indicators in the United States: Results from 
the 2021 National Survey on Drug Use and Health (HHS Publication No. PEP22-07-01-005, 
NSDUH Series H-57). Center for Behavioral Health Statistics and Quality, Substance Abuse and 
Mental Health Services Administration.

SAMHSA, 2022b. Preliminary Findings from Drug-Related Emergency Department Visits, 2021; 
Drug Abuse Warning Network (HHS Publication No. PEP22-07-03-001). Rockville, MD: Center 
for Behavioral Health Statistics and Quality, Substance Abuse and Mental Health Services 
Administration.

Scott KM, Lim C, Al-Hamzawi A, et al. , 2016. Association of mental disorders with subsequent 
chronic physical conditions: world mental health surveys from 17 countries. JAMA Psychiatry 73 
(2), 150–158. [PubMed: 26719969] 

Sherbakov T, Malig B, Guirguis K, Gershunov A, Basu R, 2018. Ambient temperature and added 
heat wave effects on hospitalizations in California from 1999 to 2009. Environ. Res 160, 83–90. 
[PubMed: 28964966] 

Spencer MR, Miniño AM, Warner M (2022). Drug overdose deaths in the United States, 2001–2021. 
NCHS Data Brief, no 457. Hyattsville, MD: National Center for Health Statistics. 2022.

Steadman RG, 1984. A universal scale of apparent temperature. J Climate Appl Meteor 23 (12), 1674–
1687.

Sun S, Weinberger KR, Nori-Sarma A, Spangler KR, Sun Y, Dominici F, Wellenius GA, 2021. 
Ambient heat and risks of emergency department visits among adults in the United States: time 
stratified case crossover study. BMJ 375.

Tadrous M, Shakeri A, Chu C, Watt J, Mamdani MM, Juurlink DN, Gomes T, 2021. Assessment of 
Stimulant Use and Cardiovascular Event Risks Among Older Adults. JAMA Network Open 4 (10), 
e2130795. [PubMed: 34694389] 

Thomas N, Ebelt ST, Newman AJ, Scovronick N, D’Souza RR, Moss SE, Warren JL, Strickland MJ, 
Darrow LA, Chang HH, 2021. Time-series analysis of daily ambient temperature and emergency 
department visits in five US cities with a comparison of exposure metrics derived from 1-km 
meteorology products. Environ. Health 20 (1), 55. [PubMed: 33962633] 

Thornton MM, Shrestha R, Wei Y, Thornton PE, Kao S, Wilson BE (2020). Daymet: Daily Surface 
Weather Data on a 1-km Grid for North America, Version 4. ORNL Distributed Active Archive 
Center; 2020.

Vergunst F, Berry HL, Minor K, Chadi N, 2022. Climate Change and Substance-Use Behaviors: A 
Risk-Pathways Framework. Perspectives on. Psychological Science 2022, 17456916221132739.

Versey HS, 2021. Missing pieces in the discussion on climate change and risk: Intersectionality and 
compounded vulnerability. Policy Insights Behav. Brain Sci 8 (1), 67–75.

Chang et al. Page 12

Environ Int. Author manuscript; available in PMC 2023 December 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Vu M, Li J, Haardörfer R, Windle M, Berg CJ, 2019. Mental health and substance use among women 
and men at the intersections of identities and experiences of discrimination: Insights from the 
intersectionality framework. BMC Public Health 19 (1), 1–3. [PubMed: 30606151] 

Weinberger KR, Spangler KR, Zanobetti A, Schwartz JD, Wellenius GA, 2019. Comparison 
of temperature-mortality associations estimated with different exposure metrics. Environm. 
Epidemiol 3 (5), e072.

Wu LT, Zhu H, Ghitza UE, 2018. Multicomorbidity of chronic diseases and substance use disorders 
and their association with hospitalization: results from electronic health records data. Drug 
Alcohol Depend 192, 316–323. [PubMed: 30312893] 

Yoo E.-h., Eum Y, Roberts JE, Gao Q, Chen K, 2021. Association between extreme temperatures and 
emergency room visits related to mental disorders: A multi-region time-series study in New York, 
USA. Sci. Total Environ 792, 148246. [PubMed: 34144243] 

Young PE, Ogunbileje JO, Okorodudu AO, 2020. Polysubstance abuse and rhabdomyolysis. In: 
InToxicology Cases for the Clinical and Forensic Laboratory. Academic Press, pp. 253–255.

Chang et al. Page 13

Environ Int. Author manuscript; available in PMC 2023 December 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Exposure-response curve for associations between substance use and overdose emergency 

department visits and 4-day cumulative daily mean temperature (°C) in California, 2005–

2019. Reference exposure level is defined as the median of daily mean temperature (16.41 

°C). 95% confidence intervals (CIs) are shown by ribbons around the curves.
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Fig. 2. 
Odds ratios (ORs) of substance use/overdose emergency department visits comparing the 

95th percentile to the 50th percentile of different temperature metrics (4-day cumulative 

exposures). T Mean: daily mean temperature; T Max: daily maximum temperature; T Min: 

daily minimum temperature; AT Mean: daily mean apparent temperature; AT Max: daily 

maximum apparent temperature; AT Min: daily minimum apparent temperature.

Chang et al. Page 15

Environ Int. Author manuscript; available in PMC 2023 December 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Odds ratios and 95% confidence intervals associated with substance use/overdose 

emergency department visits comparing the 95th percentile and 50th percentile of daily 

mean temperature stratified by effect modifiers: race/ethnicity (Hispanic, Non-Hispanic 

White, Non-Hispanic Black) and sex (Male, Female). The overall estimates denote non-

stratified results.
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Table 1

Number of substance use or overdose emergency department visits for amphetamine, cocaine and opioid, 

stratified by demographics in California during 2005–2019.

Demographics Amphetamine Amphetamine 
overdose Cocaine Cocaine 

overdose Opioid use Opioid 
overdose

(N = 1,496,401) (N = 77,761) (N = 518,256) (N = 24,201) (N = 890,265) (N = 403,547)

Sex

Female 532,760 27,466 173,716 7,843 403,983 222,041

Male 963,383 50,248 344,347 16,321 486,146 181,429

NA 258 47 193 37 136 77

Age group

0–17 28,207 8,343 6,980 669 5,918 12,768

18–29 384,541 22,436 103,611 6,140 165,456 62,130

30–44 550,947 23,917 142,279 6,515 233,440 73,085

45–64 497,857 21,091 239,831 9,685 380,572 136,846

65+ 34,849 1,974 25,555 1,192 104,879 118,718

Race/Ethnicity

Hispanic 457,232 24,093 113,741 4,977 184,526 81,383

Non-Hispanic 
White 754,599 37,733 143,953 7,215 549,118 250,372

Non-Hispanic 
Black 155,572 7,799 224,708 10,035 101,772 35,067

Non-Hispanic 
Asian/Islander 34,310 2,633 9,392 568 11,381 14,144

Others 53,152 2,909 12,728 650 25,943 12,873

NA 41,536 2,594 13,734 756 17,525 9,708
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