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Abstract

Background

Ambient fine particulate matter (PM2.5) contributes to global morbidity and mortality. One

way to understand the health effects of PM2.5 is by examining its impact on performed hospi-

tal procedures, particularly among those with existing chronic disease. However, such stud-

ies are rare. Here, we investigated the associations between annual average PM2.5 and

hospital procedures among individuals with heart failure.

Methods

Using electronic health records from the University of North Carolina Healthcare System,

we created a retrospective cohort of 15,979 heart failure patients who had at least one of 53

common (frequency > 10%) procedures. We used daily modeled PM2.5 at 1x1 km resolution

to estimate the annual average PM2.5 at the time of heart failure diagnosis. We used quasi-

Poisson models to estimate associations between PM2.5 and the number of performed hos-

pital procedures over the follow-up period (12/31/2016 or date of death) while adjusting for

age at heart failure diagnosis, race, sex, year of visit, and socioeconomic status.

Results

A 1 μg/m3 increase in annual average PM2.5 was associated with increased glycosylated

hemoglobin tests (10.8%; 95% confidence interval = 6.56%, 15.1%), prothrombin time tests

(15.8%; 95% confidence interval = 9.07%, 22.9%), and stress tests (6.84%; 95% confidence

interval = 3.65%, 10.1%). Results were stable under multiple sensitivity analyses.

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0283759 May 3, 2023 1 / 12

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Catalano S, Moyer J, Weaver A, Di Q,

Schwartz JD, Catalano M, et al. (2023)

Associations between long-term fine particulate

matter exposure and hospital procedures in heart

failure patients. PLoS ONE 18(5): e0283759.

https://doi.org/10.1371/journal.pone.0283759

Editor: Dong Keon Yon, Kyung Hee University

School of Medicine, REPUBLIC OF KOREA

Received: November 7, 2022

Accepted: March 16, 2023

Published: May 3, 2023

Copyright: This is an open access article, free of all

copyright, and may be freely reproduced,

distributed, transmitted, modified, built upon, or

otherwise used by anyone for any lawful purpose.

The work is made available under the Creative

Commons CC0 public domain dedication.

Data Availability Statement: Data used in this

study are not publicly available as they contain

identifiable medical data (protected health

information) the public sharing of which is

prohibited under federal law (HIPPA) and by

existing agreements on the use of the data. Study

data may be obtained by contacting study authors

or by submitting a request through NC TraCS

(https://tracs.unc.edu/) which requires an

appropriate approved IRB application. Analytic

code is available upon request from the

corresponding author or by request through the

https://orcid.org/0000-0001-7812-0537
https://orcid.org/0000-0002-4222-0285
https://orcid.org/0000-0002-6322-4349
https://doi.org/10.1371/journal.pone.0283759
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0283759&domain=pdf&date_stamp=2023-05-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0283759&domain=pdf&date_stamp=2023-05-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0283759&domain=pdf&date_stamp=2023-05-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0283759&domain=pdf&date_stamp=2023-05-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0283759&domain=pdf&date_stamp=2023-05-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0283759&domain=pdf&date_stamp=2023-05-03
https://doi.org/10.1371/journal.pone.0283759
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/
https://tracs.unc.edu/


Conclusions

These results suggest that long-term PM2.5 exposure is associated with an increased need

for diagnostic testing on heart failure patients. Overall, these associations give a unique lens

into patient morbidity and potential drivers of healthcare costs linked to PM2.5 exposure.

Introduction

Long-term exposure to ambient particulate matter smaller than 2.5 μm in diameter (PM2.5)

has been shown to increase mortality and morbidity. PM2.5 can come from a variety of sources

such as combustion, blown dust, industry activities, and traffic. PM2.5 is also formed via sec-

ondary chemical reactions of primary emitted pollutants [1]. Despite global efforts to reduce

particulate matter concentrations, ambient air pollution remains a substantial contributor to

the global burden of disease [2]. There are several proposed underlying mechanisms through

which PM2.5 causes adverse health effects. The larger sized fractions of PM2.5 are not readily

transported into the circulatory system and are instead most often linked to the triggering of

systemic inflammation from the lungs and other intermediate pathways, e.g. lipid oxidation,

that can cause extra-pulmonary effects. For example, at the molecular level, PM2.5 inhalation

can increase the intracellular levels of reactive oxygen species, which causes pulmonary oxida-

tive stress; this can instigate systemic inflammatory responses at the physiological level [3, 4].

The smallest sized fractions of PM2.5, often called ultrafine particulates, have shown an ability

to translocate out of the lungs where they may exert direct toxicity on the heart, kidneys, and

other organ systems [5].

These contributions of PM2.5 to global morbidity and mortality are exacerbated by aging

populations and an increasing prevalence of chronic conditions such as heart failure (HF) [6].

It is estimated that by 2030, 1 in every 33 people in the United States will suffer from HF [7].

Moreover, the total direct medical costs of HF are projected to increase from $21 billion in

2012 to $53 billion in 2030 [7].

Hospital procedures—which we defined as any billable task or service a medical practi-

tioner may provide to a patient—contribute to healthcare costs. Further, an increased number

of non-elective hospital procedures may indicate worsening health in the individual and popu-

lation. Long-term exposure to particulate matter is associated with multiple health outcomes,

but it has never been investigated in relation to the performance of hospital procedures on a

patient population. Quantifying the relationship between elevated concentrations of ambient

particulate matter and hospital procedures would provide further evidence of the impact of

poor air quality on individual health. Since hospital procedures are an indicator of patient

morbidity and a driver of medical costs, and air pollution has been found to have a close tem-

poral association with hospitalizations, studies investigating the associations between air pollu-

tion and hospital procedures may also present a new lens into understanding air pollution-

associated health effects and the impacts of environmental exposures on the economics of the

healthcare industry [8].

Here we estimate the associations between the frequencies of specific hospital procedures

performed and the annual-average PM2.5 exposures among HF patients. Long-term PM2.5

exposure has been associated with increased mortality, hospitalizations, and readmissions

among HF patients [9, 10], but this will be the first study to examine the impact of air pollution

on performed hospital procedures in this understudied patient population. We hypothesize

that long-term exposure to air pollution is associated with increased performance of hospital

procedures among HF patients.
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Methods

Study cohort

This study used the US Environmental Protection Agency (EPA) Clinical and Archived rec-

ords Research for Environmental Studies (CARES) resource, which has been used in previous

studies of environmental health among HF patients [9, 10]. EPA CARES is a resource that

merges electronic health records from the University of North Carolina Healthcare System

(UNCHCS) with environmental exposure data. This study was approved by the institutional

review board of the University of North Carolina–Chapel Hill (IRB 17–0150), and informed

consent was waived for this analysis of existing health records. For this study, we used elec-

tronic health records from patients with a diagnosis of HF between July 1, 2004 and December

31, 2016, which has been used in previous studies of mortality and hospital admissions [9, 10].

Patients for this HF cohort had to be aged 20 or older at the time of first HF diagnosis (to

remove cases likely due to congenital disease) and had to have a valid address listed in their

electronic health records for their date of HF diagnosis (to determine environmental expo-

sures) [9]. We further required that individuals have at least one hospital visit prior to their HF

diagnosis to limit the impact of those who were diagnosed at another hospital system and later

seen within a UNCHCS hospital or clinic [10]. HF was defined according to the International

Classification of Diseases, Ninth Revision (ICD-9) codes 428.x and the International Classifi-

cation of Diseases, Tenth Revision (ICD-10) codes I50.x [9]. Electronic health records for this

population included demographics, clinical variables such as address history, dates of proce-

dures, and dates of diagnoses (via ICD-9 and ICD-10 codes). For this study environmental

exposures were linked to individuals based on their date of HF diagnosis and the associated

address from their electronic health record allowing us to see how environmental exposures at

this critical time period impacted long-term health as reflected in hospital procedures. Census

block group-level socioeconomic data from the 2010 census—chosen as it was the approximate

midpoint of the study observation period—was used to evaluate area-level socioeconomic sta-

tus based on geocoded primary address, as information on individual-level socioeconomic sta-

tus is missing from the electronic health record. Individuals were considered successfully

geocoded with a minimum of zip code level geocoding.

Individuals who did not receive any of the common (defined as>10% in frequency, as

detailed in the Procedures section of the Methods below) procedures over their follow-up time

may have represented a distinct set of (potentially healthier) patients or those who received

healthcare at multiple hospital systems not in communication with the UNCHCS and, thus,

they were removed from primary analyses—though we conducted sensitivity analyses to exam-

ine the impact of this choice.

Air pollution data

PM2.5 concentrations were estimated at 1x1 km resolution from 2000–2016 using a hybrid

model that incorporated aerosol optical depth, ground-based monitoring, chemical transport

models, land use, and meteorology [11]. Study participants were linked to PM2.5 data based on

their geocoded primary residence at the date of HF diagnosis. Daily PM2.5 was averaged to cre-

ate an annual average estimate based on the 365 days of exposure prior to their HF diagnosis.

Procedures

Out of all the observed procedures, we removed any “procedure” that was simply a hospital

visit or a follow-up of a previous procedure. The data was further limited to only those
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procedures that were seen in at least 10% of the population to allow for a sufficient sample size

for primary and subgroup analyses.

To eliminate potential duplicate procedure entries, we aggregated procedures to the day of

their occurrence—effectively changing them into an indicator of whether the procedure was

performed on that patient on a particular day—and merged procedures that changed names

over the study period using the Current Procedure Terminology (CPT) code, which was static

in our dataset over the study timeframe. We observed that tests classified as stress tests, includ-

ing cardiovascular stress tests with and without report, technetium tc-99m sestamibi, and rega-

denoson injections, generally co-occurred. We thus combined these stress tests into one

procedure category termed “stress tests” and treated them as a single procedure for the analy-

ses. After all data merging and cleaning, there were 53 distinct procedures (S1 Table in S1

File). These procedures were primarily routine and diagnostic, likely due to the decision to

only include procedures seen in at least 10% of the population.

Statistical analysis

We used a quasi-Poisson regression model (which allows for over or under dispersion) to

model the association between annual average PM2.5 exposure at the time of HF diagnosis and

the procedure count for each of the 53 procedures over the follow-up observation period (12/

31/2016 or date of death) [12]. Confounders were selected based on previous studies done in

this population and included individual level confounders as well as area-level (census block

group) confounders to control for urbanicity and area-level socioeconomic status [9, 10]. Indi-

vidual-level confounders were age at HF diagnosis; race; sex; and smoking status. Census

block group confounders were based on the 2010 census and were median income; median

household value; year of HF diagnosis; and the percentage of the census block that is urban, on

public assistance, or below the poverty line. The screening mammography was the only sex-

specific procedure and thus not adjusted for sex. The primary exposure for all models was the

365-day average (annual average) PM2.5 based on the day of HF diagnosis, and the log of the

follow-up time was included as an offset in the models. The outcome was the total number of

days on which a given procedure was performed for each patient over the follow-up time.

We further examined the robustness of the associations to confounder inclusion by addi-

tionally adjusting for access to healthcare and healthy foods, both of which may be related to

socioeconomic status and potentially confound responses to air pollution. To perform this

adjustment, we utilized county-level data on the number of primary care physicians, dentists,

mental health providers, and non-primary care physicians per 100,000 people, along with aver-

age annual healthcare cost and food environment index from the 2015 County Health Rank-

ings [13]. The food environment index is a scaled index ranging from 0 (worst) to 10 (best)

that incorporates both limited access to healthy foods and food insecurity using data from the

United States Department of Agriculture [14, 15].

We then performed a series of sensitivity analyses to understand the robustness of the signifi-

cant associations from our primary analyses. We examined a Poisson mixed-effects model with

a random intercept for residential zip code. The model was adjusted for the same variables as

the original quasi-Poisson regression (including the offset term). To improve convergence, con-

tinuous variables were standardized to a mean of zero and a standard deviation of one.

Excluding patients who did not receive any procedure may have introduced bias if the

patients who were excluded substantially differed from those who were included. We exam-

ined this potential source of bias by including all patients and using a zero-inflated Poisson

model to account for the number of patients who did not receive procedures. The confounder

adjustment for the zero-inflated Poisson model remained the same as the primary analysis.
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To examine if results differed among those exposed to PM2.5 less than the current national

ambient air quality standard, we restricted our study cohort to those with an annual average

PM2.5 < 12 μg/m3 and reran our primary analysis on this restricted cohort [16].

We also examined population strata based on age, sex, race, urbanicity, and median house-

hold income to observe if there were strata-specific associations. All stratified models were run

only on those procedures identified as Bonferroni significant in the primary analyses. The sub-

groups for age included less than 50 years, 50 to 65 years, and greater than or equal to 65 years.

Racial subgroups were defined as the Black and White patients, as there were not enough in

the “other” racial category for analyses. Urbanicity was determined using the percentage of the

census block group based on the 2010 census; urban areas were defined as 100% urban (which

captured slightly more than the top third of the distribution), rural areas were defined as 0%

urban (which captured slightly less than the bottom third of the distribution), and all other

areas were defined as 1%-99% urban, which we call suburban (though many are quite rural or

urban). The subgroups for median household income were above and below the median

income of $49,355.

To acknowledge the competing risk of death, we performed a sensitivity analysis where

observations were weighted using stabilized inverse probability weights for the risk of death, as

done in similar studies [10, 17]. The confounder adjustment remained the same as for the pri-

mary analysis.

All analyses were run in R version 4.0.2 [18]. Associations were converted to the percent

change in outcome by exponentiating the regression coefficient, subtracting one, and multi-

plying the result by 100. All results are given as the percent change and associated 95% confi-

dence interval (CI) per 1 μg/m3 increase in PM2.5. Statistical significance for the associations

was set at p< 0.05/53, reflecting a Bonferroni multiple test adjustment for the number of pro-

cedures examined.

Results

The final study cohort consisted of 15,979 patients with an average follow-up time of 2.94

years (Table 1, S1 Fig in S1 File). Procedure frequencies per patient were consistent across the

major demographic categories of age, race, and sex (Table 2).

We also examined the 4,941 patients out of the original patient cohort who did not receive

any of the 53 procedures (S2 Table in S1 File). This patient population was slightly older, less

sick in terms of co-existing conditions, and consisted of fewer smokers and former smokers.

While no major differences in their demographics were observed, we cannot rule out unob-

served systematic differences between these populations.

In our primary analyses three procedures were significant after multiple test correction: gly-

cosylated hemoglobin tests (10.8% increase; 95% CI = 6.56%, 15.1%); prothrombin time tests

(15.8% increase; 95% CI = 9.07%, 22.9%); and stress tests (6.84% increase; 95% CI = 3.65%,

10.1%) (Fig 1, Table 3, S3 Table in S1 File). Associations for all three Bonferroni significant

procedures were attenuated after further adjustment for county-level access to healthcare and

healthy foods, though associations with prothrombin time tests remained significant (1.46%

increase; 95% CI = 0.71%, 2.22%; S4 Table in S1 File).

As there may be clustering of environmental and sociodemographic characteristics by zip

code, we ran a Poisson mixed-effects model with a random intercept for zip code. Associations

with the three significant procedures remained unchanged (Fig 1). Associations also remained

similar when the patients who did not undergo each of the 53 procedures examined were

added into the analysis cohort (Fig 1, S4 Table in S1 File). Given the strong mortality risk

among HF patients, the risk of death may present an important competing risk to account for.
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Using inverse probability weighting, as described in the Methods, we adjusted for the compet-

ing risk of death, and observed no differences in the associations as compared to the primary

analyses described above (S2 Fig in S1 File).

Table 2. Number of procedures per patient.

Patient Population median IQR SD

Entire Cohort 6 15 20.50

Black 7 16 23.98

White 6 14 18.86

Other Race 5 11 19.90

Female 6 14 20.47

Male 7 15 20.53

< 50 years old 9 19 29.78

< 65 years old 8 17 25.31

� 65 years old 6 13 16.29

The number of procedures per patient in the entire cohort and stratified by race, sex, and age.

https://doi.org/10.1371/journal.pone.0283759.t002

Table 1. Demographic variables (N = 15,979).

n %

Race: Black 4,394 27.50%

Race: White 10,568 66.14%

Race: Other 1,017 6.36%

Sex: Female 8,442 52.83%

Sex: Male 7,537 47.17%

Smoking Status: Current 1,721 10.77%

Smoking Status: Former 5,406 33.83%

Smoking Status: Never 5,021 31.42%

Smoking Status: Unknown 3,831 23.98%

Chronic Kidney Disease 10,388 65.01%

Ischemic Heart Disease 10,515 65.81%

Hypertension 13,008 81.41%

Chronic Obstructive Pulmonary Disease 7,202 45.07%

Type 2 Diabetes 5,978 37.41%

Dyslipidemia 13,301 83.24%

Peripheral Arterial Disease 7,344 45.96%

mean SD

Age (years) 68.07 14.75

Annual Average PM2.5 Exposure (μg/m3) 9.72 1.55

Median Income ($) 54,441.88 26,547.82

Median House Value ($) 183,591.38 108,266.63

% on Public Assistance 1.99 2.97

% Urban 63.09 42.05

% Below the Poverty Line 16.99 14.01

Shown in this table are the demographic variables for the 15,979 patients with at least 1 procedure. Percent on public

assistance, percent urbanicity, and percent below the poverty line were taken from census block group level estimates

from the 2010 Census.

https://doi.org/10.1371/journal.pone.0283759.t001
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To understand if associations differed in areas with lower ambient PM2.5 concentrations,

we examined associations for all individuals whose annual average PM2.5 exposure was less

than the current PM2.5 annual average standard (National Ambient Air Quality Standard) of

12 μg/m3. Among this population, associations between PM2.5 and prothrombin time tests

remained the same (15.1% increase; 95% CI = 8.07%, 22.7%), while associations between

Fig 1. Associations between annual average PM2.5 and hospital procedures among heart failure patients. Shown here are associations between annual

average PM2.5 and the three Bonferroni significant procedures. Significance was determined according to the primary analysis approach (quasi-Poisson).

We also show the percent change and 95% confidence interval associated with the sensitivity analysis for the Poisson Mixed-Effects model (which

included a random intercept for zip code) and Zero-Inflated Poisson model (which included all individuals as opposed to just those with at least 1

procedure). See Methods for complete description of all analysis approaches. Percent change and 95% confidence interval presented per 1 μg/m3 increase

in PM2.5. Gly Hemoglobin = Glycosylated Hemoglobin Test; Prothrombin = Prothrombin Time Test.

https://doi.org/10.1371/journal.pone.0283759.g001

Table 3. Significant procedure descriptions.

Procedure Procedure

Code

Procedure Description

Glycosylated

Hemoglobin Test

83036 measures HbA1c, which determines the average blood glucose level for

the 2 to 3 months before the test; often used to monitor diabetes

Prothrombin Time

Test

85610 measures how long it takes blood to clot; often used to help detect and

diagnose a bleeding disorder or excessive clotting disorder

Stress Tests *Stress Tests measures the heart’s ability to respond to external stress in a controlled

clinical environment; includes both exercise stress tests and

pharmacologic stress tests

The Procedure Codes are Current Procedural Terminology (CPT codes) for the three significant procedures, which

are developed, maintained, and copyrighted by the American Medical Association (AMA) [29]. *The “Stress Tests”

procedure as defined by this study (see Methods) included Cardiovascular Stress Test with Interpretation and Report

(93015), Cardiovascular Stress Test without Interpretation and Report (93016), Technetium Tc-99m Sestamibi

(A9500), and Regadenoson Injection (J2785).

https://doi.org/10.1371/journal.pone.0283759.t003
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PM2.5 and glycosylated hemoglobin tests were attenuated (5.98% increase; 95% CI = 1.33%,

10.8%). No association between annual average PM2.5 and stress tests were seen amongst those

with exposures less than 12 μg/m3 (S4 Table in S1 File).

We examined potential strata-specific association differences based on age, sex, race, urba-

nicity, and median household income of the census block group for the three Bonferroni sig-

nificant procedures. For glycosylated hemoglobin tests, associations were stronger among

Black study participants than White participants—and associations were stronger in residents

of the suburban and urban census block groups than in those of the rural census block group.

However, the wide, overlapping confidence intervals of these associations preclude any strong

statements on strata-specific associations (S3-S5 Figs in S1 File).

Discussion

We examined associations between annual average PM2.5 exposure and the occurrence of hos-

pital procedures in HF patients and observed three statistically significant associations, all of

which are related to diagnostic testing for cardiorespiratory health.

Exposure to particulate matter is associated with altered glucose metabolism and increased

risk of diabetes [19]. We observed statistically significant associations between glycosylated

hemoglobin (HbA1C) tests and annual average PM2.5 exposure. Glycosylated hemoglobin

tests are reflective of a patient’s blood sugar concentrations throughout the previous 3 months,

and they may be used to both screen for diabetes in high-risk individuals and monitor progres-

sion of diabetes [20]. Elevated ambient concentrations of PM2.5 may contribute to elevated

blood glucose and prevalence of diabetes, and, thus, an increased need for glycosylated hemo-

globin tests [21, 22].

The other two significant procedures—stress tests and prothrombin time tests—are related

to cardiovascular testing. In this study, “stress tests” included cardiovascular stress tests with

and without interpretation and report, technetium sestamibi radiological imaging, and regade-

noson injections, thus encompassing both exercise stress tests and pharmacologic stress tests

[23]. Exercise and pharmacologic stress tests can help physicians understand the cause and

severity of a HF patient’s condition or evaluate and modify their treatment plans. They also are

often used in the diagnosis, workup, and management planning of ischemic heart disease and

valvular heart disease [24, 25]. Since PM2.5 exposure is a risk factor for cardiovascular morbid-

ity and mortality, these stress tests may be more necessary for patients with increased morbid-

ity due to higher long-term exposure to PM2.5 [26].

Prothrombin time tests measure how long blood takes to clot and are often used to help

detect and diagnose a bleeding disorder or excessive clotting disorder. Hematological aberra-

tions are associated with long-term exposure to PM2.5, the mechanism of which may be related

to increased inflammatory cytokine levels, oxidative stress, platelet activation, stimulated coag-

ulation pathway, and reduced fibrinolysis [27]. Thus, disrupted hemostasis due to long-term

PM2.5 exposure may increase the need for prothrombin time tests.

Associations were robust to a range of modeling scenarios (S4 Table in S1 File). Associa-

tions with prothrombin time tests were unchanged when restricted to exposures less than the

current national standards, while associations with glycosylated hemoglobin were approxi-

mately halved and associations with stress tests attenuated towards the null. As each test may

point towards a different underlying biological mechanism (hemostasis, cardiovascular func-

tion, and glucose metabolism), these differences may give clues as to the different mechanisms

of increased morbidity that may be seen among HF patients as the concentration (and poten-

tially composition) of ambient PM2.5 changes. Importantly, all associations were substantially

attenuated when additionally adjusting for county-level indicators of access to healthcare and
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healthy food options, suggesting that these variables may play a role in moderating associations

with annual average PM2.5 (S4 Table in S1 File). Formal examinations of the social and built

environment factors that may moderate these associations were outside the scope of this man-

uscript and would be best performed with more comprehensive and geospatially resolved

maps of these factors.

The strengths of our approach include the examination of HF patients, a vulnerable patient

population that is more likely to have severe health outcomes from environmental exposures.

Despite this vulnerability, HF patients have been understudied with respect to their environ-

mental health risks. Another strength of this study was the large sample size and up to 12 years

of follow-up. This study also used high spatial resolution (1x1 km) of the air pollution exposure

data and patient address data, including street level geocoding for most patients and no coarser

than zip code level geocoding.

Our approach also had a variety of limitations. One limitation is that the electronic

health records do not include all possible confounders; in particular, individual-level socio-

economic status was missing. We used data from the US census to adjust for area-level

socioeconomic status, which is a widely utilized approach when individual-level data is

missing. As we only used records from UNCHCS, procedures that were not performed at

an affiliated hospital or clinic were not captured in our data unless those records were trans-

ferred to the UNCHCS electronic health record system; further, these associations may not

generalize other healthcare systems, such as those with a more rural catchment area. How-

ever, previous associations utilizing just the UNCHCS HF patient population have shown

concordance with studies done utilizing the entire southeastern United States, so this analy-

sis potentially has at least regional generalizability [10]. Finally, while we used air pollution

exposure data with a high spatial resolution, the exposures were ultimately determined

using the primary addresses of the patients. While this is standard in the field, reflecting

that many people spend most of their time at their primary residence, it may not completely

capture the PM2.5 exposure of individuals.

Moving forward, it will be important to investigate short-term exposures alongside long-

term exposures. Future studies should also evaluate other patient populations and consider

exposures beyond PM2.5 total mass, including the examination of different air pollutants such

as ozone, ultrafine particulates/particle number count, and the chemical composition of PM2.5.

Finally, this study did not have the scope to connect performed hospital procedures with the

broader economics of hospital system operations. However, given that PM2.5 is estimated to

cost the US economy billions of dollars annually, quantifying the economic impact of PM2.5

through the lens of performed hospital procedures might provide unique insights that can help

quantify the economic impacts of PM2.5 exposure as well as the health, wellness, and morbidity

impacts [28].

Conclusions

We observed that elevated long-term exposure to PM2.5 is associated with the increased perfor-

mance of glycosylated hemoglobin tests, prothrombin time tests, and stress tests among HF

patients. HF patients presented a unique patient group to examine this important question, as

they have both increased environmental sensitivity and high rates of hospital utilization. This

study adds to the field by quantifying PM2.5 impacts on performed hospital procedures,

thereby allowing researchers to better understand air pollution health effects and helping to

provide key information needed to estimate the total burden of PM2.5 on both patients and

hospital systems.
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