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Abstract

Background: Sickle cell disease (SCD) is an inherited, autosomal recessive blood disorder, 

among the most prevalent genetic diseases, globally. While the genetic and hemolytic dynamics of 

SCD have been well-characterized, the etiology of SCD-related pathophysiological processes is 

unclear. Although limited, observational evidence suggests that environmental factors, including 

urban air pollution, may play a role.

Objectives: We assessed whether daily ambient air pollution concentrations are associated with 

corresponding emergency department (ED) visit counts for acute SCD exacerbations in Atlanta, 

Georgia, during a 9-year (2005–2013) period. We also examined heterogeneity in response by age 

and sex.

Methods: ED visit data were from 41 hospitals in the 20-county Atlanta, GA area. Associations 

between daily air pollution levels for 8 urban air pollutants and counts of SCD related ED visits 

were estimated using Poisson generalized linear models.

Results: We observed positive associations between pollutants generally indicative of traffic 

emissions and corresponding SCD ED visits [e.g., rate ratio of 1.022 (95% CI: 1.002, 1.043) per 

interquartile range increase in carbon monoxide]. Age stratified analyses indicated stronger 

associations with traffic pollutants among children (0–18 years), as compared to older age strata. 

Associations involving other pollutants, including ozone and particulate matter and for models of 

individuals > 18 years old, were consistent a null hypothesis of no association.
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Discussion: This analysis represents the first North American study to examine acute risk 

among individuals with SCD to urban air pollution and provide evidence of urban air pollution, 

especially from traffic sources, as a trigger for acute exacerbations. These findings are consistent 

with a hypothesis that biological pathways, including several centrally associated with oxidative 

stress, may contribute towards enhanced susceptibility in individuals with SCD.
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INTRODUCTION

Sickle cell disease (SCD) is an inherited, autosomal recessive blood disorder, among the 

most prevalent genetic diseases in the United States (U.S.)(Knight et al. 1999), The most 

common form of SCD, sickle-cell anemia (HbSS), accounts for roughly 70% of the 

identified disease genotypes (Rees et al. 2010), and is associated with deoxygenated-induced 

hemoglobin S polymerization and cellular dehydration, leading to the characteristic sickled 

red blood cell formation(Belhassen et al. 2001). Depending on disease severity, this process 

may, in turn, lead to vaso-occlusive and hemolytic manifestations (Rees et al. 2010), as well 

as the common clinical features, acute chest syndrome (ACS), vaso-occlusive pain episodes 

(VOE), systolic and diastolic hypertension, pulmonary hypertension and endothelial 

dysfunction (Gladwin et al. 2014; Parent et al. 2011).

While the genetic and hemolytic dynamics of SCD have been well-characterized, the clinical 

phenotype and spectrum of SCD complications varies widely from patient to patient despite 

the common genetic mutation. The etiology of SCD-related pathophysiological processes 

leading to this clinical variability is unclear. Unknown attribution of specific causes for 

pulmonary complications associated with ACS, for example, occurs in 46% of all cases 

(Gladwin et al. 1999). Understanding the role of environmental factors, specifically, in 

eliciting SCD-related response has focused, among numerous factors, on climate (Jones et 

al. 2005; Mekontso Dessap et al. 2014; Piel et al. 2017), including temperature, wind speed, 

and humidity (Tewari et al. 2015); exposure to second-hand smoke (Sadreameli et al. 2016); 

and dehydration (Ballas et al. 2012), as potential triggers.

It is plausible that urban air pollution is an additional potential trigger of SCD 

complications, given current insight into the underlying modes of action implicated in 

adverse air pollution-related cardiorespiratory response (Brook et al. 2009; Krishnan et al. 

2012). While multiple mechanistic pathways may participate in air pollution risk, it is likely 

that long- and short-term exposures to specific particulate and gaseous air pollution 

components may contribute to acute and chronic oxidative stress, systemic inflammation, 

and potential adverse clinical outcomes, including endothelial dysfunction, cerebrovascular 

disease, atherosclerosis and myocardial infarction (Krishnan et al. 2012; Mills et al. 2005; 

Peretz et al. 2008). These processes may, in turn, lead to greater adhesion of the sickled 

erythrocytes to vascular endothelium resulting in vasculopathy (Barbosa et al. 2015). 

Alternatively, it is possible that chronic baseline levels of elevated systemic oxidative stress 

(Nur et al. 2011), another underlying SCD pathophysiologic condition, may again lead to the 
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increased expression of circulating adhesion molecules and sensitivity to acute occlusion, 

pain crises, and other forms of vasculopathy (Gladwin 2006).

There have been relatively few analyses, mainly conducted in Europe and South America, 

that have examined associations between urban air pollution and corresponding acute 

complications in SCD (Braga et al. 2006; Mekontso Dessap et al. 2014; Tewari et al. 2015; 

Yallop et al. 2007). Findings from these studies have been equivocal regarding whether and 

which air pollution components may trigger adverse acute SCD responses, although a recent 

review paper examining a range of environmental factors concluded that numerous air 

pollutants appear to be predictive of a range of health responses, while noting the difficulty 

disentangling independent air pollution effects given their correlation other environmental 

factors (Tewari et al. 2015). A study in Sao Paolo, Brazil, for example, support a role for air 

pollution as a factor for increases in sickle cell-related emergency department visits (Braga 

et al. 2006). Yallop et al. (2007) also report associations between ozone (O3) levels in 

London and hospital admissions for ACS with pain and suggest that these events may be 

induced via ozone-related respiratory pathways (Yallop et al. 2007). To date, no North 

American studies have investigated the impact of outdoor air pollution on the heath of 

individuals with SCD.

To further elucidate the potential role of urban air pollution as a driver of SCD health 

response, we conducted the current analysis using data from the Study on Particles and 

Health in Atlanta (SOPHIA)(Metzger et al. 2004; Peel et al. 2005; Sarnat et al. 2013; Tolbert 

et al. 2007). Atlanta, as a study setting, provides an ideal location for an SCD-focused 

analysis, given a sizeable population of individuals with the disease living in metropolitan 

Atlanta, as well as it being the home to SOPHIA, which comprises one of the largest single-

city timeseries assessing air pollution and health. Here, we present results from the first 

North American-based epidemiologic analysis examining population-level associations 

between air pollution and SCD-related emergency department (ED) visits, as well as 

differential risk by age and sex in individuals with SCD.

METHODS

We used air pollution measurements collected daily at an urban Atlanta monitoring site, 

Jefferson Street (JST), from January 1, 2005 to December 31, 2013. JST is located 4 km 

northwest of downtown Atlanta. We used this central site as an indicator of population 

exposures to be consistent with the assignment approach we repeatedly used in our previous 

epidemiologic analyses in Atlanta examining other health endpoints (Metzger et al. 2003; 

Peel et al. 2005; Sarnat et al. 2013; Strickland et al. 2010; Tolbert et al. 2007). JST is a 

former U.S Environmental Protection Agency Supersite and has also served as a primary 

monitoring site for the Southeastern Aerosol Research and Characterization Study 

(SEARCH), the Aerosol Research Inhalation Epidemiology Study (ARIES), and several 

ongoing epidemiologic studies as part of SOPHIA. The justification and rationale for using a 

single, central site as an exposure indicator for this study area as well as a discussion of the 

potential for measurement error from this approach, has been extensively examined 

previously (Sarnat et al. 2013). For this study, we elected, a priori, to use the modeling 

approach most consistent with other epidemiologic analyses conducted using SOPHIA data 
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(Metzger et al. 2004; Peel et al. 2005; Sarnat et al. 2013; Tolbert et al. 2007). This analysis 

focused on 8 ubiquitous urban air pollutants which were measured daily and sub-daily over 

the analysis period: daily 1-hr maximum carbon monoxide (CO), nitrogen dioxide (NO2), 

sulfur dioxide (SO2); daily 8-hr maximum O3; 24-hr average fine particulate matter (PM2.5); 

and major PM2.5 components, sulfate (SO4
2-), elemental carbon (EC), and organic carbon 

(OC).

Patient-level ED visit data were obtained from the Georgia Hospital Association and 

included records from 41 of 42 acute care hospitals in the 20 county-Atlanta area. Specific 

data elements included admission date, hospital, and primary International Classification of 

Diseases 9th Revision (ICD-9) diagnosis codes, as well as age, sex, and race of the patient. 

The Emory University Institutional Review Board approved this study.

Sickle cell disease case groups were defined using ICD-9 codes and ED visits for each 

outcome were aggregated by day. We were specifically interested in ‘all SCD’ (ICD-9 code 

282.6), which included visits for sickle cell anemia (HbSS) without crisis (ICD-9 code 

282.61), HbSS disease with crisis (ICD-9 code 282.62), sickle-cell/Hb-C (HbSC) disease 

without crisis (ICD-9 code 282.63), HbSC disease with crisis (ICD-9 code 282.64), other 

SCD with or without crisis (ICD-9 codes 282.68 and 282.69), and unspecified SCD (ICD-9 

code 282.60). As a secondary analysis, we also separately considered HbSS with crisis 

(ICD-9 code 282.62) as its own case group and present the results as Supplemental Material. 

The HbSS subset comprised approximately 80% of the ‘all SCD’ visit counts, as expected 

given the prevalence of HbSS as the most common form of SCD in the U.S. We 

hypothesized that pronounced differences in results from models of ‘all SCD’ and HbSS 

could indirectly indicated differences by SCD genotype. Significant results for models 

including HbSS, but not ‘all SCD’, for example, may provide indication of differential 

response to air pollution in individuals with HbSC or other SCD genotypes. Given the 

relative paucity of ED counts for the less prevalent SCD subtypes, we could not conduct 

separate, direct analyses including these outcomes.

Poisson generalized linear models were used to estimate associations of daily ambient air 

pollution levels and daily counts of SCD-related ED visits. The basic form of the model is:

log E Y t = α + β pollutantt + ∑kλkDOW kt + ∑kvm ℎospitalmt +
g γ1, …, γN; timet + g δ1, …, δN; tempt + g η1, …, nN; dewpointt

where Yt is the count of SCD-related ED visits on day t and pollutantt is the 3-day moving 

average (of lag days 0, 1, and 2) air pollution concentration for time t. Given the unknown 

contribution of air pollution to acute SCD response, we did not define this exposure window 

using a disease-specific biological justification. Rather, our choice of a 3-day moving 

average was made, a priori, to be consistent with our previous epidemiologic models of 

SOPHIA data examining processes with possible inflammation-mediated pathogeneses 

(Krall et al. 2017; Ye et al. 2017; Strickland et al. 2010). The model also included indicator 

variables for day-of-week and holidays (DOW), and hospital indicator variables (hospital) to 

account for the entry and exit of hospitals into and from the database during the study 

period. Long-term trends in case presentation rates (time) were controlled using semi-
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parametric cubic splines, g(γ1,…,γN; x) with monthly. Cubic splines were used to control 

same-day maximum temperature, lag 1–2-day moving average minimum temperature, and 

lag 0–2-day mean dewpoint temperature (dewpoint), with knots placed at the 25th and 75th 

percentiles. The first and second derivatives of g(x) were continuous allowing time trends 

and meteorology to be modeled as smooth functions. Variance estimates were scaled to 

account for Poisson over-dispersion. All estimated associations were reported as rate ratios 

(RRs) and scaled per interquartile range (IQR) increase in pollutant concentrations. 

Significance is reported at p < 0.05. As noted, the model specification was selected, a priori, 
to be structurally similar to previous SOPHIA-based analyses (Strickland et al. 2010; 

Winquist et al. 2014; Krall et al. 2017; Ye et al. 2017).

Additional analyses were stratified by demographic factors, specifically by age (0–18, 19–

39, 40+ years) and by sex (female/male). We also conducted a series of sensitivity analyses. 

To assess potential confounding by co-pollutants, sensitivity analyses included selected two-

pollutant models, in order to assess the relationship between SCD and the main air pollutant 

of interest while controlling for a second co-pollutant. To examine the robustness of results 

by model specification, we conducted analyses: a) including year and month interaction 

terms, in place of smoothed temporal splines; b) omitting minimum temperature control 

variables; c) omitting season and season interaction terms; and d) replacing same-day 

maximum temperature and 1–2 day minimum temperature control with a 3-day moving 

average maximum or mean temperature cubic terms. We conducted all modeling in SAS 

(v9.2), using the GENMOD procedure.

RESULTS

During the time period for this analysis, there were 77,310 ‘all SCD’ ED visits (daily mean 

= 23.6 counts/day, standard deviation=5.4), with a substantial majority categorized as HbSS 

with crisis (total counts = 62,925; daily mean = 19.2 counts/day, standard deviation = 5.0). 

Descriptive statistics for the two outcomes, ‘all SCD’ and HbSS stratified by age, sex, and 

race categories, showed ED counts to be highest for the 19–39 age group, with the next 

highest counts for ages 0–18 (Table 1).

For the race stratification, a large majority (over 95%) of the ED visits for the time period 

were Black.

Broadly, pollutant concentrations during the analysis period were generally typical for 

Atlanta, historically (Table 2). For each of the pollutants measured, there was a general 

decline in pollutant levels over the time series duration, consistent with urban air pollution 

trends elsewhere in many cities throughout North America. During this period, there was 

moderate-to-strong correlation (Pearson’s correlation coefficient > 0.6) among CO, NO2, 

OC, and EC distributions, which we have previously attributed to shared traffic emission 

sources for these pollutants within the metropolitan Atlanta area (Supplemental Table 1)

(Sarnat et al. 2009).

Associations between the measured pollutants and all SCD outcomes, varied by pollutant, 

age, and sex (Figure 1; numeric data used to generate Figure 1 shown in Supplemental 
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Tables 2, 3). For models including the entire study population, we observed positive and 

significant associations between IQR increases in CO and EC and corresponding ‘all SCD’ 

visits (RR for CO = 1.012; 95% confidence interval [CI] = 1.001, 1.022; RR for EC= 1.014; 

1.002, 1.026). In the age stratified analyses (0–18, 19–39, and ≥ 40 years), we did not 

observe association between any of the pollutants and ‘all SCD’ in individuals over 19 years 

old, although RRs from these models were predominantly ≥ 1.00 (12 of 16 models (Figure 

1). In contrast, for children and adolescents (i.e., 0–18 year age strata), there were significant 

and positive associations between ‘all SCD’ and each of the traffic-related pollutants CO, 

NO2, and EC. (RR for CO = 1.037; 1.013, 1.161; NO2 = 1.051; 1015, 1.087; and EC = 

1.035; 1.009, 1.063; p < 0.05), with marginal associations for PM2.5 (1.031; 0.9997, 1.063) 

(Figure 1; Supplement Table 3).

Associations for each of the three, largely traffic-related pollutants with all SCD outcomes 

were largely driven by males (Table 3). When stratifying by sex, we observed positive 

associations observed for males, exclusively, with the strongest associations for models 

including EC (RR = 1.022; 1.005, 1.039).

Since respiratory disease and ACS are may be age-related (Strunk et al. 2008), we conducted 

additional sub-analyses stratifying the 0–18 year old results into 0–6, 7–10, and 11–18 age 

bins (data not shown). Overall ED daily sub-counts for these sub-analyses were generally 

very low, with low statistical power. However, in a sub-sample of models including NO2 and 

EC, we did not observe pronounced differences in either magnitude or strength of 

association among the more finely resolved age sub-strata for the children during this period.

To assess the robustness and potential confounding in the CO, NO2, and EC results, each of 

which was positively associated with ‘all SCD’ in single-pollutant model settings, we 

conducted analyses assessing changes in observed RRs results of models while including 

either CO, EC, or NO2, in addition to O3, SO2, PM2.5, SO4
2- and OC (Table 4). For EC and 

CO, each of the pollutants maintained positive associations with ‘all SCD’ in the co-

pollutant models. For CO and EC, the addition of O3, SO2, and SO4 each individually 

resulted in similar confidence interval, and slightly weaker and marginally significant 

associations with the addition of PM2.5 and OC, individually. The results for NO2 were still 

positive, yet predominantly null with the individual addition of the other 5 co-pollutants. The 

co-pollutant models all had p-values that were equal or less than 0.10 for the main air 

pollutant. We did not to conduct multi-variate modeling including CO, NO2, and EC alone, 

given the high degree of inter-pollutant correlation, which we attribute to each acting as 

indicators of a shared traffic signal. This is also a practice we have used and described in 

previous SOPHIA-based epidemiologic analyses (Sarnat et al, 2013; Strickland et al 2010)

We conducted sensitivity analyses using the association between CO and ‘all SCD’ as an a 
priori test case. These models examined changes in specifications of the Poisson generalized 

linear models. Broadly, results were similar in direction and magnitude among the various 

models we assessed (results not shown), when using year and month interaction terms, in 

place of temporal splines, and varying meteorological and seasonal control parameters. 

Collectively, the sensitivity results suggest that the associations observed in the analysis 

were robust to model specification and potential confounding.
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For all of the model results, strengths of association were generally weaker for models 

examining associations with HbSS as an outcome, although there were no meaningful 

differences in either the magnitude or direction of association as compared to models 

assessing ‘all SCD’ visits (Supplemental Tables 2, 3).

DISCUSSION

Using a 9-year time series of ED visits within the 20-county Atlanta area, the current 

findings provide evidence of increased risk from urban air pollution for acute SCD 

exacerbations. In this study, associations were primarily driven by excess risk in male 

children (individuals < 18 years old). Among the pollutants we examined, those typically 

associated with traffic emissions, including CO, NO2, and EC, were most strongly and 

positively associated with adverse response. Notably, we did not observe associations in 

other sex or age strata or with any of the other ubiquitous urban air pollutants we analyzed. 

To our knowledge, this is the first analysis examining SCD air pollution susceptibility in 

North America, and add to the very limited number of studies elsewhere, that have examined 

urban air pollution as an environmental risk factor for SCD-related morbidity. While difficult 

to compare across study periods and target populations, the magnitude of association we 

observed (with statistically significant increases in excess ED visits ranging from 1.8 to 5.1 

percent per pollutant IQR) is consistent with risks reported in other Atlanta SOPHIA 

analyses. Strickland et al (2010), for example, report increased ED visit counts between 2.0 

and 8.2 percent per pollutant IQR in a pediatric asthma population during a similar 

timeframe in Atlanta (Strickland et al 2010).

It is likely that several biological pathways may be involved in the observed findings and 

may contribute towards enhanced susceptibility. Notably, vaso-occlusion and hemolysis, 

primary pathophysiologic features involved in acute SCD complications, are associated with 

dysregulated arginine-nitric oxide metabolism (Morris et al. 2000; Morris et al. 2003; Morris 

et al. 2005; Tewari et al. 2015). Arginine is an α-amino acid responsible for endogenous NO 

production and known to be deficient in individuals with SCD (Enwonwu 1989; Morris et al. 

2000; Morris et al. 2013; VanderJagt et al. 1997). An altered arginine metabolome is also 

found in asthma (Lara et al. 2008; Morris et al. 2004). Of interest, patients with SCD 

experience symptoms of asthma more frequently than the general population, and this co-

morbidity is associated with adverse events such as ACS, stroke, pulmonary hypertension 

and early mortality (Cohen et al. 2011; Morris 2009). Relevant to this study, arginine has 

also been shown to be inversely associated with elevated air pollution levels (Silkoff et al. 

2004) and depleted following air pollution-induced airway hyperresponsiveness, due to the 

augmentation of arginase (North et al. 2011). Recently, we reported findings from two 

independent prospective panel studies of adults with and without asthma exposed to elevated 

primary traffic emissions (Ladva et al. 2018; Liang et al. 2018; Liang et al. 2019). We 

observed associations between dysregulated metabolites in the arginine-nitric oxide pathway 

and elevated traffic-related air pollutants, including BC, CO, NO and PM2.5 (Liang et al. 

2019), the same pollutants most associated with SCD-related ED visits in the current 

observational analysis.
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Findings from Morris et al. (2000) lend added support for the hypothesized role of air 

pollution as a potential driver, in part, of SCD morbidity (Morris et al. 2000). Here, 

investigators observed dysregulated, reduced arginine levels during vaso-occlusive pain 

episodes in a panel of 36 SCD patients, reflecting a state of acute arginine substrate 

depletion, decreased nitric oxide production and, ultimately, increased SCD-related 

morbidity. It is plausible that hemolysis, vaso-occlusion, and exposures to air pollutants 

would have additive or synergistic effects on deregulating arginine-nitric oxide metabolism, 

thus leading to increased SCD morbidity manifesting in higher ED utilization. If true, the 

specific central role of arginine dysregulation, while anecdotal, raises the possibility that 

therapeutic intervention, in the form of supplementation, may help offset imbalances in 

metabolites participating in this paradigm.

A key finding in our analysis was that pollutants typically related to traffic emissions, 

including NO2, CO, and EC, were those most strongly associated with ED visits. 

Observational and controlled studies have provided evidence of the link between traffic-

related pollution and acute adverse health (Health Effects Institute 2010), given the ability of 

specific pollutant components or mixtures to elicit oxidative stress. In the current analysis, 

we view these pollutants as indicators of a complex traffic pollution source and not 

necessarily reflecting true causal associations with the individual modeled pollutant itself. 

Similarly, it is possible that other, non-traffic sources contribute to the measured levels of the 

three pollutants we deemed to be traffic related. Thus, caution should be taken when 

inferring specific source attribution to the findings.

Analyses examining links between specific air pollutants with acute SCD-related health 

response have been equivocal. Most notably has been a time-series investigation, similar in 

design to the one we conducted, which assessed air pollution and ED visits for SCD among 

children in Brazil (Barbosa et al. 2015). The ED visits in this study primarily included pain 

manifestation as they stratified the two main causes of ED visits into pain crises and 

respiratory infections, and provided indication that air pollution is positively associated with 

vaso-occlussive events. Barbosa and colleagues focused exclusively on pediatric response (in 

individuals between 0 and 18 years old), and reported associations with NO2 and CO, which 

they too viewed as broad indicators of traffic-related pollution (Barbosa et al. 2015). In the 

South American analysis, the authors reported RRs for many of the pollutant models that 

were typically higher than those we observed (i.e., RRs for ED visits ranging from 9 to 19 

percent). Another time-series analysis conducted in London reported increased hospital 

admissions to be positively associated with O3 levels (Yallop et al. 2007). CO was reported 

to be negatively associated with hospital admissions for SCD related acute pain, a finding 

consistent with other reported results (Mekontso Dessap et al. 2014). In their discussion of 

findings, Yallop and colleagues offered as an explanation that CO may serve a protective 

role against SCD, in promoting carboxyhemoglobin production, which is less susceptible to 

polymerization. A recent study of oral carbon monoxide therapy in the SCD mouse model 

demonstrating beneficial effects on vaso-occlusion, inflammation and anemia support this 

hypothesis (Belcher et al. 2006). Other studies, as well, suggest that the half-life of red blood 

cells is extended with the presence of CO (Beutler 1975). A similar negative association 

between CO and SCD-related hospital admissions was reported elsewhere (Mekontso 

Dessap et al. 2014). Conversely, a subsequent analysis using the London data, as well as data 
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on pediatric hospital admissions of children with either HbSS or HbSC in London and Paris, 

found largely null associations with several urban air pollutants, including CO (Piel et al. 

2017).

In our analysis, another main finding was that children 18 years old and younger were those 

most susceptible to urban air pollution. Although the biological basis for this observation is 

not clear, previous studies do provide some support for this conclusion. Barbosa et al. (2015) 

and Piel et al (2017) restricted their study to children under 18 years old (Barbosa et al. 

2015; Piel et al. 2017), however, ours was the first to have analyzed stratified associations 

between air pollution and SCD exacerbation by age. It is probable that all children, with and 

without preexisting co-morbidities, may be more susceptible to air pollution given immune 

systems that may are not be fully developed as adults, higher minute ventilation resulting in 

greater per mass dosages to air pollution (Dixon 2002; Gilliland et al. 1999), and activity 

patterns characterized by more time spent outside than adults (Trasande 2005). It is 

interesting to note that children with SCD frequently experience a reversible obstructive 

pattern of pulmonary function (Strunk et al. 2008), while adults with SCD demonstrate a 

predominance of restrictive disease (Klings et al. 2006; Morris 2009), that may also 

differentially influence their susceptibility to air pollution.

In conducting sub-analyses of the age-stratified analyses, we were looking for some 

indication that RRs were higher in the younger children, specifically, where obstructive lung 

conditions may be more prevalent. In a sub-sample of models including NO2 and EC, we did 

not observe any meaningful differences among the age strata, although the power to detect 

statistical association given less daily ED counts in the sub-analyses was limited. These 

results provide some indication that the pollution-mediated ED visits for ‘all SCD’ were not 

driven primarily by exacerbations in asthma-like symptoms in the youngest children in the 

sample population. Admittedly, we cannot completely rule out this explanation for the 

observed differences by age. It is, however, equally unlikely that the observed elevated risk 

in children under 18 as compared to adults is a statistical artifact associated with differential 

analytical power to detect associations within the age-stratified analyses. ED visits for SCD 

by age were not highest in children, with 6,394 visits for ages 0–18 (children), 8,782 for 

ages 19–39 years, and 3,238 for ages > 40 years.

The results showing differences in observed risk by sex were also notable. We did not detect 

pollutant-related associations in females, both for the entire database, as well as within the 

pediatric subset. It is possible that different physiological processes between males and 

females may play a role. Although speculative, males may experience higher exposures to 

air pollutants than females based on their occupational choice or recreational activities and 

reported uncertain effect modification by sex, suggesting sex-related physiological 

differences, such as dermal thickness and permeability (Clougherty 2011). Divergent nitric 

oxide bioavailability has also been documented in men compared to women with SCD, 

which is another potential mechanism for sex-related differences in sickle cell morbidity 

(Gladwin et al. 2003). Regardless, we view the difference in findings by sex as intriguing, 

and deserve attention in future studies.
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There were several limitations that warrant further investigation and caution when 

interpreting our findings. One limitation is that the air pollution data were taken from a 

single monitoring site in downtown Atlanta, while the ED visits were from 41 hospitals in a 

large, 20-county area. We have conducted numerous previous investigations of potential 

exposure misclassification from the use of a central site as a surrogate of population 

exposure in Atlanta, examining differences in observed RRs when using more proximal 

exposure indicators and spatially-resolved exposure modeling (Liang et al. 2018; Sarnat et 

al. 2008). And, while possible, we believe and have shown this form of error to be negligible 

within the Atlanta modeling domain. Similarly, given the limited number of daily ED 

counts, we did not directly examine response in individuals with other, less prevalent SCD 

genotypes, such HbSC or thalassemia. We did not, however, observe discernable differences 

in RRs from models of ‘all SCD’ visits, which includes all SCD genotypes, with those from 

models examining HbSS, exclusively. These results may provide some indirect indication 

that a pronounced differential response by SCD genotype was not present in the current 

study population, although it is quite possible that difference in biological response exist by 

SCD genotype and that a larger dataset with a greater number of non-HbSS counts would 

have a greater ability to detect these differences.

Together, these results comprise the largest North American epidemiological analysis 

examining enhanced acute risk from urban air pollution among individuals with SCD. The 

observed RRs, while small, were comparable to estimates we have previously reported in 

other sensitive populations in Atlanta, as well as those reported in other non-North American 

studies of air pollution and SCD. We believe these findings collectively contribute to the 

existing evidence that individuals with SCD may experience increased risk from urban air 

pollution, and traffic-related air pollution exposures, specifically. We also observed higher 

risks for SCD-related ED visits among male children 18 years old and younger. Broadly, 

these results are consistent with our prior hypothesis that individuals with SCD may be at 

greater risk from air pollution, given current mechanistic understandings of underlying 

disease pathophysiology and the ability of specific pollutant component to elicit oxidative 

stress-mediated acute response. While difficult to infer from a population-based 

observational study, it is possible that exposure to this ubiquitous pollutant source may 

trigger perturbations in several oxidative stress regulatory pathways. Support for this 

hypothesis may lie in other findings, conducted in small panels of individuals with asthma, 

which specifically implicate traffic pollution as a driver of changes in arginine metabolism 

(Ladva et al. 2018; Liang et al. 2018; Liang et al. 2019). Although speculative, it is plausible 

that dysregulation of this pathway for those with SCD is also involved in acute vaso-

occlusion and hemolysis.

More intriguingly, the results may also point to societal and behavioral interventions for 

reducing exposure and mitigating adverse response in some individuals with SCD. In 

addition to providing support for policies aimed at lowering air pollutant emissions, these 

findings, along with results from mechanistic panel-based analyses, may signal a possibility 

of therapeutic intervention aimed at preventing specific metabolic dysregulation that 

potentially may be at the core of several SCD pathophysiologic responses.
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Highlights

• Evidence of risk from urban air pollution for SCD exacerbations

• Strongest observed associations linked to traffic related pollutants

• Higher risks among male children, 18 years old and younger
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Figure 1. 
Risk ratios and 95% CIs per inter-quartile range increase from 3-day moving average (of lag 

days 0, 1, and 2) models for total and age-stratified associations of emergency department 

visits for all SCD-related causes (ICD-9 code 282.6) with 1-hr max carbon monoxide 

(CO);1-hr max nitrogen dioxide (NO2);8-hr max ozone (O3);1-hr max sulfur dioxide (SO2); 

24-hr fine particulate matter (PM2.5); 24-hr particulate sulfate (SO4
2-); 24-hr particulate 

elemental carbon (EC); and 24-hr particulate organic carbon (OC). ‘a’ indicates models 

examining the entire population; ‘b’ for age strata 0–18 years old; ‘c’ for age strata 19–39 

years old; and ‘d’ for age strata 40+ years old. (Atlanta, January 1, 2005 and December 31, 

2013).
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Table 1.

Descriptive Statistics of ‘All SCD’ and HbSS ED Visits from Jan 1, 2005 - Dec 14, 2013 stratified by Age, 

Sex, and Race. Differences in row totals due to missingness in emergency department record responses.

All SCD HbSS

Count Mean Visits/Day SD Count Mean Visits/Day SD

Age

 0–18 17,262 5.3 2.8 10,226 3.1 2.0

 19–39 46,237 14.1 3.9 41,115 12.6 3.8

 ≥ 40 13,811 4.2 2.1 11,584 3.5 2.0

Sex

 Female 40,804 12.5 3.8 33,131 10.1 3.5

 Male 36,503 11.2 3.5 29,791 9.1 3.2

Race

 Black 45,816 21.1 5.2 37,323 17.2 5.0

 White 121 0.1 0.2 96 0 0.2

 Hispanic 454 0.2 0.5 327 0.2 0.4

 Other 678 0.3 0.6 481 0.2 0.5

Environ Res. Author manuscript; available in PMC 2021 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Blumberg et al. Page 18

Ta
b

le
 2

.

D
es

cr
ip

tiv
e 

st
at

is
tic

s 
of

 th
re

e-
da

y 
m

ov
in

g 
av

er
ag

es
 o

f 
ur

ba
n 

ai
r 

po
llu

tio
n 

da
ta

: J
an

 1
, 2

00
5 

- 
D

ec
 1

4,
 2

01
3.

P
ol

lu
ta

nt
 (

un
it

s)
N

1
M

ea
n

SD
25

th
 P

ct
l

50
th

 P
ct

l
75

th
 P

ct
l

M
ax

im
um

IQ
R

2

1-
hr

 m
ax

 C
O

(p
pm

)
32

84
0.

6
0.

4
0.

4
0.

5
0.

7
3.

7
0.

4

1-
hr

 m
ax

 N
O

2
(p

pb
)

32
87

34
.4

11
.1

26
.3

33
.6

41
.7

77
.8

15
.3

8-
hr

 m
ax

 O
3

(p
pb

)
32

87
41

.9
15

.7
29

.4
40

.5
53

.0
95

.6
23

.6

1-
hr

 m
ax

 S
O

2
(p

pb
)

32
87

10
.9

9.
7

3.
3

8.
0

16
.0

57
.1

12
.7

24
-h

r 
P

M
2.

5
(u

g/
m

3 )
32

87
12

.5
5.

6
8.

6
11

.4
15

.3
45

.0
6.

7

24
-h

r 
SO

42-
(u

g/
m

3 )
32

81
3.

2
2.

2
1.

8
2.

5
3.

9
20

.1
2.

2

24
-h

r 
E

C
(u

g/
m

3 )
32

28
1.

0
0.

6
0.

6
0.

9
1.

2
5.

4
0.

6

24
-h

r 
O

C
(u

g/
m

3 )
32

22
3.

2
1.

3
2.

3
2.

9
3.

8
13

.6
1.

5

1 E
D

 d
at

a 
fo

r 
th

e 
la

st
 s

ix
te

en
 d

ay
s 

of
 2

01
3 

is
 m

is
si

ng

Environ Res. Author manuscript; available in PMC 2021 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Blumberg et al. Page 19

Table 3.

Risk ratios and 95% CIs per inter-quartile range increase from pollution from 3-day moving average (of lag 

days 0, 1, and 2) for the association of emergency department visits for ‘All SCD’. Stratified by Age and Sex 

from January 1, 2005 - December 31, 2013
1

Sex

Pollutant (units) Female RR (95% CI) Male RR (95% CI)

24-hr PM2.5 (ug/m3) 1.008 (0.989, 1.027) 1.012 (0.992, 1.033)

1-hr max SO2 (ppb) 0.987 (0.969, 1.005) 1.022 (1.003, 1.042)*

24-hr OC (ug/m3) 1.006 (0.989, 1.022) 1.011 (0.994, 1.028)

Traffic-related

1-hr max CO (ppm) 1.006 (0.991, 1.020) 1.018 (1.003, 1.033)*

1-hr max NO2 (ppb) 1.018 (0.996, 1.040) 1.009 (0.986, 1.032)

24-hr EC (ug/m3) 1.006 (0.990, 1.022) 1.022 (1.005, 1.039)*

Regional

8-hr max O3 (ppb) 1.000 (0.963, 1.038) 0.973 (0.935, 1.012)

24-hr SO4
2- (ug/m3) 1.002 (0.984, 1.021) 1.005 (0.986, 1.024)

1
ED data for the last sixteen days of 2013 is missing;

2
IQR is 75th percentile minus 25th percentile;

*
= p < 0.05
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