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Abstract
Background
Exposure to heat, air pollution, and pollen are associated with health outcomes, including cardiovascular and respiratory disease. Studies assessing the health impacts of climate change have considered increased exposure to these risk factors separately, though they may be increasing simultaneously for some populations and may act synergistically on health.
Our objective is to systematically review epidemiological evidence for interactive effects of multiple exposures to heat, air pollution, and pollen on human health.

Methods
We systematically searched electronic literature databases (last search, April 29, 2019) for studies reporting quantitative measurements of associations between at least two of the exposures and mortality from any cause and cardiovascular and respiratory morbidity and mortality specifically. Following the Navigation Guide systematic review methodology, we evaluated the risk of bias of individual studies and the overall quality and strength of evidence.

Results
We found 56 studies that met the inclusion criteria. Of these, six measured air pollution, heat, and pollen; 39 measured air pollution and heat; 10 measured air pollution and pollen; and one measured heat and pollen. Nearly all studies were at risk of bias from exposure assessment error. However, consistent exposure-response across studies led us to conclude that there is overall moderate quality and sufficient evidence for synergistic effects of heat and air pollution. We concluded that there is overall low quality and limited evidence for synergistic effects from simultaneous exposure to (1) air pollution, pollen, and heat; and (2) air pollution and pollen. With only one study, we were unable to assess the evidence for synergistic effects of heat and pollen.

Conclusions
If synergistic effects between heat and air pollution are confirmed with additional research, the health impacts from climate change-driven increases in air pollution and heat exposure may be larger than previously estimated in studies that consider these risk factors individually.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12940-020-00681-z.
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Background
Climate change is expected to increase exposure to environmental health risk factors, including extreme temperatures, air pollution, and aeroallergens [1–5]. These environmental health risk factors are associated with a range of health outcomes, including cardiovascular and respiratory disease [5]. Changes in these risk factors will be spatially heterogeneous, depending on local emission sources, meteorology, vegetation type and distribution, and other factors. As these risk factors do not exist in isolation, populations may experience simultaneous increases in exposure to heat, air pollutants, and pollen. Understanding whether these environmental health risk factors have synergistic effects on health outcomes can inform future climate change health risk assessments. The objective of this paper is therefore to determine whether the current state of the epidemiological evidence supports the presence of synergistic effects between heat, air pollutants, and pollen on human health outcomes.
Both average and extreme temperatures are expected to increase with climate change [5]. These changes may compromise the body’s ability to regulate temperature leading to a range of health outcomes, including heat exhaustion, heatstroke, and hyperthermia [6]. Exposure to extreme heat events can worsen cardiovascular and respiratory diseases, as well as other chronic conditions, such as cerebrovascular disease, diabetes, and kidney disease [7, 8]. The mechanisms by which heat exacerbates respiratory disease are not well understood. In respiratory diseases such as asthma and chronic obstructive lung disease, inflammation plays a central role in the pathogenesis and exacerbation of the disease. Heat increases systemic and pulmonary inflammation as a consequence of thermoregulation – the attempt by the body to maintain a temperature within a safe range [9]. A second mechanism by which heat affects chronic lung disease may be related to impairment in breathing patterns meant to compensate for elevations in body temperature [10, 11]. Heat induces cardiovascular disorders through multiple mechanisms including cell damage, inflammation, and blood clotting [12]. For mortality, epidemiological studies have linked even small increases in daily mean or maximum temperatures with increases in premature death. Applying these epidemiological exposure-response relationships to climate model simulations of future temperature, studies have attributed tens of thousands of premature deaths to increasing temperatures in the United States by mid-century [13]. The most vulnerable population subgroups to heat include older adults, children, people working outdoors, and economically disadvantaged communities [7], as well as end stage renal disease patients [14]. While climate adaptation measures can lessen some of the health impacts, climate change-related temperature increases are expected to be an important health risk factor in the U.S. and globally in the future.
Air pollution exposures may also increase with climate change through various pathways, including increased frequency of stagnation events that prohibit atmospheric venting, enhanced photochemical production of secondary pollutants (e.g. tropospheric ozone and some components of fine particulate matter, PM2.5), and increasing “natural” gaseous and particulate emissions influenced by warmer and drier conditions (e.g. wildfire smoke, airborne soil dust, and ozone and PM2.5 formation from biogenic volatile organic compounds) [2]. As a result, simulations of future air quality under various climate change scenarios indicate a likely “climate penalty” for ozone, making it harder to attain ambient air quality standards even with the same level of anthropogenic emission controls in place [15, 16]. The literature is more mixed for the effects of climate change on PM2.5 given the varied and often counteracting effects of climate on PM2.5 components and precursor emissions, as well as atmospheric transport and loss. Recent studies suggest a potentially large influence of wildfire smoke and airborne soil dust on PM2.5 concentrations [17]. Air pollution exposure can have large implications for human health, particularly heart and lung disease and mortality, through various mechanisms. Exposure to air pollutants, such as PM2.5 and ozone, increases oxidative stress leading to pulmonary and systemic inflammation and increased permeability of the lung lining (airway epithelium), increased airway hyperresponsiveness in asthmatics, and decreases in lung function in healthy patients and patients with chronic lung disease [17, 18]. Development and worsening of cardiovascular disease in response to air pollution exposure likely occurs along pathways that include systemic inflammation, alterations in coagulation, dysfunction in the lining of blood vessels (endothelial dysfunction), and progression of atherosclerosis [19]. Following these pathways, air pollution is associated with increased respiratory and cardiovascular mortality. Given the large body of epidemiological literature providing strong evidence for associations between PM2.5 and premature mortality from cardiovascular disease, respiratory disease, and lung cancer, and between ozone and respiratory mortality, even small increases in pollution levels in the future can have profound influences on human health outcomes [17, 20].
Climate change is also expected to affect the start, duration, and intensity of the pollen season, with changes differing by region [21]. Climate change and rising greenhouse gas concentrations are correlated with aeroallergens in a number of ways, including increased and faster plant growth, increased pollen production by plants, increased allergenic proteins contained in pollen, earlier start time of plant growth, and longer plant seasons [22]. Meteorological conditions, including precipitation, atmospheric temperature, humidity, and wind speed, can alter the concentrations of plant pollens, which can then influence the occurrence of allergic diseases [23]. Inhalation of pollen grains causes disruption of the immune system within the lungs and increases the susceptibility of individuals to respiratory viral infections [24]. These breakdowns in immune system defenses following exposure to pollen are seen not only in patients with underlying allergies, but also in healthy individuals. In asthmatics, exposure to pollen activates an array of immune cells resulting in bronchoconstriction and increased permeability of airway epithelium [25]. There are few studies that have examined the link between aeroallergen exposure and cardiovascular disease; however, airborne pollen may be a risk factor for myocardial infarction [26]. The mechanism may be related to pollen triggering mast cell activation and histamine release leading to coronary artery spasm or plaque rupture. With the pervasiveness of allergies and allergic asthma among diverse populations throughout the U.S. and the world, climate-related changes in aeroallergen exposure may have widespread impacts on allergic rhinitis and asthma emergency department visits, both of which place a heavy burden on the U.S. healthcare system.
There is substantial literature on respiratory and cardiovascular outcomes related to the isolated exposure to heat, air pollution, or pollen [12, 27–29]. However, fewer studies examine potential synergies or mechanisms behind interactions among these environmental risk factors. There is evidence that air pollutants can bind to pollen grains, precipitating faster release of allergens, increasing allergen absorption in the lungs, and potentiating the allergenicity of pollen, however this is mostly supported in in vitro and animal studies and the clinical significance on a population level is less certain [17, 30, 31]. Prior studies suggest a joint effect of air pollution and heat on health outcomes such as mortality and respiratory morbidity [32]. Many disease states, including heart and lung disease, share a common pathway in which exposure to heat, air pollution, and pollen causes systemic and organ-specific inflammation and cellular damage [9, 17, 28, 33].
Previous studies assessing the potential health impacts of future climate change have considered heat, air pollution, and pollen exposure individually and have not accounted for potential synergistic effects [7, 34–40]. For example, the comprehensive Climate Change Impacts and Risk Analysis project for the U.S. includes estimates of future increases in heat-related mortality, ozone-related mortality, and asthma emergency department visits attributable to aeroallergens, with substantial increases simulated for moderate and severe climate scenarios [4, 41]. Each of these risk factors was considered separately when estimating future health impacts. If there are synergistic effects between these exposures, using single-hazard approaches may underestimate the health impacts of heat, air pollution, and pollen exposures under climate change.
Here, we conduct a systematic literature review of epidemiological studies to determine whether simultaneous exposure to heat, air pollution, and pollen (or a subset of these risk factors) synergistically increases the risk of mortality from any cause and mortality and morbidity of cardiovascular and respiratory disease specifically. We focus on these three risk factors as they share common attributes – they are conditions of the ambient air and have been found to affect respiratory and cardiovascular health. Other risk factors associated with climate change may also affect these health systems, but we consider the body of literature to be too nascent to support a more inclusive systematic review. Results of our review may be useful to more comprehensively characterize future public health disease burdens under climate change scenarios.
Methods
Search strategy, study selection, and data extraction
We conducted a systematic literature review using the Navigation Guide, a methodology for evaluating environmental evidence based on methods used in the clinical sciences [42]. The objective of this systematic review is to assess whether there are interactions between exposure to criteria air pollutants, extreme heat, and pollen, or a subset of these three risk factors, on cardiovascular or respiratory outcomes in human populations. Criteria air pollutants include ground-level ozone (O3), carbon monoxide (CO), nitrogen dioxide (NO2), lead, particulate matter (PM), and sulfur dioxide (SO2).
We define the “Population”, “Exposure”, “Comparator”, and “Outcomes” (PECO) statement as:
	Population: Any human population of any age in any location.

	Exposure: Areas where populations are simultaneously exposed to a) criteria air pollutants and extreme heat; b) criteria air pollutants and pollen; c) pollen and extreme heat; or d) all three risk factors.

	Comparator: Areas where these simultaneous exposures are not occurring.

	Outcome: Cardiovascular and respiratory diseases or mortality.




We searched the databases PubMed, ProQuest, and Scopus with the search terms “air pollution”, “air quality”, “air pollutants”, “pollen”, “aeroallergens”, “temperature”, “heat”, “dust”, “NO2”, “SO2”, “particulate matter”, “ozone”, “multipollutant” for exposures, and the terms “cardiovascular”, “respiratory”, “mortality”, “asthma”, and “allergies” for outcomes (Table S1). We conducted a first search on April 22, 2019 and an updated search with more search terms on April 29, 2019. We found additional articles through hand searching the references of fully screened articles.
We included original studies that measured at least two of the exposures (heat, air pollution, and pollen) and at least one of the health outcomes (cardiovascular or respiratory disease or mortality), without limiting by publication date. We excluded studies that were not published in English, did not study a human population, did not measure at least two of the exposures, did not report quantitative results for exposure-response relationships, or did not describe interactions between the exposures. We screened for reference duplicates using Mendeley Desktop. When it was not clear whether studies met the inclusion criteria or not, two reviewers discussed each study and came to a joint decision on inclusion or exclusion.
Data extraction and risk of bias for each included study
Two authors independently extracted data and analyzed risk of bias for each included study. A third author reviewed all studies to resolve discrepancies between the two independent reviewers’ risk of bias ratings. We evaluated risk of bias for each of our included studies using the Cochrane Collaboration’s “Risk of Bias” tool and the Agency for Healthcare Research and Quality’s domains [43]. The domains we evaluated included study design, exposure assessment (air pollution), exposure assessment (temperature), exposure assessment (pollen), detection of outcome, reporting, and conflict of interest. Study design was rated as “low” risk of bias if it was a cohort, case crossover, or time series design. To be rated as “low” risk of bias for air pollution exposure assessment, the study must have measured at least two criteria pollutants and must have measured them in a way that represented individual exposure. To be rated as “low” risk of bias for pollen exposure assessment, the study had to use a method that measured pollen exposure at an individual level. To be rated as “low” risk of bias for temperature, studies had to use data from meteorological surveillance networks; we did not judge a lack of individual exposure measurement to introduce high risk of bias for temperature since temperature is less spatially heterogeneous compared with air pollution. To be rated as “low” risk of bias for detection of health outcome, the study had to use the International Classification of Diseases (ICD) to classify the health outcome category. To be rated as “low” risk of bias for reporting, the study had to report all outcomes that were assessed. To be rated as “low” risk of bias for conflict of interest, the study had to acknowledge that there was no conflict of interest. The possible ratings for the studies for each domain were “low”, “probably low”, “probably high”, or “high” risk of bias. We used the “probably low” and “probably high” categories when not enough information was given to definitively assign “low” and “high” ratings.
Quality and strength of evidence across studies
To evaluate the quality and strength of evidence across all studies, we used the Grading of Recommendations Assessment, Development and Evaluation (GRADE) systematic review approach [44]. We stratified papers by the following categories of multiple exposures: 1) heat, air pollution, and pollen; 2) heat and air pollution; 3) air pollution and pollen; and 4) heat and pollen.
To evaluate the quality of the evidence across all studies, we upgraded and downgraded studies according to several criteria. Downgrading factors included serious risk of bias, serious indirectness in the studies such that evidence is not directly comparable to our PECO statement criteria, serious inconsistency in effect estimates across studies, serious imprecision due to small sample size and/or small outcome count, and likely publication bias resulting in an over or underestimate of true effects from exposure. Downgrading for serious risk of bias by − 1 occurred if there were instances of an unclear limitation in the evidence and by − 2 if there were instances of serious limitations or very serious limitations during the assessments. Downgrading for inconsistency by − 1 occurred if there were minimal or no overlap of confidence intervals and by − 2 if there was wide variance of point estimates across studies. Downgrading for indirectness by − 1 was applied if there were large differences in study population and by − 2 if there were large differences and if surrogate outcomes were applied. Downgrading for imprecision by − 1 occurred if there was a small sample size or small outcome count and by − 2 if there was both.
Upgrading factors included large magnitude of effect such that confounding alone could not explain the association, consistent dose-response gradient across studies, all plausible confounding would reduce a demonstrated effect, and all possible confounding would suggest a spurious effect when the actual results show no effect. After considering the upgrading and downgrading factors, the studies were then given a rating of “low quality”, “moderate quality”, or “high quality.” Possible ratings were 0, meaning no change from initial quality rating, − 1 or − 2, meaning downgrades in quality rating, and + 1 and + 2, meaning upgrades in quality rating. Upgrading for large magnitude of effect by + 1 occurred with the effect estimate was large such as a relative risk of 2 or higher and by + 2 if there was a very large effect estimate such as a relative risk of 5 or higher. Upgrading for dose-response by + 1 was applied if there was observation that there was a dose response gradient between increased exposure and increased outcomes and by + 2 if there was a rapid and large absolute increase in outcomes as dose increased. Upgrading for effect of plausible confounding by + 1 was applied if the plausible confounders were adjusted for in the analysis.
We evaluated the strength of evidence across all studies based on quality of the evidence, direction of effect estimates, confidence in effect estimates, and other attributes [45]. To the extent possible, we discuss these ratings according to categories of health outcomes (e.g. all-cause mortality, cardiovascular disease, and respiratory disease). The ratings for strength of the evidence are: “evidence of lack of association” (studies show no adverse effect), “inadequate evidence” (studies permit no conclusion about an effect), “limited evidence” (studies suggest an effect but only in a single or limited number of studies), and “sufficient evidence” (studies indicate a causal relationship between exposure and effect). We followed the more detailed definitions of each strength rating given by Johnson et al. [46].
Results
Our search retrieved 1730 unique records, and we added 16 papers identified through other sources (Fig. 1). We screened 605 papers after removing duplicates and assessed the full text of 406 articles for eligibility. We excluded 350 articles because they did not describe interactions between the exposures or did not describe the outcome measures. Ultimately, we included 56 studies that met our eligibility criteria. Table 1 includes descriptions of each study.
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Fig. 1PRISMA Diagram showing the number of studies included and excluded at each step

Table 1Descriptive information for all included studies, categorized by the combination of risk factor exposures


	Study
	Type
	Location
	Duration
	Outcome
	Population
	Pollutants Measured
	Pollen Measured
	Temperature Measurement

	Air pollution, heat, and pollen (n = 6)

	 Respiratory

	  Hebbern 2015 [47]
	Time series
	10 Canadian cities
	Apr 1994- Mar 2007
	Asthma hospital admissions
	Not reported
	CO, O3, NO2, SO2, PM10, PM2.5
	Weed, tree, grass
	Daily Mean

	  Makra 2015 [48]
	Time series
	Szeged, Hungary
	1999–2007
	Asthma emergency room visits
	0–14 years; 15–64 years; 65+ years (n = 936 asthma ER visits)
	CO, NO, NO2, SO2, O3, PM10
	Ambrosia, maple, alder, mugwort, birch, hemp, hornbeam, goosefoot, hazel, ash, walnut, mulberry, pine, plantain, platan, grasses, poplar, oak, dock, willow, yew, linden, elm, nettle
	Daily Mean, daily maximum, daily minimum, daily range

	  Matyasovszky 2011 [49]
	Time series
	Szeged, Hungary
	1999–2007
	Respiratory hospital admissions
	All ages; 15–64 years; 65+ years (n = 133,464 hospital admission)
	CO, NO, NO2, SO2, O3, PM10
	Ambrosia, maple, alder, mugwort, birch, hemp, hornbeam, goosefoot, hazel, ash, walnut, mulberry, pine, plantain, platan, grasses, poplar, oak, dock, willow, yew, linden, elm, nettle
	Daily mean, maximum, minimum, range

	  Mazenq 2017 [50]
	Nested case control
	Southeastern France
	Jan 2013-Dec 2013
	Asthma emergency room visits
	3–18 years (n = 1182 asthma ER visits)
	PM10, PM2.5
	cypress, birch, ash, grass, urticaceae
	Daily average

	  Mireku 2009 [51]
	Retrospective time series
	Detroit, MI
	Jan 2004- Dec 2005
	Asthma emergency room visits
	1–18 years (n = 25,401 asthma ER visits)
	PM2.5, PM10, SO2, O3
	Total
	Daily average

	  Witonsky 2019 [52]
	Retrospective cohort
	Bronx, NY
	Jan 2001- Dec 2008
	Asthma emergency room visits and hospitalizations
	All ages (n = 42,065 asthma ER visits; n = 1664 asthma-related hospitalizations)
	NOx, O3, SO2
	Grass, weed, tree,
	Daily average

	Air pollution and temperature (n = 39)

	 Multiple health endpoints

	  Analitis 2014 [53]
	Ecological time series
	9 European cities
	1990–2004
	All natural, cardiovascular, and respiratory mortality
	0–64, 65–74, 75–84, and 85+ years (n not reported)
	SO2, PM10, NO2, O3, CO
	 	3-h average

	  Analitis 2018 [54]
	Ecological time series
	9 European cities
	2004–2010
	All natural, cardiovascular, and respiratory mortality
	All ages; 15–64, 65–74, 75+ years (n not reported)
	PM10, O3, NO2
	 	Daily mean

	  Breitner 2014 [55]
	Time series
	Bavaria, Germany
	1990–2006
	Non accidental, cardiovascular, respiratory mortality
	< 85, 85+ years (n = 338,631 deaths)
	PM10, O3
	 	Daily mean

	  Cheng 2012 [56]
	Time series
	Shanghai, China
	2001–2004
	Non-accidental, cardiovascular, respiratory mortality
	All ages (n = 173,911 deaths)
	PM10, O3, SO2, NO2
	 	Daily minimum, maximum, mean

	  Li 2011 [57]
	Time Series
	Tianjin, China
	2007–2009
	Cardiovascular, respiratory, cardiopulmonary, stroke and IDH, Non accidental mortality
	All ages; < 65, 65+ years (n = 111,087 deaths)
	PM10, SO2, NO2
	 	Daily mean

	  Li 2015 [58]
	Time Series
	Guangzhou, China
	2003–2011
	Non accidental mortality, cardiovascular mortality, respiratory mortality
	< 65, 65+ years (n = 213,737 deaths)
	PM10
	 	Daily mean

	  Lokys 2018 [59]
	Time series
	28 districts, Germany
	2001–2011
	Cardiovascular and respiratory hospital admissions
	Not reported
	NO2, SO2, O3, PM10
	 	Daily mean

	 All-cause or non-accidental only

	  Burkart 2013 [60]
	Time Series
	Berlin and Lisbon
	1998–2010
	All cause mortality
	Age not reported (n = 698,586 deaths)
	PM10, O3
	 	Hourly mean

	  Chen 2018a [61]
	Time series
	8 European cities
	1999–2013
	Non accidental mortality
	0–74, 75+ years (n = 742,526 deaths)
	PM2.5, PM10, O3
	 	Daily mean

	  Chen 2018b [62]
	Time Series
	8 European cities; 86 US Cities
	1999–2013; 1987–2000
	Non accidental mortality
	All ages (n not reported)
	PM10, NO2, O3
	 	Daily mean

	  Dear 2005 [63]
	Time series
	12 French cities
	Aug-03
	All cause mortality
	All ages (n not reported)
	O3
	 	24 h Minimum, maximum

	  Filleul 2006 [64]
	Time series
	9 French cities
	Aug-03
	All cause mortality
	All ages (n not reported)
	O3
	 	Daily maximum

	  Jhun 2014 [65]
	Time series
	97 cities
	1987–2000
	Non accidental mortality
	0–99 years (n not reported)
	O3
	 	Daily high

	  Kim 2015 [66]
	Time series
	7 South Korean cities
	Jan 2000-Dec 2009
	Daily non accidental deaths
	< 65, 65+ years (n = 828,787 deaths)
	PM10
	 	Daily mean

	  Liu 2016 [67]
	Time Series
	20 US communities
	1987–2000
	Non accidental mortality
	Not reported
	O3
	 	Daily mean

	  Meng 2012 [68]
	Time series
	8 Chinese cities
	2001–2008
	Non accidental mortality
	Not reported
	PM10
	 	Daily mean

	  Moolgavkar 2003 [69]
	Time Series
	Cook County, IL & LA County, CA
	1987–1995
	Non accidental mortality
	All ages; 65+ years (n not reported)
	O3, SO2, NO2, CO, PM
	 	Daily minimum, median, maximum

	  Park 2011 [70]
	Time series
	Seoul, South Korea
	Jun 1999- Dec 2007
	Non accidental mortality
	All ages; 65–74, 75–84, 85+ years (n = 291,665 deaths)
	PM10, NO2, SO2, CO, O3
	 	Daily mean, minimum, maximum

	  Pattenden 2010 [71]
	Time series
	15 conurbations in England and Wales
	1993–2003
	All cause mortality
	0–64, 65–74, 75–84, 85+ years (n not reported)
	O3, PM10
	 	Two day Mean

	  Peng 2013 [72]
	Time series
	23 European Cities; 12 Canadian Cities; 86 US cities
	Canada 1987–1996; Europe 1990–1997; US 1987–1996
	Non accidental mortality
	All ages; < 75, 75+ years (n not reported)
	NO2, SO2, O3, PM10
	 	Daily mean

	  Rainham 2005 [73]
	Time series
	Toronto, Canada
	1981–1999
	Non Trauma mortality
	Not reported
	CO, NO2, SO2, O3, PM2.5
	 	Daily mean

	Scortichini 2018 [74]
	Time series
	25 Italian cities
	2006–2010
	Mortality from natural causes
	35+ years (n = 187,743 deaths)
	O3, PM10
	 	Daily mean

	  Shaposhnikov 2014 [75]
	Time series
	Moscow, Russia
	2006–2009, 2010
	Non accidental mortality
	All ages; < 65, 65+ years (n = 10,860 deaths)
	O3, PM10
	 	Daily mean

	  Stafoggia 2008 [76]
	Case crossover
	9 Italian cities
	1997–2004
	Mortality from natural causes
	35+ years (n = 321,024 deaths)
	PM10
	 	Daily mean, apparent

	  Sun 2015 [77]
	Time Series
	Hong Kong
	1999–2011
	Mortality from natural causes
	Age not reported (n = 456,317 deaths)
	PM2.5, NO2, SO2, O3
	 	Daily mean

	  Vanos 2015 [78]
	Time series
	12 Canadian cities
	1981–2008
	Non accidental mortality
	Not reported
	O3, NO2, PM2.5, SO2
	 	Daily mean

	  Wilson 2014 [79]
	Time Series
	95 US cities
	1987–2000
	Mortality
	Not reported
	O3
	 	Daily mean

	  Zhang 2006 [80]
	Time series
	Shanghai, China
	Jan 2001- Dec 2004
	Non accidental mortality
	All ages; 0–4, 5–44, 45–64, 65+ years (n = 173,911 deaths)
	O3, PM10, SO2, NO2
	 	Daily mean

	 Respiratory only

	  Ding 2017 [81]
	Case crossover
	Taiwan
	2000–2013
	COPD mortality
	40–64, 65–79, 80+ years (n not reported)
	PM2.5, O3, SO2
	 	Daily mean, maximum, minimum

	  Jo 2017 [82]
	Time series
	Busan, South Korea
	2007–2010
	Hospital admissions for respiratory disease
	0–15,16–64, 65+ years (n not reported)
	PM2.5, PM10
	 	Daily average, minimum, maximum, range

	  Kunikullaya 2017 [83]
	Retrospective ecological time series
	Bangalore, India
	One year
	Asthma-related emergency room visits and hospitalizations
	> 18 years (n not reported)
	SO2, NO2, PM10, PM2.5
	 	Daily mean

	  Lam 2016 [84]
	Time series
	Hong Kong
	2004–2011
	Asthma hospitalizations
	< 5, 5–14, 15–59, 60+ years (n = 56,112 asthma admission)
	PM10, SO2, NO2, O3
	 	Daily mean

	  Mirabelli 2016 [85]
	Retrospective cross sectional
	United States
	2006–2010
	Asthma symptoms
	18+ years (n = 50,356 respondents)
	PM2.5, O3
	 	Average daily mean

	  Qiu 2018 [86]
	Time series
	Chengdu, China
	Jan 2015- Dec 2016
	COPD hospital admissions
	All ages; < 60, 60–70, 70–80, 80+ years (n = 54,966 COPD admission)
	PM10, PM2.5, NO2, SO2, CO, O3
	 	Daily mean

	  Winquist 2014 [87]
	Time Series
	Atlanta, GA
	16 years
	Asthma emergency department visits
	5–17 years (n not reported)
	CO, NO2, SO2, O3, PM2.5
	 	Daily minimum, maximum,

	 Cardiovascular only

	  Lee 2018 [88]
	Case crossover
	Seoul, South Korea
	2008–2014
	Migraine emergency room visits
	All ages; < 40, 40–64, 65+ years (n = 18,921 ER visits)
	PM2.5, PM10, NO2, SO2, O3, CO
	 	Hourly mean

	  Luo 2017 [89]
	Time series
	3 Chinese cities
	2008–2011
	Cardiovascular mortality
	All ages; < 65, 65+ years (n = 290,593 deaths)
	PM10, NO2, SO2
	 	Daily minimum, maximum, mean

	  Ren 2008 [90]
	Time Series
	95 US cities
	1987–2000
	Cardiovascular mortality
	< 65, 65–74, 75+ years (n = nearly 4 million cardiovascular deaths)
	O3
	 	Daily maximum

	  Ren 2009 [91]
	Time series
	95 US cities
	1987–2000
	Cardiovascular mortality
	< 65, 65–74, 74+ years (n= > 4.3 million cardiovascular deaths)
	O3
	 	Daily maximum

	Air pollution and pollen (n = 10)

	 Respiratory

	  Anderson 1998 [92]
	Time series
	London
	Apr 1987- Feb 1992
	Asthma emergency admissions
	All ages; 0–14, 15–64, 65+ years (n not reported)
	O3, NO2, Black smoke, SO2
	Birch, Grass, Oak
	Mean 24 h

	  Cakmak 2012 [93]
	Time series
	11 Canadian cities
	Apr 1994-Mar 2007
	Asthma hospital admissions
	Not reported
	CO, PM2.5, PM10, NO2, SO2
	Tree, Weed
	Mean 24 h

	  Chen 2016 [94]
	Time-series case-crossover
	Adelaide, South Australia
	Jul 2003- Jun 2013
	Asthma hospital admissions
	0–17, 18+ years (n = 36,024admissions)
	PM2.5, NO2, PM10
	Ash tree, birch, cypress, eucalyptus, fruit tree, olive tree, pinus, plane tree, she-oak, wattle, chenopodiaceae, compositae, plantain, polygonaceae, salvation jane, grass
	Daily average

	  Cirera 2012 [95]
	Time series
	Cartagena, Spain
	Jan 1995- Dec 1998
	COPD and asthma emergency room visits,
	Age not reported (n = 1617 asthma and 2322 COPD ER visits)
	SO2, NO2, TSP, O3
	Poaceae, Urticaceae
	Hourly mean

	  Galan 2003 [96]
	Time series
	Madrid, Spain
	1995–1998
	Asthma emergency department visits
	Age not reported (n = 4827 asthma attacks)
	SO2, PM10, NO2, O3, CO
	Olea europaea, Plantago sp., Poaceae, Urticaceae
	Daily mean

	  Gleason 2014 [97]
	Time-stratified case-crossover
	New Jersey
	April - Sept 2004–2007
	Asthma emergency department visits
	3–17 years (n = 21,854 asthma ED visits)
	O3, PM
	Tree, grass, weed, ragweed
	Daily mean

	  Goodman 2017 [98]
	Time series
	New York City
	1999–2009
	Asthma hospital Admissions
	< 6, 6–18, 19–49, 50+ years (n = 295,497 asthma admission)
	O3, PM
	Tree, weed, total
	Daily average, maximum, minimum

	  Krmpotic 2011 [99]
	Time series
	Zagreb, Croatia
	Jan 2004- Dec 2006
	Asthma hospital admissions
	> 18 years (n = 4125 asthma admissions)
	NO2, CO, PM10
	Alder, Hazel, Birch, Hornbeam, Oak, Grasses, Ragweed
	Daily minimum, maximum, mean

	  Ross 2002 [100]
	Prospective Cohort
	East Moline, IL
	7 months
	Peak Expiratory flow rates, respiratory symptoms, frequency of asthma attacks, asthma medication use
	5–49 years (n = 59 people)
	O3, PM, SO2
	Grass, Ragweed, Total
	Daily mean, Maximum

	 Cardiovascular

	  Stieb 2000 [101]
	Time series
	Saint John, Canada
	Jul 1992- Jun 1994, Jul 1994- Mar 1996
	Cardiorespiratory emergency department visits
	Age not reported (n = 19,821)
	CO, H2S, NO2, O3, SO2, TRS
	Ascomycetes, basidiomycetes, deuteromycetes, ferns, grass, tree, weed
	Daily average

	Heat and pollen (n = 1)

	 Silverberg 2015 [102]
	Cohort Study
	United States
	2006
	Pediatric hay fever
	0–17 years (n = 91,642)
	–
	Total
	Monthly mean




Of these 56 studies, six measured air pollution, heat, and pollen; 39 measured air pollution and heat; 10 measured air pollution and pollen; and one measured heat and pollen. Forty-six studies were a time series design, three were cohort studies, one was a cross sectional design, one was a nested case control design, and five were a case-crossover design. Data collection in these studies ranged from 1987 to 2010 and publication date ranged from 2002 to 2018. The qualifying studies ranged widely in air pollutants and pollen types measured, metrics used for each exposure type (e.g. averaging times, time lags), and health outcomes (including asthma and hay fever symptoms, cardiovascular and respiratory emergency department visits and hospitalizations, cause-specific mortality, and all-cause mortality).
Risk of bias determinations and rationale for each study can be found in Tables S2 through S57. Almost all of the studies were rated as “low” or “probably low” risk of bias for study design, detection of outcome, reporting, and conflict of interest (Fig. 2). Risk of bias for exposure assessment varied across the studies. For air pollution and pollen, we rated many studies as having a “probably high” risk due to a lack of exposure measurement at an individual level, as they used exposure assessment techniques such as central site monitors that are broadly representative of regional air pollution levels but may not represent individual exposure well. Several of these studies only used one central site monitor, which we judged could potentially introduce bias since pollution levels vary spatially within geographic areas such as cities. For temperature, studies were generally rated as having a “low” or “probably low” risk of bias since data were sourced from meteorological monitoring networks and temperature is less spatially heterogeneous compared with air pollution.
[image: ../images/12940_2020_681_Fig2_HTML.png]
Fig. 2Final risk of bias evaluation for each study


We next assessed the quality and strength of the evidence across the studies. We found six studies that examined potential interactive effects between simultaneous exposure to all three risk factors: air pollutants, pollen, and heat (Table 1). The studies were conducted in Canada, France, Hungary, and the U.S. and all focused on respiratory hospitalizations and emergency department visits (all except one focused specifically on asthma). The studies used widely different methods for categorizing temperature exposure, including spatial synoptic classification [47, 48], seasonal analysis [52], and interday temperature change [51]. Generally, the studies were individually rated as low risk of bias for most categories, including study design, detection of outcome, reporting, and conflict of interest. However, we judged some to be at probably high risk of bias for exposure assessment for both air pollutants and pollen. The findings across the studies were inconsistent, with some studies reporting interactive effects of all three or some combination of the exposures [47–49, 52], while others reported independent effects that were unaffected by controlling for the other risk factors [51] or were inconclusive when considering simultaneous exposure to all three risk factors [50].
Overall, we rated the quality of the evidence for synergistic respiratory effects between air pollution, heat, and pollen as “low” since studies were inconsistent in finding significant evidence of interactive effects and studies that reported positive associations of interactions had minimal magnitudes (Table 2). We rated the overall strength of the evidence as “limited” since synergistic effects between heat, air pollution, and pollen were observed in some studies, but these findings were not consistent across studies.
Table 2Rating of the quality and strength of the evidence for studies assessing interactive effects between heat, air pollution, and pollen (n = 6)


	Category
	Summary of Criteria
	Downgrades
	Rationale

	Initial Rating of Human Evidence = “Moderate”

	 Risk of Bias
	Study limitations- a substantial risk of bias across body of evidence.
	-1
	Downgraded because of “probably high” risk of bias for air pollution exposure assessment for four studies and for pollen exposure assessment for five studies.

	 Indirectness
	Evidence was not directly comparable to the chosen population, exposure, comparator, and outcome.
	0
	Measured outcomes were assessed for humans in populations for the duration of study periods, as outlined in the PECO statement.

	 Inconsistency
	Wide variability in estimates of effect in similar populations.
	0
	Some evidence of consistent effects, but the studies were too varied in definitions of risk factors and methods to judge consistency in effect estimates.

	 Imprecision
	Studies had a small sample size and small outcome count.
	0
	The studies had large sample sizes with adequate samples for outcomes during study periods.

	 Publication Bias
	Studies missing for body of evidence, resulting in an over or underestimate of true effects from exposure.
	0
	The studies were large studies that varied in year, data sources, and methods of statistical analysis that appeared to report outcomes found regardless of results.

	Category
	Summary of Criteria
	Upgrades
	Rationale

	Large magnitude of effects
	Study found confounding alone unlikely to explain association with large effect estimate as judged by reviewers.
	0
	Studies that reported positive associations of interactions reported effect estimates with low magnitudes.

	Dose-response
	Consistent relationship between dose and response in one or multiple studies, and/or exposure response across studies.
	0
	Studies did not report a consistent relationship between dose and response.

	Confounding minimizes effect
	Upgraded if consideration of all plausible residual confounders or biases would underestimate the effect or suggest a spurious effect when results show no effect.
	0
	No evidence that residual confounders or biases would underestimate the effect or suggest a spurious effect when results show no effect.

	Overall Quality of Evidence
	Low
	The overall quality of the evidence supporting interactive effects is low.

	Overall Strength of Evidence
	Limited
	An association was sometimes observed for synergy between heat, air pollution, and pollen, but the potentially high risk of bias for air pollution exposure could have impacted results and there is a lack of consistently significant findings.




We found 39 articles that examined potential interactive effects between exposure to air pollutants and heat (Table 1). These studies were carried out in Europe, the U.S., Canada, Russia, Taiwan, South Korea, India, Hong Kong, and China. Most were conducted in urban areas. A majority of the studies (29) included health endpoints that were not disease-specific, such as all-cause and non-accidental mortality. A smaller subset of 12 studies considered respiratory disease specifically (some focusing on asthma specifically) and 11 considered cardiovascular disease specifically (we have included migraine in this category as a potential indicator of cardiovascular disease, Adelborg et al. [103]). Most studies included multiple criteria pollutants – most often ozone and PM10, though some only included ozone, and some also included PM2.5, PM2.5–10, NO2, SO2, and CO. The temperature metric differed between studies and included daily mean, minimum and/or maximum.
Of these 39 studies addressing synergistic effects between air pollution and heat, 19 reported interactive effects between heat and air pollution exposure on health outcomes studied. Out of these studies, 15 of 29 studies examined health outcomes that were not disease-specific (e.g. all-cause mortality, hospital admissions) and found synergistic effects [53–55, 57, 58, 60, 61, 66, 68, 71, 73–77], four of 12 studies found synergistic effects for respiratory health outcomes [55, 57, 59, 84], and eight of 11 studies found synergistic effects for cardiovascular health outcomes [54, 55, 57–59, 88, 90, 91]. Here, we are not distinguishing between mortality and morbidity for respiratory and cardiovascular health outcomes. Generally, the studies found synergistic effects from simultaneous exposure to extremely high temperatures and air pollution, with a potentially additional role of relative humidity. A method of weather classification that incorporated humidity used in some of the papers was spatial synoptic classification (SSC), which is described as a “semi-automated statistical approach designed to classify complex daily weather conditions into one of six distinct categories, or a transitional category” and uses values of temperature, dew point, u and v components of wind, cloud cover, and sea level pressure [47, 48, 73, 78]. A strength of this group of studies was the large datasets of pollutant levels and meteorology, including from the National, Morbidity, Mortality, and Air Pollution Study (NMMAPS) in the United States [61, 65, 67, 90, 91] and the Ultrafine Particles and Health Study Group in Europe [61, 62]. Compared with the other categories in our review, air pollution and heat studies covered the broadest geographic area and included the largest number of people in the studies.
The evidence was strongest for synergistic effects between heat and exposure to either ozone and PM2.5. For ozone, 11 of 29 studies reported synergistic effects with heat [53–55, 60, 61, 71, 73, 74, 84, 90, 91]. These effects were found among inter quartile temperature analysis, seasonal analysis, and heatwave analysis in the studies. Effects were found for all-cause mortality, non-accidental mortality, cardiovascular mortality, and morbidity outcomes. High levels of ozone and high temperatures tended to be reported together and the strongest effects on outcomes were found at the highest exposures. We also found evidence for synergistic effects between heat and particulate matter, with 10 of 27 studies reporting synergistic effects [53, 54, 60, 61, 66, 73–76, 88]. These effects were found among inter quartile temperature analysis, seasonal analysis, and heatwave analysis in the studies. Effects were found for all-cause mortality, non-accidental mortality, and morbidity outcomes. A potential interactive effect between heat and particulate matter is further supported by Mazenq et al. [50], who found that temperature and particulate matter were linked but pollen was not.
While most studies assessing synergistic effects between air pollution and temperature focused on heat, several examined effects of cold [55, 56, 58–62, 67, 70, 73, 77, 79, 80, 83, 84, 86–88]. Generally, stronger results were found in warmer seasons when compared to cold seasons. Zhang et al. [80] was the only study in our review that found that synergy between ozone and the cold season was stronger than for the warm season.
We upgraded the overall quality of the evidence of synergistic effects between air pollution and heat because of the relatively consistent finding of significant exposure-response relationships showing interactive effects (Table 3). The consistent findings of interactive effects between air pollutants and heat held for all three health outcome categories considered: health outcomes that were not disease-specific (e.g. all-cause mortality), respiratory disease, and cardiovascular disease, though more studies found interactive effects for non-cause-specific endpoints and for cardiovascular disease than for respiratory disease. This result may highlight the need for more studies focusing not only on respiratory disease, but also on other diseases. These factors led us to rate the overall quality of the evidence as “Moderate” and the overall strength of the evidence as “Sufficient.”
Table 3Rating of the quality and strength of the evidence for studies assessing interactive effects between heat and air pollution (n = 39)


	Category
	Summary of Criteria
	Downgrades
	Rationale

	Initial Rating of Human Evidence = “Moderate”

	 Risk of Bias
	Study limitations- a substantial risk of bias across body of evidence.
	-1
	Downgraded due to “probably high” risk of bias for air pollution exposure assessment for 16 studies.

	 Indirectness
	Evidence was not directly comparable to the chosen population, exposure, comparator, and outcome.
	0
	Measured outcomes were assessed for humans in the United States for the duration of the study periods, as outlined in the PECO statement.

	 Inconsistency
	Wide variability in estimates of effect in similar populations.
	0
	There was not a wide variability in estimates of effects.

	 Imprecision
	Studies had a small sample size and small outcome count.
	0
	The studies had large sample sizes with adequate samples for outcomes during study periods.

	 Publication Bias
	Studies missing for body of evidence, resulting in an over or underestimate of true effects from exposure.
	0
	The studies were large studies that varied in year, data sources, and methods of statistical analysis that appeared to report outcomes found regardless of results.

	Category
	Summary of Criteria
	Upgrades
	Rationale

	Large magnitude of effects
	Study found confounding alone unlikely to explain association with large effect estimate as judged by reviewers.
	0
	Studies that reported positive associations of interactions reported effect estimates with low magnitudes.

	Dose-response
	Consistent relationship between dose and response in one or multiple studies, and/or exposure response across studies
	1
	Exposure-response relationship was directionally consistent across 15 of the 34 studies in the category.

	Confounding minimizes effect
	Upgraded if consideration of all plausible residual confounders or biases would underestimate the effect or suggest a spurious effect when results show no effect.
	0
	No evidence that residual confounders or biases would underestimate the effect or suggest a spurious effect when results show no effect

	Overall Quality of Evidence
	Moderate
	The dose response relationships described in a number of studies did not warrant an upgrade for the overall quality rating.

	Overall Strength of Evidence
	Sufficient
	An association was generally observed for synergistic effects of heat and air pollution exposure, specifically for ozone and PM, but the potentially high risk of bias from the air pollution exposure assessment methods in several studies could have impacted results.




We found 10 studies that assessed potential interactive effects between exposure to air pollution and pollen (Table 1). These studies were conducted in Europe, Canada, Australia, and the U.S. Studies included a variety of pollen types and air pollutants, with little consistency between them. Health outcomes considered were all respiratory morbidity (mostly hospital admissions and emergency department visits), with the exception of one that focused on cardiopulmonary emergency department visits [101].
The studies in this category were inconsistent in their study designs and findings. For example, Anderson et al. [92] concluded that there was no evidence for synergy between air pollutants and pollen, with the exception of SO2 and grass pollen in children during the warm season. Chen et al. [94] also found little evidence of interactions between air pollutants and pollen but did find that several of the air pollution and pollen exposures were stronger in the cool season than in the warm season. In contrast, Goodman et al. [98] found that, in most populations, adjusting for outdoor pollen generally attenuated relative risk of hospital admissions for both ozone and PM2.5. Ross et al. [100] found the association between ozone and asthma medication use was increased after adjusting for aeroallergens. Cakmak et al. [93] found that there were synergistic effects on asthma hospitalization between tree pollen and increasing PM2.5, and between weed pollen and PM10.
Given that the 10 studies included inconsistent pollen types and air pollutants, with inconsistent results, we were unable to draw strong conclusions for this category. Overall, we rated the quality of the evidence as “Low” and the strength of the evidence as “Limited.” We did not upgrade the quality of the evidence since the studies reported inconsistent findings, and since studies that did find synergistic effects reported effect estimates that had low magnitudes (Table 4).
Table 4Rating of the quality and strength of the evidence for studies assessing interactive effects between air pollution and pollen (n = 10)


	Category
	Summary of Criteria
	Downgrades
	Rationale

	Initial Rating of Human Evidence = “Moderate”

	 Risk of Bias
	Study limitations- a substantial risk of bias across body of evidence.
	-1
	Downgraded because of “high” or “probably high” risk of bias for air pollution exposure assessment for six studies and “high” or “probably high” risk of bias for pollen exposure assessment for six studies.

	 Indirectness
	Evidence was not directly comparable to the chosen population, exposure, comparator, and outcome.
	0
	Measured outcomes were assessed for humans in the populations for the duration of study periods, as outlined in the PECO statement.

	 Inconsistency
	Wide variability in estimates of effect in similar populations.
	0
	The studies were inconsistent in pollen types and air pollutants, precluding judgment as to whether reported effect estimates would be consistent or inconsistent.

	Imprecision
	Studies had a small sample size and small outcome count.
	0
	The studies had large sample sizes with adequate samples for outcomes during study periods.

	 Publication Bias
	Studies missing for body of evidence, resulting in an over or underestimate of true effects from exposure.
	0
	The studies were large studies that varied in year, data sources, and methods of statistical analysis that appeared to report outcomes found regardless of results.

	Category
	Summary of Criteria
	Upgrades
	Rationale

	Large magnitude of effects
	Study found confounding alone unlikely to explain association with large effect estimate as judged by reviewers.
	0
	Studies that reported positive associations of interactions reported effect estimates with low magnitudes.

	Dose-response
	Consistent relationship between dose and response in one or multiple studies, and/or exposure response across studies
	0
	Studies did not report a consistent relationship between dose and response.

	Confounding minimizes effect
	Upgraded if consideration of all plausible residual confounders or biases would underestimate the effect or suggest a spurious effect when results show no effect.
	0
	No evidence that residual confounders or biases would underestimate the effect or suggest a spurious effect when results show no effect

	Overall Quality of Evidence
	Low
	The overall quality of the evidence supporting interactive effects is low.

	Overall Strength of Evidence
	Limited
	An association was shown in a few studies between air pollution and pollen and increased outcomes, however the results were inconsistent and there was a potentially high risk of bias from the exposure assessments in several studies.




Our search only found one study that examined interactions between heat and pollen [102]. This study explored climate factors and pollen count impacts on pediatric hay fever prevalence among 91,642 children across the U.S. Hay fever prevalence was shown to increase with the second, third, and fourth quartile mean annual temperature and mean total pollen counts. This study was particularly strong given the large size and national representation of the included population. However, with only one study, we did not draw conclusions regarding the quality and strength of evidence for interactive effects between heat and pollen.
Discussion
We conducted a systematic literature review of human population health studies to examine the evidence for synergistic effects from simultaneous exposure to air pollution, pollen, and heat, or a subset of these three risk factors. We found limited evidence for synergistic respiratory effects of air pollution, pollen, and heat; sufficient evidence for synergistic all-cause mortality, cardiovascular, and respiratory effects of air pollution and heat (particularly for ozone and particulate matter); and limited evidence for synergistic respiratory effects of air pollution and pollen. We were unable to assess evidence for pollen and heat because only one paper came up in our searches.
Overall, there was a substantially larger body of literature examining interactive effects between air pollution and heat, compared with those that included pollen as an exposure of interest. The evidence for interactive effects between air pollution and heat is further strengthened by large datasets of pollutant levels and meteorological data, including from the National, Morbidity, Mortality, and Air Pollution Study (NMMAPS) in the U.S. and the Ultrafine Particles and Health Study Group in Europe. An additional strength across all categories was that a majority of the studies had a low risk of bias for study design, with many of them using a time series design.
Though there were some strengths in the literature, we also found serious weaknesses that precluded our ability to draw strong conclusions as to the existence of interactive health effects from simultaneous exposure to these risk factors. Limitations included that all of the studies we found were short-term studies that were unable to address effects of long-term exposure. We found no cohort studies that could properly attribute exposure at an individual level and account for health outcomes that may take years to manifest. In addition, exposure measurements and metrics for air pollutants, pollen, and temperature were inconsistent and not standardized between the studies. Judging the potential bias from exposure measurement for air pollution, temperature, and pollen is difficult with only limited information available in the papers. For example, some papers did not report the number of monitoring stations used to assign exposures or the length of time for which the exposure data were collected. Recent studies of air pollution have begun using more sophisticated methods to assign exposure, such as models that use satellite remote sensing or land use variables that provide greater spatial coverage compared with ground monitors such as those run by government monitoring networks [104–106]. For pollen, the studies in this review all used pollen count as the exposure metric, which may not account for pollen potency [23]. Another limitation is that many studies were missing information about confounders that were considered, which could influence the magnitude of the associations they found. Finally, while we restricted our review to studies that looked at interaction between two of the three hazards, several studies may have treated these risk factors as mediators or effect modifiers. Future research should explore the role of these issues. Additional research should also explore effects of these risk factors on additional health outcomes, such as birth outcomes, as well as vulnerable populations, including children, the elderly, pregnant women, and people with genetic predisposition to cardiovascular and respiratory disease.
We included only heat, air pollution, and pollen in this review, as they are all conditions of the ambient air for which we judged there to be enough epidemiological literature to assess. Other important environmental drivers of disease related to the ambient air that we did not include here are occupational exposures; different types of air pollutant mixtures (including from different combustion sources and different composition of particulate matter); and exposure to airborne bacteria, viruses, molds, and fungus. In reality, people are exposed to a complex set of risk factors that remain poorly defined and explored in the literature. In addition, the chronic diseases considered affected by these risk factors are multi-factorial with heavy influence from genetic and lifestyle (e.g. diet, exercise) factors. Our literature review highlights the importance of including environmental factors in epidemiological and risk assessment studies, even if strong conclusions cannot yet be drawn from the current set of available studies.
Conclusions
In this systematic literature review of epidemiological studies, we found evidence for synergistic effects of heat and air pollutants (particularly for ozone and particulate matter), but not for the combination of heat, air pollution, and pollen together or of air pollution and pollen or heat and pollen. Our findings support consideration of combined effects of heat and air pollution in assessing health impacts from these risk factors in the present day and in the future as climate change progresses. However, the literature is too nascent to support inclusion of interactive effects between air pollution and pollen or heat and pollen in risk assessments. Future research should continue to explore potential interactive effects of environmental exposures on human health, as people are often exposed to multiple environmental risk factors simultaneously. This is a rapidly evolving field of study, and our review and conclusions should be updated to include new evidence as it becomes available. If new evidence supports our conclusion that heat and air pollution exposure act synergistically on human health, the health impacts from climate change-driven increases in air pollution and heat exposure may be larger than previously estimated in studies that consider these risk factors individually.
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