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Abstract

Background: Previous work reported increased rates of acute cardiovascular hospitalizations 

associated with increased PM2.5 concentrations in the previous few days across urban centers in 

New York State from 2005 to 2016. These relative rates were higher after air quality policies and 

economic changes resulted in decreased PM2.5 concentrations and changes in PM composition 

(e.g. increased secondary organic carbon), compared to before and during these changes. Changes 

in PM composition and sources may explain this difference.

Objectives: To estimate the rate of acute cardiovascular hospitalizations associated with 

increases in source specific PM2.5 concentrations.
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Methods: Using source apportioned PM2.5 concentrations at the same NYS urban sites, a time-

stratified case-crossover design, and conditional logistic regression models adjusting for ambient 

temperature and relative humidity, we estimated the rate of these acute cardiovascular 

hospitalizations associated with increases in mean source specific PM2.5 concentrations in the 

previous 1, 4, and 7 days.

Results: Interquartile range (IQR) increases in spark-ignition emissions (GAS) concentrations 

were associated with increased excess rates of cardiac arrhythmia hospitalizations (2.3%; 95% CI 

= 0.4%, 4.2%; IQR=2.56 μg/m3) and ischemic stroke hospitalizations (3.7%; 95% CI= 1.1%, 

6.4%; 2. 73 μg/m3) over the next day. IQR increases in diesel (DIE) concentrations were 

associated with increased rates of congestive heart failure hospitalizations (0.7%; 95% CI = 0.2% 

1.3%; 0.51 μg/m3) and ischemic heart disease hospitalizations (0.8%; 95% CI = 0.3%, 1.3%; 60 

μg/m3) over the next day, as hypothesized. However, secondary sulfate PM2.5 (SS) was not. 

Increased acute cardiovascular hospitalization rates were also associated with IQR increases in 

concentrations of road dust (RD), residual oil (RO), and secondary nitrate (SN) over the previous 

1, 4, and 7 days, but not other sources.

Conclusions: These findings suggest a role of several sources of PM2.5 in New York State (i.e. 

traffic emissions, non-traffic emissions such as brake and tire wear, residual oil, and nitrate that 

may also reflect traffic emissions) in the triggering of acute cardiovascular events.
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1. INTRODUCTION

We and others have reported that short term increases in ambient fine particle concentrations 

were associated with triggering of acute cardiovascular and cerebrovascular events (Brook et 

al. 2004; Brook et al. 2010; Rajagopalan et al. 2018), including myocardial infarction (Evans 

et al. 2017; Gardner et al. 2014; Mustafic et al. 2012; Pope et al. 2015), ischemic stroke 

(Shah et al. 2015), cardiac arrhythmia (Link et al. 2013; Rich et al. 2005; Rich et al. 2006a; 

Rich et al. 2006b), and heart failure (Shah et al. 2013). Recently, we found that shortterm 

increases in ambient PM2.5 concentrations were associated with small but significant 

increases in the rate of hospital admissions for cardiac arrhythmia, ischemic stroke, 

congestive heart failure, ischemic heart disease, and myocardial infarction across urban 

centers of New York State from 2005 to 2016 (Zhang et al. 2018). We also reported that 

implementation of air quality policies and economic changes occurring from 2008-2013 led 

to reductions of pollutant emissions and concentrations of PM2.5 and its major constituents 

(sulfate, nitrate, elemental carbon and organic carbon) as well as gaseous pollutants (NO2, 

SO2, and CO) except ozone. Further, there were increased concentrations of secondary 

organic carbon concentrations, but decreases in secondary inorganic species (sulfate and 

nitrate) and primary organic carbon concentrations (Squizzato et al. 2018a; Zhang et al. 

2018). Although there were no differences in the relative rate for most disease subgroups 

Before (2005-2007), During (2008-2013), or After (2014-2016) these pollutant changes, the 

rate of hospital admissions for ischemic heart disease associated with increased PM2.5 

concentration was higher in the After period (Zhang et al. 2018). This result suggests that 
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changes in particle composition resulting from these policies and the co-occurring economic 

drivers may have differentially triggered these acute cardiovascular outcomes.

Specific PM2.5 sources emit particles with chemical fingerprints (profiles) that permit source 

identification and apportionment. Source apportionment analyses have been conducted in 

numerous regions and cities around the world (Belis et al. 2013; Hopke 2016a, b), and have 

been used to examine whether PM sources were individually associated with health events 

(Ebisu et al. 2018; Halonen et al. 2009; Ito et al. 2006; Krall et al. 2018; Laden et al. 2000; 

Mar et al. 2000; Mar et al. 2006; Ozkaynak and Thurston 1987; Thurston et al. 2005). Using 

positive matrix factorization (PMF) to apportion the measured mass of an atmospheric 

pollutant at a given site to potential emission sources by solving a mass balance equation 

(Hopke 2016a), we separately identified twelve PM2.5 sources at six urban sites (Buffalo, 

Rochester, Albany, Bronx, Manhattan, Queens) and 2 background sites in New York State 

(Whiteface Mountain and Pinnacle State Park) (Squizzato et al. 2018b). There were 7 PM2.5 

sources common to all sites (secondary sulfate [SS], secondary nitrate [SN], biomass 

burning [BB], diesel [DIE], spark-ignition emissions [GAS], pyrolyzed organic rich [OP], 

road dust [RD]), 3 sources identified at New York City sites only (Bronx, Manhattan, 

Queens)(Aged sea salt [AGS], fresh sea salt [FSS], residual oil [RO]), 1 source identified in 

Buffalo, Rochester, and Albany only (road salt [RS]), and 1 source identified at Buffalo only 

(industrial [IND]). The primarily transported secondary aerosols (SS, SN, and OP) were 

observed at all sites since their contributions were driven by regionally distributed sources. 

Ubiquitous sources such as the three traffic sources (DIE, GAS, and RD) were also observed 

at all sites. Biomass burning was also seen at all sites due to the common practice of 

recreational wood burning in wood stoves and fireplaces during the winter months, 

occasional summer wildfire plumes, and an increasing summer use of outdoor fire pits 

(Zhang et al. 2018). Given the colder and snowier conditions, road salt was identified at all 

the upstate sites. New York City had residual oil that had been extensively used for large 

building space heating, and sea salt sources that were not observed elsewhere. For the 

“industrial” source identified in Buffalo, we could not attribute this factor to any specific 

activity (Squizzato et al. 2018b). We also reported that increased spark-ignition vehicle 

emissions were consistent with increased vehicle registrations in New York, and that 

increased SOC was consistent with projected increases in its formation due to reduced NOx 

emissions in New York State. Our previous work has also suggested higher risks/rates of 

myocardial infarction associated with PM2.5 when the air pollution mixture is enhanced 

with secondary particles, ammonium sulfate, and ammonium nitrate (Hopke et al. 2015; 

Rich et al. 2013), while increased mortality rates were associated with increased secondary 

sulfate concentrations (Ito et al. 2006).

Therefore, using the same New York State hospitalization dataset (2005-2016) as in our 

previous analyses (Zhang et al. 2018), and these PM2.5 sources from the six urban NYS sites 

(Squizzato et al. 2018b), we estimated the rates of acute cardiovascular event 

hospitalizations (cardiac arrhythmia, ischemic stroke, congestive heart failure, ischemic 

stroke, and myocardial infarction) associated with increases in the mean contributions of 

individual PM2.5 sources over the previous 1, 4, and 7 days. We hypothesized that increased 

motor vehicle emissions (diesel PM2.5 [DIE] and spark-ignition emissions PM2.5 [GAS]) as 
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well as secondary sulfate PM2.5 (SS) would be associated with increased rates of 

hospitalizations for these acute cardiovascular events.

2. MATERIALS AND METHODS

2.1. Study Population and Hospital Admissions Data:

The hospital admissions used in the study have been described previously (Zhang et al. 

2018). Briefly, we retained hospital admissions from the New York State Department of 

Health Statewide Planning and Research Cooperative System (SPARC S), a legislatively 

mandated database that covers ~95% of hospitals in NYS, excluding federal facilities (e.g. 

Veterans Affairs Hospitals) and psychiatric facilities. It contains billing and medical 

information on over 2.5 million discharges for New York State hospitals per year. SPARCS 

data include patient information on the principal diagnoses and up to 24 other diagnoses at 

the time of hospital admission, as well as demographic characteristics and event/hospital 

information. We geocoded the residential address for each hospitalization using ArcGIS 

10.3.1 (©Esri, Inc. Redlands, CA). Annual geocoding success rates from 2015 to 2016 

ranged from 95.0% to 95.9%. We retained those hospital admissions with a successfully 

geocoded address, a “principal” diagnoses of cardiovascular disease (defined using ICD-9 

and ICD-10 codes), and an admission date from January 1, 2005 to December 31, 2016, for 

adult (⩾ 18 years of age) residents of NYS. We then used this principal diagnosis to define 

cardiac arrhythmias (ICD-9 = 427 and ICD-10 = I47-I49), congestive heart failure (ICD-9 = 

428 and ICD-10 = I42 and I50-I51), ischemic heart disease (ICD-9 = 410-414 and ICD-10 = 

I20-I25), myocardial infarction (ICD-9 = 410 and ICD-10 = I21), and ischemic stroke 

(ICD-9 = 434 and ICD-10 = I63). We then excluded all study subjects living more than 15 

miles from any our six PM2.5 monitoring sites, leaving N=1,802,836 available for analysis. 

This study was reviewed and approved by the Institutional Review Board at the State 

University of New York at Albany.

2.2. PM2.5 Composition and Weather Data:

PM2.5 compositional data were retrieved from the EPA Chemical Speciation Network (CSN; 

AQS, www.epa.gov/aqs), for six sites (Albany, Buffalo, Rochester, Bronx, Manhattan, and 

Queens). Daily (24-h) samples were collected every third or sixth day and analyzed for 

species that would provide mass closure. Elemental carbon (EC) and organic carbon (OC) 

were determined by thermo-optical analysis, major inorganic ions by ion chromatography, 

and elements by energy-dispersive X-ray fluorescence. Details of the sampling methods, 

analytical protocols, and quality assurance/quality control are summarized in Solomon et al 

(Solomon et al. 2014).

Positive matrix factorization (PMF) (Hopke 2016a), using U.S. EPA PMF version 5, was 

used to identify PM2.5 sources at each site (Squizzato et al. 2018b). PMF protocols were in 

compliance with guidelines and best practices reported in the literature (e.g. (Belis et al. 

2014; Brown et al. 2015; Masiol et al. 2017; Paatero et al. 2014)). The best solutions were 

identified according to several criteria and guidelines (Belis et al. 2014; Brown et al. 2015; 

Hopke 2016a; Reff et al. 2007): (i) knowledge of sources affecting the study area, (ii) the Q-

value with respect to the expected (theoretical) value and its stability over multiple runs 
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(n=200), (iii) number of absolute scaled residuals greater than ±3, and (iv) finding profile 

uncertainties calculated by bootstrap (BS, n=200) and displacement (DISP) methods within 

an acceptable range (Paatero et al. 2014). Further details of methods for data handling, 

source apportionment analysis as well as all the source profiles and the basis of their 

interpretation are extensively discussed in Squizzato et al (Squizzato et al. 2018b). The 

trends in the apportioned source contributions are presented in Masiol et al (Masiol et al. 

2019). The twelve PM2.5 sources identified were then used in the statistical analyses 

described below.

Hourly temperature and relative humidity data were obtained from the National Weather 

Service (National Climate Data Center, https://www.ncdc.noaa.gov/cdo-web/datatools/lcd) 

for the nearest major airport (BUF - Buffalo, ROC - Rochester, ALB - Albany, LGA - 

Bronx, and JFK - Queens) or the closest weather station (Central Park for Manhattan). For 

each study subject living within 15 miles of our six monitoring stations, we assigned PM2.5 

source contributions, temperature, and relative humidity measurements from the nearest site. 

If a person lived <15 miles from more than one monitor (e.g. Bronx vs. Manhattan), we 

assigned concentrations/values from the closest monitor to that person.

2.3. Study Design and Statistical Analyses:

To estimate the relative rate of cardiac arrhythmia associated with short term increases in 

PM2.5 source contributions (e.g. DIE), we used the same time-stratified, case-crossover 

design and conditional logistic regression analyses (Levy et al. 2001; Maclure 1991) used in 

our previous analysis of PM2.5 and acute cardiovascular hospitalizations (Zhang et al. 2018). 

The case-crossover design contrasts pollutant concentrations immediately before the 

cardiovascular disease admission (case periods) to other times when the subject did not have 

a cardiovascular disease admission (control periods), matched to the case period (3-4 

controls per case) by calendar month and weekday. We fit a conditional logistic regression 

model for cardiac arrhythmia hospitalizations and each PM2.5 source described above, in 

which we regressed case–control status (i.e., case = 1, control = 0) against the mean PM2.5 

source concentration, mean rPM2.5 concentration (i.e. residual PM2.5 = PM2.5 mass – 

specific PM2.5 source mass), an indicator variable for holidays, and temperature and relative 

humidity (each with a natural spline with 4 degrees of freedom determined using Akaike’s 

Information Criterion), on the case and control days (all variables on lag day 0). As is 

standard in case-crossover studies, this model provided estimates of the rate ratio and its 

95% confidence interval. The excess rate is the percent (%) increase in the rate per 

interquartile range increase in source specific PM2.5 concentration (i.e. [rate ratio – 1.0] * 

100%). We then re-ran this set of models for each PM2.5 source for lag days 0-3 and then lag 

days 0-6, and then then again for each outcome (congestive heart failure, ischemic heart 

disease, myocardial infarction, and ischemic stroke). Since there were 3 lagged effects 

estimated for each outcome/PM2.5 source, a p<0.017 was used to define statistical 

significance. In exploratory analyses, we then re-ran this model with interaction terms 

between period (Before, During, and After) and PM2.5. All data management and statistical 

analyses were done using R version 3.0.1(https://www.r-project.org/).
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3. RESULTS

Since some of the PMF sources identified by Squizzato et al.(Squizzato et al. 2018b) were 

identified at all sites, but others were only identified in New York City, upstate sites 

(Buffalo, Rochester, Albany), or just in Buffalo, a description of the study population for 

each site group is shown in Table 1. Across all sites, study subjects were predominantly 

female (54.2%), white (52.2%), and non-Hispanic (89.6%), with a mean (± standard 

deviation) age of 69 (± 15) years, and a mean (± standard deviation) hospital length of stay 

of 5.05 (± 7.39) days with generally larger proportions of hospitalizations at the beginning of 

the study period than near the end. The four site groups had similar mean length of stays, 

and similar age, season of admission, and year of admission distributions. However, the 

Upstate sites and Buffalo had substantially larger percentages of white subjects (81.0% and 

82.4%, respectively) than the New York City sites and All sites (46.6% and 52.2%, 

respectively), and substantially smaller percentages of Hispanic subjects (2.8% and 1.3%, 

respectively) than the New York City sites and All sites (12.0% and 10.4%, respectively).

The distributions of source specific PM2.5 contributions are shown in Table 2. Detailed 

descriptions of each source and their chemical profiles are provided in Squizzato et al. 

(Squizzato et al. 2018b), while the trends in the apportioned source contributions are 

presented in Masiol et al. (Masiol et al. 2019). The excess rates of hospitalizations for 

cardiac arrhythmia, ischemic stroke, congestive heart failure, ischemic heart disease, and 

myocardial infarction associated with increased contribution of each PM2.5 source on the 

same day (lag day 0), previous 4 days (lag days 0-3), and previous 7 days (lag days 0-6) are 

shown in Table 3 and Figure 1. As hypothesized, we generally observed increased excess 

rates of hospitalizations associated with increased DIE and GAS contributions. Each 

interquartile range (IQR) increase in GAS contributions on the same day was associated 

with a 3.5% increase in the rate of ischemic stroke hospitalization (95% CI = 1.0%, 6.0%) 

and a 2.2% excess rate of cardiac arrhythmia hospitalization (95% CI = 0.4%, 4.1%). 

Although not statistically significant, most excess rates of cardiac arrhythmia, ischemic 

stroke, congestive heart failure, and myocardial infarction associated with increased GAS 

contributions on the same day and previous 4 and 7 days were also positive (i.e. >0.0%). 

Interquartile range increases in DIE contributions on the same day were also associated with 

increased excess rates of congestive heart failure (0.7%; 95% CI = 0.2%, 1.3%; IQR=0.53 

μg/m3) and ischemic heart disease (0.6%; 95% CI = 0.1%, 1.1%; IQR=0.53 μg/m3) hospital 

admissions. However, interquartile range increases in SS contributions were generally not 

associated with an increased rate of hospitalization for any outcome. In fact, each 1.65 

μg/m3 increase in SS contribution in the previous 7 days was associated with a −1.4% 

decreased excess rate of cardiac arrhythmia (95% CI = −2.5%, −0.3%).

Increased contributions of other PM2.5 sources (RD, SN, and RO) were also generally 

associated with increased rates of cardiovascular hospitalizations (Figure 1, Table 3). For 

example, interquartile range increases in RD contribution on the same day were associated 

with significantly increased excess rates of ischemic heart disease hospitalizations (0.6%; 

95% CI = 0.1%, 1. 1%; IQR=0.30 μg/m3). Although not statistically significant, most excess 

rates of congestive heart failure, ischemic heart disease, and myocardial infarction associated 

with increased RD contributions on the same day and previous 4 and 7 days were positive. 
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Each interquartile range increase in SN contribution over the previous 4 days was associated 

with an increased excess rate of myocardial infarction (1.7%; 95% CI = 0.4%, 3.0%; 

IQR=1.53 μg/m3). Again, although not statistically significant, most excess rates of 

congestive heart failure, ischemic heart disease, and myocardial infarction associated with 

increased SN contributions on the same day and previous 4 and 7 days were positive. Each 

0.63 μg/m3 increase in RO contribution was associated with an increased excess rate of 

ischemic heart disease (1.8%, 95% CI = 0.4%, 3.1%) over the next 4 days, with most other 

excess rates also positive.

In contrast, there were no clear patterns of association between increased AGS or FSS 

contributions and rates of any outcome, while for other PM2.5 sources (OP, RS, IND, BB, 

OP), there were mixed results (Table 3). For example, although each IQR increase in RS 

contribution in the previous 4 days was associated with an increased excess rate of ischemic 

stroke (2.5%, 95% CI = 0.6%, 4.4%, IQR=0.08 μg/m3), most of the other excess rates 

associated with IQR increases in RS contribution were <0.0%. Similarly, although each IQR 

increase in IND contribution in the previous day was associated with a 10.8% increase in the 

excess rate of ischemic stroke hospitalization (95% CI =3.9%, 18.1%), many of the other 

excess rates associated with IQR increases in IND contributions were <0.0%. Although most 

excess rates of ischemic stroke, congestive heart failure, and myocardial infarction 

associated with IQR increases in BB contribution were >0.0%, none were statistically 

significant. Similarly, although rates of ischemic stroke and congestive heart failure 

associated with IQR increases in OP contribution were generally positive, none were 

statistically significant. Last, when estimating the rate of each cause specific cardiovascular 

hospitalization associated with increased PM source contributions in the previous 1, 4, and 7 

days, separately in the Before, During, and After periods, we found little difference in the 

period specific relative rates (See Supplemental Tables).

4. DISCUSSION

Across urban centers in New York State from 2005 to 2016, as hypothesized, we observed 

increased rates of hospitalizations for acute cardiovascular events associated with increased 

diesel (DIE) and spark-ignition vehicle emissions (GAS) contributions, markers of traffic 

pollution. These effects were independent of changes in temperature and relative humidity, 

season, weekday, and long-term time trends. However, inconsistent with our a priori 

hypothesis, we generally did not find increased rates of acute cardiovascular event 

hospitalizations associated with increased secondary sulfate (SS) contributions. Increased 

rates of acute cardiovascular event hospitalizations were also generally associated with 

increased road dust (RD), secondary nitrate (SN), and residual oil (RO) contributions in the 

previous few days, but not with road salt (RS), industrial emissions (IND), biomass burning 

(BB), pyrolyzed organic rich emissions (OP), fresh sea salt (FSS), or aged sea salt (AGS).

Previously, using the same hospitalization data for adult New York State residents from 

2005-2016 (Zhang et al. 2018), we found that interquartile range increases in ambient PM2.5 

concentrations over the previous 1 to 7 days were associated with small but significant 

increases in the rate of hospital admissions for total cardiovascular disease (0.6%-1.2%), 

cardiac arrhythmia (1.0%-1.5%), ischemic stroke (1.0%-1.1%), congestive heart failure 
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(0.9%-2.4%), ischemic heart disease (0.8%-1.3%), and myocardial infarction (0.7%-1.0%). 

Our findings with specific PM2.5 sources (GAS, DIE, SN, RD, and RO) are consistent with 

these PM2.5 findings with regard to the magnitude of relative rates and suggest that this 

previous PM2.5 finding was driven by these sources.

In a workshop to compare the use of resolved source apportionment methods in health 

effects studies Hopke et al. (Hopke et al. 2006), reported that different PM2.5 mass source 

apportionment methods (Unmix, Multilinear Engine, Positive Matrix Factorization, Absolute 

Principal Components Analysis, Principal Components Analysis), even when used by seven 

different user groups, generally identified the same sources and were robust for application 

to PM2.5 epidemiologic studies. Further, Thurston et al. reported that the PM source 

apportionment research groups or methods introduced little uncertainty into the assessment 

of PM toxicity differences across sources, adding ~ 15% to the overall source-specific 

mortality relative risk uncertainties (Thurston et al. 2005). Thus, use of different source 

apportionment methods did not prevent the consistent discernment of variations in the 

relative size of the source-specific PM2.5 mortality effect estimates. From that same 

workshop, Ito et al. summarized findings across investigative teams using data from 

Washington, D.C., and reported that the largest excess risk of death per 5th-95th percentile 

increase in source specific PM2.5 was for secondary sulfate (6.7%; 95% CI = 1.7%, 11.7%) 

(Ito et al. 2006). Other sources associated with an increased risk of total, cardiovascular, and 

respiratory mortality included primary coal-related, traffic-related, and soil-related PM2.5.

Previous studies have examined associations between acute health events (e.g. 

cardiorespiratory hospital admissions and emergency department visits) and short term 

increases in source apportioned PM concentrations (Andersen et al. 2007; Bell et al. 2014; 

Gass et al. 2015; Hopke et al. 2006; Ito et al. 2006; Krall et al. 2018; Laden et al. 2000; Mar 

et al. 2000; Ozkaynak and Thurston 1987; Sarnat et al. 2008). Sarnat et al. found 

associations between increased respiratory and cardiovascular ED visits and gasoline 

vehicle, diesel vehicle, and biomass burning PM2.5 in Atlanta (Sarnat et al. 2008). Other 

studies reported associations between PM10 from biomass burning and increased respiratory 

hospital admissions in Copenhagen, Denmark (Andersen et al. 2007), gasoline and diesel 

PM2.5 and increased pediatric asthma ED visits in Atlanta (Gass et al. 2015), and respiratory 

hospital admissions and PM2.5 from road dust in Massachusetts and Connecticut (Bell et al. 

2014). Krall et al. apportioned daily PM2.5 concentrations measured in Atlanta, 

Birmingham, St. Louis, and Dallas into PM2.5 from biomass burning, diesel vehicles, 

gasoline vehicles, dust, coal combustion, and metals, but only PM2.5 from biomass burning 

was acutely associated with respiratory ED visits (Excess risk = 0.6%-0.8%) over the next 

few days (Krall et al. 2018). Although these studies examined respiratory outcomes, our 

finding of cardiovascular hospitalization triggering by traffic related PM2.5 sources is 

consistent with these studies reporting greater risks/rates associated with traffic PM sources.

Zhang et al. suggested that because only secondary organic carbon concentrations were 

increasing in recent years when the increased toxicity of the PM2.5 was identified, additional 

exposure to oxidants and the related oxidative stress and inflammation would be potential 

drivers of the increased rates of hospitalizations (Zhang et al. 2018). All of these factors can 

be associated with either the likely presence of reactive oxidative species (ROS) or the 
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ability to induce ROS in situ. The strongest site-by-site correlations between resolved source 

contributions and SOC were for the spark-ignition vehicle source. GAS was the only source 

whose contributions increased between the three periods (Masiol et al. 2019). There was an 

increase in the number of registered vehicles in the state. There were also important changes 

in the fuel formulation between 2010 and 2014 to reduce the concentration of benzene in the 

fuel (Agency 2019). The shift to increasing use of gasoline direct injection (GDI) in light-

duty vehicles likely also contributed to the increased contribution of GAS to the ambient 

PM2.5 concentrations although newer GDI vehicles certified to stricter emissions standards 

do not produce more SOA than older port fuel injection engines (PFI) (Zhao et al. 2018). 

The r2 values between SOC and GAS were 0.423, 0.548, 0.504, 0.303 0.533, 0.533 for 

Albany, the Bronx, Buffalo, Manhattan, Queens, and Rochester, respectively. Thus, for all 

but Albany and Manhattan, more than 50% of the SOC variance was related to the spark-

ignition mass contributions. These results suggest that gasoline vehicles were an important 

source of precursor species and secondary organic aerosol (SOA) (Bahreini et al. 2012; 

Gordon et al. 2013; Gordon et al. 2014; Hayes et al. 2013). Fresh SOA would include 

peroxy radicals and peroxides and be strongly oxidizing (Chen et al. 2011; Docherty et al. 

2005). Mills et al. found that even brief exposures to dilute diesel exhaust promoted 

myocardial ischemia and inhibited endogenous fibrinolytic capacity in men with stable 

coronary heart disease (Mills et al. 2007). Wang et al. showed that SOA, diesel and biodiesel 

exhaust particles generated significant amounts of H2O2 (Wang et al. 2012). Thus, GAS and 

DIE particles could contribute to both exogenous and endogenous ROS (Hopke 2015).

Road dust (RD) represents non-exhaust traffic emissions containing a number of transition 

metals like copper, iron, and zinc. These primary emissions result from non-exhaust 

emissions including brake and tire wear (Padoan and Amato 2019). Such metals can induce 

the formation of free radicals via Fenton-like reactions (Halliwell and Gutteridge 1984; 

Strlic et al. 2003). RO would also represent a source of redox-active metals such as nickel 

and vanadium. Lippmann et al. reported that ambient nickel concentrations were associated 

with acute increases in heart rate and decreases in heart rate variability in mice and with 

increased mortality in people (Lippmann et al. 2006).

Both SN and OP represent secondary particles with SN primarily observed in the winter 

when the level of photochemical activity is low and ammonium nitrate becomes the 

dominant particle type with respect to particle surface area on which carbonaceous species 

can condense. Thus, SN could just represent a surrogate for the condensed ROS being 

advected by the locally formed nitrate particles. OP is primarily observed during the summer 

months when there is sufficient photochemistry occurring to produce significant amounts of 

secondary sulfate and secondary organic aerosol (SOA). OP is thought to be an indicator of 

secondary organic aerosol (Squizzato et al. 2018b), and may represent more aged secondary 

organic aerosol that has been transported into the area with little associated reactive oxygen 

species (ROS). Chen et al. found that the lifetime of terpene producing reactive oxygen 

species was of the order of 6 to 7 hours, so only recently formed secondary organic carbon 

(SOC) would likely have significant amounts of associated reactive oxygen species (Chen et 

al. 2011). Thus, the lack of association with OP may reflect its low reactive oxygen species 

concentration. Secondary sulfate may represent more aged aerosol in which much of the 

initially deposited reactive oxygen species have reacted away.
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The other factors such as AGS, FSS, BB, and IND would not generally include strongly 

oxidizing constituents. There have been some suggestions of effects of wood smoke on 

cardiovascular outcomes (Croft et al. 2017; Rich et al. 2018). However, a recent review 

concluded that the evidence base for the cardiovascular effects of wood smoke is weak and 

that wood smoke exposures are highly variable due to the multifactorial nature of wood 

smoke creation (Adetona et al. 2016).

There were several strengths of our study including a large sample size resulting in increased 

statistical power, uniformly collected and coded hospitalization data in New York State from 

2005-2016, and a concurrent multi-year source apportionment analysis across urban centers 

in New York state providing an assessment of acute health associations with individual PM 

sources. However, there were also several limitations to consider. First, cases within 15 

miles of a PM2.5 monitoring site were assigned the same values of PM2.5 source 

contributions for a specific day, regardless of how close they lived to the site, which likely 

resulted in exposure misclassification. This misclassification error is likely a combination of 

Berkson and classical error, resulting in a bias toward the null and underestimates of effect 

(Bateson et al. 2007; Zeger et al. 2000). Second, there was a change in the hospital 

admission diagnosis codes used in SPARCS starting October 1, 2015 (shift from ICD-9 to 

ICD-10). Certain ICD-9 codes could be divided into multiple more specific ICD-10 codes, 

possibly resulting in an undercounting of cases in our study. However, this should result in 

only a loss of statistical power and not bias, as the case-crossover design contrasts pollutant 

concentrations between two time periods within the follow-up time of each case. Third, the 

PMF analyses of Squizzato et al. were conducted as a single source apportionment at each 

site across the entire 12 years of the study period (2005-2016), with individual sources 

identified and named based on common chemical compositions across these 12 years 

(Squizzato et al. 2018b). However, it is possible that if the source apportionment was done 

on individual time periods separately (e.g. 2005-2007, 2008-2013, and 2014-2016), daily 

concentrations of individual source specific mass concentrations (e.g. SS) would be different 

from those used in this analysis. If we assume that this exposure misclassification is non-

differential with regard to time (i.e. not different for case and control periods), then it again 

is likely a combination of Berkson and classical error, resulting in a bias toward the null and 

underestimates of effect. Fourth, although we defined statistical significance as p<0.017 

based on three estimates/test per pollutant/outcome association (i.e. 3 lag days), we have 5 

outcomes per PM2.5 source contribution. Thus if we made a Bonferroni correction for 15 or 

5 tests per PM2.5 source contribution, we would have overestimated the p-value to define 

statistical significance, making far few results be statistically significant. Last, like all case-

crossover designs analyzed with conditional logistic regression, adjusting for possible 

overdispersion is difficult if not impossible (Armstrong et al. 2014), which could result in 

confidence intervals that are larger than reported.

5. CONCLUSIONS

Using a large database of hospitalizations of adult New York State residents from 2005 to 

2016 and concentrations of PM2.5 sources identified previously (Squizzato et al. 2018b), we 

found, as hypothesized, increased rates of cardiac arrhythmias and ischemic stroke 

associated with increased GAS concentrations in the previous few days, and increased rates 
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of congestive heart failure and ischemic heart disease hospitalizations associated with 

increased DIE concentrations. We did not find any such associations with SS as 

hypothesized. This null SS finding may just reflect the sharp decrease in sulfate 

concentrations in New York State (Squizzato et al. 2018a) and its reduced role as a transport 

vector for reactive species condensed onto its surface. Although RD, RO, and SN 

concentrations were also associated with increased rates of acute cardiovascular 

hospitalizations, there were no such associations with other sources. These findings suggest 

the role of spark ignition and diesel vehicle emissions, non-traffic emissions such as tire and 

brake wear, ROS residual oil combustion emissions for large building heating in New York 

City, and advected by nitrate particles in the triggering of acute cardiovascular events. These 

findings are consistent with the proposed hypothesis of Zhang et al. of the triggering of acute 

cardiovascular events by oxidants associated with secondary organic aerosols and oxidative 

potential associated with transition metals (Zhang et al. 2018). However, this will require 

confirmation of whether these sources in locations other than New York State produce 

similar rates of hospitalizations for these cardiovascular outcomes.
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GAS spark ignition emissions

DIE diesel
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IND industry

BB biomass burning

OP pyrolyzed organic rich
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Highlights

1. Spark ignition & diesel PM associated with cardiovascular (CV) 

hospitalizations

2. Secondary nitrate, residual oi, road dust PM associated with CV 

hospitalizations

3. Associations observed over previous 1, 4, or 7 days

4. Suggest role of traffic & non-traffic emissions in triggering CV 

hospitalizations
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1. 
Excess rate of acute cardiovascular event hospitalization by concentrations of A) spark 

ignition emissions (GAS) and diesel (DIE), B) secondary sulfate (SS) and secondary nitrate 

(SN), and C) road dust (RD) and residual oil (RO).
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