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Associations of Air pollution, Industries, and Socioeconomic Status with Acute 
Respiratory Distress Syndrome (ARDS) among the Elderly in the U.S. 

 

Abstract 

 

In the United States, by 2030, more than 20 percent of U.S. residents are projected 

to be aged 65 and over, compared with 13 percent in 2010, with increased racial and ethnic 

diversity. Lung function declines by aging and the elderly may experience accelerated 

respiratory impairments followed by environmental pollution. The elderly is at high risk 

of developing acute respiratory distress syndrome (ARDS). ARDS is a rapidly progressive 

form of acute respiratory failure and is an often lethal syndrome with a mortality rate 

ranging from 69% to 80% among elderly patients. However, there is limited nation-wide 

information on association between environmental/social determinants and national 

ARDS incidence, particularly for vulnerable elderly population who is at high risk of 

ARDS. In this dissertation, we conducted a nationwide observational study to investigate 

the associations of long-term exposure to ambient air pollution (PM2.5 and ozone), 

industries (construction and manufacturing sectors), and socioeconomic status (income 

and education) with hospital admission rates for ARDS, using Medicare data including 

nearly 30 million Medicare beneficiaries per year from 2000 to 2012.  
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We estimated zip-code level associations by fitting generalized linear mixed 

models with log link using quasi-likelihood methods. We found that an increase of 10 

construction industries per year was associated with a 0.59% increase in annual hospital 

admission rates for ARDS (95% CI 0.54%, 0.64%) and an increase of 10 manufacturing 

industries per year was associated with a 0.63% increase in annual hospital admission 

rates for ARDS (95% CI 0.56%, 0.71%) across all zip-codes. An increase of 1 µg/m3 in 

annual average PM2.5 was associated with increase in annual hospital admission rates for 

ARDS of 1% (0.97%, 95% CI: 0.88, 1.07). Long-term exposure to ozone pollution was not 

associated with ARDS. In low air pollution regions, the same annual increases in PM2.5 

and ozone was associated with higher percent increase in hospital admission rates. 

Increased median household income and higher education in neighborhood were 

significantly associated with decreased hospital admission rates for ARDS.  

In conclusion, PM2.5 pollution, living in heavy construction and manufacturing 

sites, and living in poor neighborhood or area with lower educational level were risk 

factors for developing ARDS among the elderly residents.   

 

 

 

 

 

 

 

 



iv 
 

Table of Contents 
 

Abstract………………………………………………………………………………………………………………..ii     
List of Figures with Captions…………………………………………………………………………………..v 
List of Tables with Captions…………………………………………………………………………………...vi 
Acknowledgement…………………………………………..…………………………………………………..viii  
Body of Dissertation ............................................................................................................. 1 

Chapter 1: The Impact of Long-Term Exposures to Ambient PM2.5 and Ozone on 
Acute Respiratory Distress Syndrome (ARDS) Risk for Elderly Population in the 
United States ..................................................................................................................... 1 

Introduction .................................................................................................................. 1 

Methods ........................................................................................................................ 3 

Results .......................................................................................................................... 6 

Discussion .................................................................................................................... 13 

Conclusion .................................................................................................................. 16 

References ................................................................................................................... 17 

Chapter 2: Risk of Acute Respiratory Distress Syndrome among the Elderly living near 
Construction and Manufacturing Industrial Sites ........................................................ 20 

Introduction ............................................................................................................... 20 

Methods ...................................................................................................................... 22 

Results ........................................................................................................................ 27 

Discussion ................................................................................................................... 34 

Conclusion .................................................................................................................. 38 

References .................................................................................................................. 39 

Chapter 3: Social Disparities in the Risk of Acute Respiratory Distress Syndrome 
(ARDS) among the Elderly in the United States  .......................................................... 42 

Introduction ............................................................................................................... 42 

Methods ...................................................................................................................... 43 

Results ........................................................................................................................ 46 

Discussion .................................................................................................................... 51 

Conclusion .................................................................................................................. 55 

References .................................................................................................................. 56 

 

 

 



v 
 

List of Figures with Captions 
 

Figure 1.1. Flow diagram summarizing zip-code selection for the analysis (2000-2012)  7 

Figure 1.2. Concentration–response function of the exposure to annual average PM2.5 on 

percent change in hospital admission rates for ARDS  .................................................... 10 

Figure 1.3. Concentration–response function of the exposure to annual average ozone on 

percent change in hospital admission rates for ARDS ...................................................... 11 

Figure 2.1. County-Level Construction Industry Distribution (2009) ............................. 28 

Figure 2.2. County-Level Manufacturing Industry Distribution (2009) ......................... 29 

Figure 2.3. Flow diagram summarizing zip-codes selection for the analysis. ................. 30 

Figure 3.1. Flow diagram summarizing zip-codes selection for the analysis ................... 48 

Figure 3.2. Geographical distribution of Medicare enrollees and hospital admissions for 

ARDS among Medicare enrollees in 2008 ....................................................................... 53 

Figure 3.3. Geographical distribution of median household income in 2008  ................ 53 

Figure 3.4. Geographical distribution of Black population among Medicare enrollees in 
2008 .................................................................................................................................. 53 

Figure 3.5. Geographical distribution of White population among Medicare enrollees in 
2008 .................................................................................................................................. 54 

Figure 3.6. Geographical distribution of Hispanic population among Medicare enrollees 
in 2008 .............................................................................................................................. 54 

Figure 3.7. Geographical distribution of Native American population among Medicare 
enrollees in 2008 ............................................................................................................... 54 

Figure 3.8. Geographical distribution of Asian population among Medicare enrollees in 
2008 .................................................................................................................................. 55 

 

 

 

 



vi 
 

List of Tables with Captions 

 

Table 1.1. Demographic information of ARDS patients (1,164,784) in Medicare cohort 

(year 2000-2012) ...............................................................................................................  7 

Table 1.2. Annual average summary characteristics for selected zip-codes included in the 

analysis (year 2000-2012) [Inclusion criteria is described in Figure 1.1] .......................... 8 

Table 1.3. Pearson correlation coefficients between air pollution, health outcome, 

meteorological variables, and ecological covariate............................................................. 8 

Table 1.4. Percent change (%) in hospital admission rates for ARDS by 1 𝜇𝑔/𝑚3 increase 

in annual average PM2.5 concentrations or 1ppb increase in annual average ozone 

concentrations (95% CI).................................................................................................... 10 

Table 1.5. Percent change (%) in hospital admission rates for ARDS by 1 𝜇𝑔/𝑚3 increase 

in annual average PM2.5 concentrations or 1ppb increase in annual average ozone 

concentrations (95% CI) in low air pollution region .........................................................12 

Table 1.6. Percent change (%) in hospital admission rates for ARDS by 1 𝜇𝑔/𝑚3 increase 

in annual average PM2.5 concentrations or 1ppb increase in annual average ozone 

concentrations (95% CI). Results between models adjusted for decile of propensity scores 

and adjusted for covariates are compared .........................................................................12 

Table 2.1. Demographic information of ARDS patients (646,542) in Medicare cohort (year 

2006-2012) ........................................................................................................................ 27 

Table 2.2. Annual characteristics for zip-codes included in the analysis (year 2006-2012) 

[inclusion criteria is described in Figure 2.3] ................................................................... 30 



vii 
 

Table 2.3. Pearson correlation coefficients between exposures, health outcomes, and 
confounders ........................................................................................................................ 31 

Table 2.4. Percent change (%) in annual hospital admission rates for ARDS by 10 

companies increase per year (95% CI) .............................................................................. 32 

Table 2.5. Percent change (%) in annual hospital admission rates for ARDS by one unit 

increase in zip-code categories (low, mid, high number of industries) per year (95% CI) 

 ........................................................................................................................................... 33 

Table 2.6. Percent change (%) in annual hospital admission rates for ARDS by 10 
companies increase a year (95% CI) on matched data  .................................................... 33 

Table 3.1. 6-year average mean and standard deviation of health outcome and SES 

variables among selected zip-codes included in the analysis and further stratified zip-

areas by income classes [Inclusion criteria is described in Figure 3.1] ............................ 47 

Table 3.2. Results of univariate analyses. Percent change (%) in hospital admission rates 

for ARDS by $20,000 increase in median household income, by 1% increase in percent of 

adult holding bachelor’s or higher degree, in percent of population in urban area, in 

percent of female, in percent of racial group (White, Black and Hispanic) (95% CI) ..... 49 

Table 3.3. Results of multivariable analyses. Percent change (%) in hospital admission 

rates for ARDS by $20,000 increase in median household income and by 1% increase in 

percent of adult holding bachelor’s or higher degree (95% CI). Other SES (sex, race, 

urbanization) and environmental exposures (PM2.5, construction, and manufacturing) 

were further adjusted. Stratified analyses by income classes for higher education included 

 ........................................................................................................................................... 50 

 

 



viii 
 

Acknowledgement 

 

First, I would like to express my sincere appreciation to my adviser Dr. David C. 

Christiani for his long-term support, encouragement, and providing great opportunities 

to obtain various expertise during my master’s and doctoral education in the Department 

of Environmental Health at Harvard T.H. Chan School of Public Health. I would also like 

to appreciate my remarkable research committee Drs. Francesca Dominici and Antonella 

Zanobetti. Dr. Dominici is an indeed inspiring scientist I learned the most during my 

doctoral program and gave me an incredible opportunity to collaborate with her research 

group. Dr. Zanobetti is a great scientist and a mentor who tremendously supported my 

doctoral research. I gratefully appreciate my adviser and research committee for their 

great teaching and belief in me.  

Second, I would like to appreciate my family for their endless support, love, and 

trust on me. My father, Haechun Rhee, is an environmental and labor economist and has 

been a great inspiration for my passion on health equity and environmental justice. My 

mother, Miyeoun Park, is a microbiologist and my role model female scientist. My sister, 

Kyungeun Rhee, has a warm heart and wants to improve mental health as a physiologist. 

Third, I would like to appreciate my colleagues, scholars, and staff members at 

Harvard Chan School for great peer support, their passion on public health, and kindness. 

I would also like to acknowledge and express my gratitude to my long-term friends.



1 
 

Body of Dissertation 

 

Chapter 1: The Impact of Long-Term Exposures to Ambient PM2.5 and Ozone on Acute 

Respiratory Distress Syndrome (ARDS) Risk for Elderly Population in the United States 

 

Introduction 

The older population aged 65 and over is growing worldwide. In 2015, the number of the 

elderly was 8.5 percent of the total population, however, in 2030, it is projected to be 12 

percent (1). In United States, more than 20 percent of residents will be the older 

population (1). Improved public health has contributed to longer life expectancy, 

however, living longer does not necessarily mean having better quality of life. Lung 

function declines by aging and the elderly may experience accelerated respiratory 

impairments followed by environmental pollution, especially who has co-existing chronic 

lung, heart, or circulatory conditions (2). Ambient air pollution exposure can adversely 

affect quality of life including respiratory functioning as well as general well-being (3). 

Numerous epidemiological studies have shown that chronic exposures to fine particles 

(PM2.5) and ozone are associated with morbidity and mortality due to respiratory disease 

(4-8). Long-term particulate matter exposure has been shown to result in pulmonary 

inflammation, oxidative stress, and decreased lung function in animal (9) and human 

studies (10). Ozone pollution also has been associated with free radical formation, lung 

inflammation, and bronchial reactivity (11). Chronic PM2.5 and ozone pollution is a public 

health concern, particularly respiratory health in growing number of the older population.  
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The elderly is at high risk of developing acute respiratory distress syndrome (ARDS). 

ARDS is a rapidly progressive form of acute respiratory failure (12) and the average age 

of developing ARDS is around 62 years old (13). The incidence rate of ARDS ranges from 

64.2 to 78.9 cases/100,000 person-years in the United States (14, 15). ARDS is an often 

lethal syndrome with mortality rate ranging from 40% to 60% (16), and around 69% to 

80% among elderly patients (17). ARDS develops in patients with predisposing conditions 

such as sepsis, pneumonia, multiple trauma, or aspiration (14, 18, 19). Although these risk 

factors account for 85% of ARDS, only 30% of these at-risk individuals develop ARDS 

(20), indicating that there are other risk factors such as air pollution.  

Recently, new scientific evidence released on the impact of long-term exposure to air 

pollution on ARDS. Ware et al. (21) found that one, three, and five-year average ozone 

exposures were associated with increased odds of developing ARDS after adjusting for 

alcohol abuse and smoking. In addition, Rush et al. (22) reported that ARDS patients 

treated in cities with high levels of ozone had higher hospital mortality rates than patients 

in control cities. They also found that an increase in county-level annual average PM2.5 

was associated with increased odds of in-hospital mortality.  

With recognizing the importance of studying susceptible elderly population, our study 

utilized nation-wide hospital admission data of more than 30 million Medicare enrollees 

(aged more than 65) from 2000 through 2012. The purpose of our study was to investigate 

the impact of yearly change in average PM2.5 and ozone levels on hospital admissions for 

ARDS among the elderly population in the United States.   
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Methods 

Health data 

We used the hospital admissions data from the Medicare Provider Analysis and Review 

(MEDPAR) inpatient data for the years from 2000 through 2012. From admissions data, 

we obtained individual information including zip-code of residence, the date of 

admission/discharge, and the primary and secondary discharge diagnosis codes for ARDS 

defined by International Classification of Diseases, Ninth Revision, Clinical 

Modification (ICD-9-CM). We used ICD-9-CM codes 518.51, 518.52, 518.53, and 518.82 

as ARDS criteria (23-26). The outcome measure was annual counts of hospital admissions 

for ARDS in each zip-code.  

Air data  

We used predicted PM2.5 and ozone concentrations at zip-code level from spatio-temporal 

model developed by Schwartz et al. research group at the Harvard T. H. Chan School of 

Public Health (27-29). Briefly, the group predicted daily PM2.5 and Ozone concentration 

by incorporating multiple variables into a neural network-based hybrid model, including 

monitoring data from EPA Air Quality System (AQS) network, satellite-based aerosol 

optical depth (AOD) data, absorbing aerosol index (AAI), chemical transport models 

(CTM) outputs, land-use terms, and meteorological variables (27-29). They validated the 

model with 10-fold cross-validation and predicted daily PM2.5/Ozone at 1 km × 1 km 

resolution in the continental United States. Then we computed zip-code level annual 

average concentrations for PM2.5 and ozone as a measure of the long-term exposure to 

PM2.5 and ozone.  
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Potential confounders: meteorological variables, socioeconomic status, and smoking 

We used data on air temperature and relative humidity, which were retrieved from North 

American Regional Reanalysis at approximately 32 km × 32km grids. Then we created 

annual average values at zip-code level. We calculated proportion of difference races 

(White, Black, Hispanic, Asian, and Native American) as yearly number of people in each 

racial group divided by yearly number of Medicare enrollees in each zip-code. We also 

calculated proportion of female among Medicare enrollees in each zip-code. We extracted 

yearly median household income at zip-code level from ArcGIS Business Analyst data. We 

also used the Behavioral Risk Factor Surveillance System (BRFSS) to obtain county-level 

proportion of ever smokers and assigned the same values of county-level variables to all 

zip-codes within the county boundary (30).  

Statistical Analysis  

We examined summary characteristics for air pollution (PM2.5 and Ozone), hospital 

admissions for ARDS, and socioeconomic status (SES) values at zip-code level. We 

performed Pearson correlation tests between variables. Then we fit a two-pollutant 

generalized linear mixed model with a random intercept for zip-code assuming a Poisson 

distribution. Over-dispersion was allowed by using quasi-likelihood methods. We 

adjusted for meteorological variables: temperature as linear, dew point as quadratic 

polynomial term, and zip-code level covariates as linear terms: proportion of racial groups 

(White, Black, Hispanic, Asian, and Native American), proportion of female, median 

household income, and the proportion of ever smokers. To control for time trends in 

ARDS and air pollution, we also adjusted a dummy variable for each year. Lastly, in order 

to estimate the concentration-response function of air pollution and hospital admission 
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rates for ARDS, we fit the same model but included natural cubic splines for both PM2.5 

and Ozone (4 degree of freedom) instead of linear terms. 

Main model  

𝑙𝑜𝑔𝐸(𝑌𝑡𝑧 ) = (𝛽0 + 𝛾𝑧 ) + log(𝑀𝐸𝑡𝑧) + 𝛽1 𝑃𝑀2.5𝑡𝑧 + 𝛽2 𝑂𝑧𝑜𝑛𝑒𝑡𝑧 + 𝛽3 𝑇𝑒𝑚𝑝𝑡𝑧 +

𝛽4 𝐷𝑒𝑤𝑡𝑧 + 𝛽5 𝐷𝑒𝑤𝑡𝑧 ∗ 𝐷𝑒𝑤𝑡𝑧 +  𝛽6 𝑊ℎ𝑖𝑡𝑒𝑡𝑧 + 𝛽7 𝐵𝑙𝑎𝑐𝑘𝑡𝑧 + 𝛽8 𝐻𝑖𝑠𝑝𝑎𝑛𝑖𝑐𝑡𝑧 + 𝛽9 𝐴𝑠𝑖𝑎𝑛𝑡𝑧 +

𝛽10𝑁𝑎𝑡𝑖𝑣𝑒𝑡𝑧 + 𝛽11𝐹𝑒𝑚𝑎𝑙𝑒𝑡𝑧 + 𝛽12𝑀𝐻𝐼𝑡𝑧 + 𝛽13𝑆𝑀𝐾𝑡𝑧 +  𝛽14𝑎𝑠. 𝑓𝑎𝑐𝑡𝑜𝑟(𝑦𝑒𝑎𝑟)  

Where, 𝑌𝑡𝑧  is the number of hospital admissions for ARDS in year t at zip-code z; 𝑀𝐸𝑡𝑧 is 

the number of Medicare enrollees in year t at zip-code z and log(𝑀𝐸𝑡𝑧) is the year and zip-

code specific offset; 𝑃𝑀2.5𝑡𝑧  and 𝑂𝑧𝑜𝑛𝑒𝑡𝑧  are the annual average PM2.5 and ozone 

concentration, respectively, at in year t at zip-code z; 𝑊ℎ𝑖𝑡𝑒𝑡𝑧  , 𝐵𝑙𝑎𝑐𝑘𝑡𝑧 , 𝐻𝑖𝑠𝑝𝑎𝑛𝑖𝑐𝑡𝑧 , 

𝐴𝑠𝑖𝑎𝑛𝑡𝑧, and 𝑁𝑎𝑡𝑖𝑣𝑒𝑡𝑧 are the proportion of White, Black, Hispanic, Asian,  and Native 

American population, respectively, in year t at zip-code z; 𝐹𝑒𝑚𝑎𝑙𝑒𝑡𝑧 is the proportion of 

female in year t at zip-code z; 𝑀𝐻𝐼𝑡𝑧 is the median household income in year t at zip-code 

z; 𝑆𝑀𝐾𝑡𝑧  is the proportion of ever smokers in year t at zip-code z; 𝛾𝑧  is the random 

intercept for zip-code. 

𝛽1  is the estimated log incidence rate ratio of annual hospital admissions for ARDS for 

an increase of 1  𝜇𝑔/𝑚3  in annual average PM2.5 ; manufacturing sector; 𝛽2  is the 

estimated log incidence rate ratio of annual hospital admissions for ARDS for an increase 

of 1 ppb in annual average ozone. Then the effect estimate was converted to percent 

change (%) in annual hospital admission rates.  
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Sensitivity analysis 

First, we performed single pollutant models, which include either PM2.5 or ozone as 

exposure of interest and compared results with two-pollutant models. Second, we 

conducted same analyses using restricted zip-codes with low air pollution. We defined 

low air pollution as annual average PM2.5 levels below 12  𝜇𝑔/𝑚3 , which is National 

Ambient Air Quality Standards (NAAQS) of the annual mean PM2.5, or annual average 

ozone levels below 45 ppb. Third, we redid the analyses using propensity score modeling 

to examine the robustness of our results. We implemented two logistic regressions to 

create propensity scores for each binary exposure, which used cut offs: annual average 

PM2.5 exposures of 12 𝜇𝑔/𝑚3 and annual average ozone levels below 45 ppb. We then 

calculated the absolute standardized difference (ASD) for all covariates before and after 

matching data (31). We considered covariates with highest ASD in unmatched data are 

most unbalanced and could introduce confounding bias. All analyses were performed in 

RStudio Version 1.0.143. All testing was done with a two-sided alpha level of 0.05. 

 

Results  

There were total 1,164,784 hospital admissions for ARDS from 2000 through 2012 in 

Medicare cohort (Table 1.1). On average, ARDS patients was 78 years old, there were more 

female than male patients. ARDS patients stayed about 14 days in the hospital and 7 days 

in ICU. The majority was Whites, followed by Blacks and Hispanics. 
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Table 1.1. Demographic information of ARDS patients (1,164,784) in Medicare cohort 

(year 2000-2012) 

Variable Mean (SD) 
Age 77.5 (7.9) 

Length of days in hospital 13.9 (14.1) 
Length of days in ICU 6.7 (10.5) 

 N (%) 
Sex  
Male 558,373 (47.9%) 
Female 606,411 (52.1%) 
Race  
White 1,010,159 (86.7%) 
Black 97,979 (8.4%) 
Asian 14,981 (1.3%) 
Hispanic 12,160 (1.0%) 

Native American 21,273 (1.8%) 
Others 8,232 (0.8%) 

We included 37,167 zip-codes and total 483,171 observations for 13 years (Figure 1.1). 

Annual count of hospital admissions for ARDS was less than three within a zip-code 

(Table 1.2). 

 

Figure 1.1. Flow diagram summarizing zip-code selection for the analysis (2000-2012) 
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Table 1.2. Annual average summary characteristics for selected zip-codes included in the 

analysis (year 2000-2012) [Inclusion criteria is described in Figure 1.1] 

 
Variables Mean (SD) 

Medicare enrollees (n) 746.9 (1157.2) 
Health outcome 

ARDS (n) 2.3 (4.3) 
Air pollutants 

PM2.5 (𝜇𝑔/𝑚3) 11.0 (2.9) 
Ozone (ppb) 39.2 (4.4) 

Meteorological variables 
Air temperature (K) 287.1 (4.9) 
Dew point (K) 280.3 (5.0) 

Race 
Proportion of White 0.89 (0.19) 
Proportion of Black 0.07 (0.16) 
Proportion of Asian 0.01 (0.04) 
Proportion of Hispanic 0.01 (0.05) 

Proportion of Native American 0.01 (0.06) 
Proportion of other races 0.01 (0.03) 

Zip-code level SES 
Median household income ($) 47475.0 (23284.7) 
Proportion of ever smokers 0.46 (0.07) 

 

For 13 years, average PM2.5 level was 11 𝜇𝑔/𝑚3 and average ozone level was 39 ppb. ARDS 

was positively correlated with PM2.5 (correlation coefficient: 0.12) but negatively 

correlated with ozone (correlation coefficient: -0.10) (Table 1.3).  

Table 1.3. Pearson correlation coefficients between air pollution, health outcome, 

meteorological variables, and ecological covariate. 

Variables PM2.5 Ozone 

Medicare Enrollees 0.14 -0.14 
Health outcome      

ARDS 0.12 -0.10 
Air pollutants     
PM2.5 1.00 -0.04 
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Table 1.3 (Continued) Pearson correlation coefficients between air pollution, health 

outcome, meteorological variables, and ecological covariate. 

Variables PM2.5 Ozone 
Ozone -0.04 1.00 

Meteorological variables     
Air Temperature 0.14 0.25 
Relative Humidity 0.32 -0.15 

Race     
%White -0.13 0.05 
%Black 0.19 -0.07 
%Asian 0.11 -0.13 
%Hispanic 0.00† 0.04 

%Native American -0.15 0.10 
Others     

Median Household Income -0.05 -0.08 
%Smoking -0.05 -0.07 

Note: p-value for all coefficients were < 0.01 except † 

Table 1.4 describes the main results of our study. In single pollutant model, increases of 

1 𝜇𝑔/𝑚3 in annual average PM2.5 and of 1 ppb in annual average ozone were associated 

with increases in annual hospital admission rates for ARDS of 1% (0.98%, 95% CI: 0.89, 

1.08) and 0.16% (95% CI: 0.09, 0.22), respectively. In two-pollutant model, PM2.5 

exposures had similar association with ARDS. Ozone exposures became no longer 

associated with hospital admission rates for ARDS (0.03%, 95% CI -0.03, 0.10).  
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Table 1.4. Percent change (%) in hospital admission rates for ARDS by 1 𝜇𝑔/𝑚3 increase 

in annual average PM2.5 concentrations or 1ppb increase in annual average ozone 

concentrations (95% CI) 

Two-pollutant model 
 

PM2.5 0.97 (0.88, 1.07) 
Ozone 0.03 (-0.03, 0.10) 

 Single pollutant model 
 

PM2.5 0.98 (0.89, 1.08) 
Ozone 0.16 (0.09, 0.22) 

Concentration-response plot (Figure 1.2) showed the steeper slope below 12 𝜇𝑔/𝑚3 of 

annual average PM2.5 levels, which is current annual National Ambient Air Quality 

Standard (NAAQS) for PM2.5.  

 

Figure 1.2. Concentration–response function of the exposure to annual average PM2.5 on 

percent change in hospital admission rates for ARDS  
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For ozone (Figure 1.3), overall, the slope seems linear but showed plateau between 30 ppb 

and 50 ppb, where most zip-codes were exposed ozone in those range.  

 

Figure 1.3. Concentration–response function of the exposure to annual average ozone on 

percent change in hospital admission rates for ARDS 

When we conducted analyses in restricted zip-codes with exposure to PM2.5  of less than 

12 𝜇𝑔/𝑚3 and ozone of less than 45 ppb (Table 1.5), the same annual increases in PM2.5  

and ozone were associated with increases in annual hospital admission rates for ARDS of 

1.94% (95% CI: 1.72, 2.15) and 0.13% (95% CI: 0.03, 0.24), respectively. The steeper slope 

in low PM2.5 regions (Figure 1.2) corresponds to 1.72% increase in hospital admission 

rates (95% CI: 1.52, 1.91) from Table 1.5. 
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Table 1.5. Percent change (%) in hospital admission rates for ARDS by 1 𝜇𝑔/𝑚3 increase 

in annual average PM2.5 concentrations or 1ppb increase in annual average ozone 

concentrations (95% CI) in low air pollution region 

Regions (n=483,171) Two-pollutant model 
Low PM2.5 regions (n=310,590)  

PM2.5 1.72 (1.52, 1.91) 
Ozone 0.17 (0.07, 0.26) 

Low ozone regions (n=446,429)  
PM2.5 1.04 (0.93, 1.14) 
Ozone 0.05 (-0.03, 0.12) 

Low PM2.5
 
and ozone regions (n=283,237)  

PM2.5 1.94 (1.72, 2.15) 
Ozone 0.13 (0.03, 0.24) 

Note: Low PM2.5 regions including zip-codes with annual average PM2.5 < 12 𝜇𝑔/𝑚3; low 

ozone regions including zip-codes with annual average ozone < 45 ppb 

Results from propensity score modeling had similar direction of associations but quite 

different magnitudes compared to main analyses with binary exposures adjusted for 

covariates (Table 1.6).  

Table 1.6. Percent change (%) in hospital admission rates for ARDS by 1 𝜇𝑔/𝑚3 increase 

in annual average PM2.5 concentrations or 1ppb increase in annual average ozone 

concentrations (95% CI). Results between models adjusted for decile of propensity scores 

and adjusted for covariates are compared.  

Adjusted for decile of propensity scores  
PM2.5 0.98 (0.47, 1.49) 
Ozone 0.18 (-0.95, 1.31) 

Adjusted for covariates 
PM2.5 4.12 (3.59, 4.66) 
Ozone 2.43 (1.29, 3.58) 
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Discussion 

We found that annual average increase in PM2.5 was significantly associated with 

increased hospital admission rates for acute respiratory distress syndrome (ARDS). Long-

term exposure to ozone pollution was not associated with ARDS. In low air pollution 

regions, the same annual increases in PM2.5 and ozone was associated with higher 

percent increase in hospital admission rates.  

Studies investigating the impact of long-term exposure to air pollution on the risk of 

ARDS are limited. So far, there are two published articles: Ware (21) and Rush (22). Ware 

group (21) recruited patients who had risk factors for ARDS and lived within 50 km of at 

least one U.S. Environmental Protection Agency (EPA)-approved air quality monitor 

from the Vanderbilt University Medical Center, Nashville, Tennessee. They used inverse 

distance-squared weighted average of daily air pollutants levels from monitors within 50 

km and assigned those to study participants. Ware (21) found that 5ppb increase in 3-year 

average ozone exposure was associated with increased risk of ARDS (odds ratios: 1.58, 95% 

CI: 1.27, 1.96). Rush et al (22) utilized the Nationwide Inpatient Sample (NIS), a national 

databases capturing 20% of all US in-patient hospitalizations, and used the location of 

treatment hospital to assign county-level pollution. They compared ARDS patients from 

the 15 cities with highest ozone pollution with ARDS patients from the rest of the country. 

Rush (22) found that treatment in a hospital located in a high ozone pollution area was 

associated with an increased odds of in-hospital mortality (odds ratio: 1.11, 95% CI: 1.08, 

1.15). Our study utilized a larger nation-wide hospital admission data of over 30 million 

Medicare enrollees living across the United States, which allow us to examine effects of 

air pollution by geographic region. The PM2.5 and ozone values we used in our study were 
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predicted by incorporating various data sources such as satellite-based measurements, 

simulation outputs from a chemical transport model, land-use terms, and meteorological 

data (27-29), which allow us to investigate all regions including unmonitored locations by 

EPA. We used ICD-9-CM codes to define ARDS, similar to Rush (22) study, however, 

excluded code 518.81 which indicates respiratory failure not otherwise specified, acute, 

acute and chronic or chronic, and excluding acute respiratory distress (23). Reynolds (23) 

highlighted that including code 518.81 in studies results in substantially higher incidence 

of ARDS. While Ware (21) did not find significant association between chronic exposure 

to PM2.5  and the risk of ARDS, we found that an 1 𝜇𝑔/𝑚3 increase in annual average PM2.5 

was associated with an 1% increase in annual hospital admission rates for ARDS (0.99%, 

95% CI: 0.90, 1.09).  

Exposure to particles has been reported to induce reactive oxygen species (32) and lung 

inflammation (33). Particular matters contain redox-active transition metals, redox 

cycling quinoids, and polycyclic aromatic hydrocarbons (PAHs), which generate reactive 

oxygen species (ROS) (32). Fine particles penetrate deep into the lungs and cause damage 

to the lung tissues by oxidative action of ROS. Transition metals activates pro-

inflammatory transcription factors such as NF-kB in epithelial cells and leads to lung 

inflammation (33). Ozone pollution exposure also has been associated with free radical 

formation, lung inflammation, and bronchial reactivity (11). Elderly residents who are 

exposed to chronic PM2.5 and ozone pollution may experience lung inflammation and 

bronchial reactivity, which make them more susceptible to develop acute lung injury.  

We observed steeper concentration-response curves at below 12 𝜇𝑔/𝑚3 of annual average 

PM2.5 (Figure 1.2). There is no comparable result in the field for PM2.5, however, studies 
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examining all-cause mortality (29) and cardiovascular mortality (34) associated with 

PM2.5 reported a steeper curve at low PM2.5 concentrations. Di (29) highlighted that there 

is no threshold value where PM2.5 exposure does not affect mortality at concentrations as 

low as approximately 5 𝜇𝑔/𝑚3. Similarly, we found that current annual NAAQS does not 

fully protect the elderly from ARDS risk.  

Our study has limitations. First, there may be potentially other confounders in the 

relationship between chronic exposure to PM2.5/ozone and hospital admissions for ARDS. 

As sensitivity analyses, we showed that direction of associations for main models and 

propensity score models were same (Table 1.6). Second, using ICD-9 CM codes as ARDS 

criteria without physiological data may introduce outcome misclassification. We assumed 

that clinicians applied similar criteria to diagnose ARDS and coders interpreted medical 

records properly and coded correctly (23). However, misclassification of outcome would 

have occurred randomly with respect to air pollution.  

Our study has numerous strengths in turn. First, we conducted a largest nation-wide 

longitudinal study to investigate the impact of air pollution on the risk of ARDS. 

Compared to Ware (21), which is an only study in the field examining the same association, 

we did not restrict to recruit study subjects from one geographic area but from the entire 

U.S. by using Medicare data. It is indeed important to examine nation-wide effects of air 

pollution because we could observe significant differences by geographical regions (Table 

1.5). In low air pollution regions, same annual increase in PM2.5  increased nearly twice 

higher percent increase in hospital admission rates for ARDS (1.94%, 95% CI: 1.72, 

2.13 ,Table 1.5) compared to all zip-codes (0.97%, 95% CI 0.88, 1.07, Table 1.4). Also, 

utilizing Medicare cohort, which includes 97% of the elderly aged 65 or older in the U.S., 
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makes our study more generalizable. Second, we used advanced exposure measurement 

compared to two existing studies (21, 22). Ware (21) simply used inverse distance-squared 

weighted average of daily air pollutants levels then assigned those to study participants. 

Also, Rush (22) used the location of treatment hospital, instead of residential address, 

then assigned county-level pollution. We used predicted air pollution data which was 

incorporated with various meteorological information (27-29) and used residential zip-

codes to assign their pollution levels. Zip-code exposure measurement would be a decent 

daily-trip boundary to assume for the elderly. Third, our study investigated the elderly 

population aged more than 65, which is most susceptible population in terms of the risk 

of ARDS, considering that the average age of developing ARDS is 62.  

 

Conclusion 

We conducted the largest observational study to investigate the impact of long-term 

exposure to air pollution (PM2.5 and ozone) on hospital admissions for ARDS among the 

elderly population, who are most susceptible to acute respiratory disease. Across all zip-

codes we found significant associations between annual average PM2.5 and annual 

hospital admission rates for ARDS. In low pollution regions, associations between chronic 

exposure to both PM2.5 and ozone had stronger associations compared to the entire U.S. 

We highlighted the importance of air pollution as environmental risk factors of ARDS, 

which has not studied widely and contributed to the limited previous finding (21, 22). 

Most importantly, our results suggest that current annual NAAQS for PM2.5 was not 

protective levels for the elderly’s ARDS risk.  
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Chapter 2: Risk of Acute Respiratory Distress Syndrome among the Elderly living near 

Construction and Manufacturing Industrial Sites 

 

Introduction 

Construction and manufacturing are two of the largest industries in the United States 

economy. They affect the environment by producing harmful aerosols and gases, noise, 

dust, solid and liquid wastes (9). Construction industries worsen air quality by emitting 

air pollutants such as particulate matter (PM), volatile organic compounds (VOCs), 

nitrogen oxides (NOx), and sulphur dioxide (SO2)(1), which may affect residents’ 

respiratory health. Also, chemical manufacturing companies produce air toxics such as 

mixed metals (2, 3) including cadmium, chromium, and lead compounds, hydrochloric 

acid (10), and hydrogen fluoride (11, 12) fumes, which are associated with increased risk 

of acute respiratory failure. Although industrial workers have a higher chance to be 

exposed to these exposures, air toxics releasing from industrial sites affect nearby 

residents. Construction sites also pose serious injury risks not only for workers but also 

for local pedestrians and drivers 

Living in heavy-industrial sites has been related to lung and respiratory symptoms (4-6). 

The elderly are particularly more susceptible to both acute and chronic respiratory 

disease, and co-existing chronic lung, heart and circulatory conditions may worsen 

following exposure to environmental pollutants (13). Several studies have found that the 

elderly living close to industrial plants and waste sites such as mine dumps (14) and coke 

plants (15) had increased risks of asthma, pneumonia, and chronic bronchitis.  
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Acute respiratory distress syndrome (ARDS) is a rapidly progressive form of acute 

respiratory failure (16), with non-cardiogenic pulmonary edema and acute ventilator  

failure due to pulmonary and non-pulmonary insults (17). ARDS develops in patients with 

predisposing conditions such as sepsis, pneumonia, traumatic injury, and aspiration (7, 

18, 19). The incidence rate of ARDS is reported to be from 64.2 to 78.9 cases/100,000 

person-years in the United States (7, 8), which is comparable to the incidence rate of lung 

cancer (62 cases per 100,000 person-years) (20). ARDS is an often lethal syndrome with 

the mortality rate ranging from 40% to 60%(21). In addition, the elderly population is at 

higher risk of developing ARDS. The average age of developing ARDS is around 62 years 

old (22), and the mortality rate of ARDS among elderly patients has been reported to be 

around 69% to 80% (23).  

Despite well-known evidence that living in areas with dense industrial sites is associated 

with respiratory illness (4-6), no study has investigated ARDS, especially among the 

elderly. In this study, we conducted a nationwide observational study to estimate the 

association between year to year changes in construction and manufacturing industries 

and year to year changes in hospital admission rates for ARDS. Moreover, we focused on 

the elderly population who are more susceptible to develop ARDS with exposure to 

environmental pollutants and other hazards.  
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Methods 

Study Design 

We conducted an observational study to investigate national associations between year to 

year changes in construction and manufacturing companies and year to year changes in 

hospital admission rates for ARDS. For each zip-code we obtained: a) annual counts of 

hospital admissions for ARDS; b) annual number of the elderly enrolled in Medicare; c) 

annual counts of construction and manufacturing companies; d) and yearly average 

values of air pollution (PM2.5 and ozone); e) as well as information on relevant 

confounders (race, median household income, and smoking).   

Study population 

We used the hospital admissions data of Medicare beneficiaries who are aged 65 and 

older. The data came from the Medicare Provider Analysis and Review (MEDPAR) 

inpatient data for the years from 2006 through 2012. For each admission, the zip-code of 

residence, the date of admission/discharge, and the primary and secondary discharge 

diagnosis codes for ARDS and other conditions: sepsis, traumatic injury, blood product 

transfusion, bacteremia, pneumonia, and aspiration defined by International 

Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) were 

extracted and annual counts of admissions by zip-code provided to us as de-identified 

data. 

Health outcome 
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We used ICD-9-CM codes 518.51, 518.52, 518.53, and 518.82 as ARDS criteria (24-27). 

Then we calculated annual counts of hospital admissions for ARDS at zip-code level and 

defined it as our outcome of interest. 

Industry exposure 

We extracted industry’s Standard Industrial Classification (SIC) code and location from 

ArcGIS Business Analyst data provided by the Center for Geographic Analysis, Harvard 

University. We classified companies by SIC codes and selected construction (SIC codes 

15-17) and manufacturing (SIC codes 20-39) industries from 2006 through 2012. We 

computed annual counts of construction and manufacturing companies at zip-code level, 

which were our exposures of interest. We also grouped zip-code areas into low, medium, 

and high number of industries regions using cut off of 10 and 50 companies a year, based 

on construction industries’ distribution (1st and 3rd quantile).  

Potential confounders: regional characteristics and air pollution 

We extracted demographic characteristics of each zip-code area, including racial 

distribution and smoking status. The proportions of different racial groups (White, Black, 

Hispanic, Asian, Native American population) were calculated as yearly number of 

Medicare enrollees in each racial group divided by yearly total number of Medicare 

enrollees in each zip-code. In similar way, we also calculated proportion of female in each 

zip-code. We extracted zip-code level median household income from ArcGIS Business 

Analyst data. We obtained county-level proportion of ever smokers from the Behavioral 

Risk Factor Surveillance System (BRFSS) and assigned the same values of county-level 

variables to all zip-codes within the county boundary (28). Lastly, we used predicted zip-

code level PM2.5 and ozone concentrations from spatio-temporal models previously 
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developed (29, 30). We computed yearly average values at each zip-code for potential 

confounders, including sex, race, median household income, smoking, and air pollution, 

and we adjusted them in our statistical analysis.  

African-American race (31, 32) is known to be associated with a higher incidence rate of 

ARDS and related mortality than White race. One potential reason is that these subgroups 

are more likely to be diagnosed with illness associated with the development of ARDS, 

such as sepsis or trauma. The incidence rate of sepsis among black Americans is twice 

that of white Americans (33, 34), and once present, Hispanics are at greater risk of death 

(34). Also, active or passive cigarette smoke are independently associated with the 

development of ARDS after severe blunt trauma (35). One of the mechanisms that explain 

why cigarette smoke exposure makes patients susceptible to developing lung injury is that 

cigarette smoke alters the function of platelets, which can contribute, along with 

neutrophils, to develop acute lung injury (35). Poverty has been associated with lung 

diseases and can influence on access and quality of health care (36). Lower socioeconomic 

status, such as low income, is associated with poorer respiratory health by environmental 

exposures, less access to healthier foods, and less access to timely health care (36). Recent 

findings suggested that long-term exposures to ozone and PM2.5 pollution were associated 

with developing ARDS and in-hospital mortality for ARDS (37, 38).   

Statistical Analysis  

We examined the characteristics for exposures and outcome of interest, and potential 

confounders at zip-code level, and performed Pearson correlation tests between them.  

To investigate the associations between year to year changes in 

construction/manufacturing industries and year to year changes in hospital admission 
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rates for ARDS at the zip-code level, we applied generalized linear mixed models with a 

random intercept for zip-code assuming a Poisson distribution and used quasi-likelihood 

methods to allow for over-dispersion.  We performed separate analyses for construction 

and manufacturing industry since two industries were highly correlated (correlation 

coefficient: 0.72). We adjusted for zip-code level socioeconomic status values including 

sex (the proportion of female), race (the proportion of White, Black, Hispanic, and Native 

American), median household income, and the proportion of ever smokers. To control for 

time trends in ARDS and construction or manufacturing activity we included a dummy 

variable for each year.  

Model 1. 

𝑙𝑜𝑔𝐸(𝑌𝑡𝑧 ) = (𝛽0 + 𝛾𝑧 ) + 𝑙𝑜𝑔(𝑀𝐸𝑡𝑧) + 𝛽1 𝐼𝑁𝐷𝑡𝑧 + 𝛽2 𝑊ℎ𝑖𝑡𝑒𝑡𝑧 + 𝛽3 𝐵𝑙𝑎𝑐𝑘𝑡𝑧

+ 𝛽4 𝐻𝑖𝑠𝑝𝑎𝑛𝑖𝑐𝑡𝑧, +𝛽5 𝐴𝑠𝑖𝑎𝑛𝑡𝑧 + 𝛽6 𝑁𝑎𝑡𝑖𝑣𝑒𝑡𝑧 + 𝛽7 𝐹𝑒𝑚𝑎𝑙𝑒𝑡𝑧 + 𝛽8 𝑀𝐻𝐼𝑡𝑧

+ 𝛽9 𝑆𝑀𝐾𝑡𝑧 +  𝛽10𝑎𝑠. 𝑓𝑎𝑐𝑡𝑜𝑟(𝑦𝑒𝑎𝑟)  

Where, 𝑌𝑡𝑧  is the number of hospital admissions for ARDS in year t at zip-code z; 𝑀𝐸𝑡𝑧 is 

the number of Medicare enrollees in year t at zip-code z and log(𝑀𝐸𝑡𝑧) is the year and zip-

code specific offset; 𝐼𝑁𝐷𝑡𝑧 is the number of construction (or manufacturing) industries or 

zip-code categories (low, mid, high-number of construction or manufacturing industries 

in year t at zip-code z ; 𝑊ℎ𝑖𝑡𝑒𝑡𝑧  , 𝐵𝑙𝑎𝑐𝑘𝑡𝑧 , 𝐻𝑖𝑠𝑝𝑎𝑛𝑖𝑐𝑡𝑧 , 𝐴𝑠𝑖𝑎𝑛𝑡𝑧 , and 𝑁𝑎𝑡𝑖𝑣𝑒𝑡𝑧 are the 

proportion of White, Black, Hispanic, Asian, and Native American population, 

respectively, in year t at zip-code z; 𝐹𝑒𝑚𝑎𝑙𝑒𝑡𝑧 is the proportion of female in year t at zip-

code z; 𝑀𝐻𝐼𝑡𝑧  is the median household income in year t at zip-code z; 𝑆𝑀𝐾𝑡𝑧  is the 

proportion of ever smokers in year t at zip-code z; 𝛾𝑧  is the random intercept for zip-code. 
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𝛽1  is the estimated log incidence rate ratio of annual hospital admissions for ARDS for 

an increase of one company per year in construction manufacturing sector; or the 

estimated log incidence rate ratio of annual hospital admissions for ARDS for  an increase 

of one unit in zip-code categories  (low-mid-high) a year across all zip-codes.  

To deliver results in a more meaningful way, the effect estimate was converted to percent 

change (%) in annual hospital admission rates by 10 construction (or manufacturing) 

companies increase a year across all zip-codes: 

(𝑒𝛽1 ∗10 − 1) ∗ 100   

Sensitivity analyses  

First, we fit the same models with further adjusting for air pollution (yearly average 

concentrations for PM2.5 and ozone). Second, we restricted zip-areas with more than one 

construction (or manufacturing) industries and re-did the analyses as 10% of zip-areas 

had no construction industries and 20% of zip-areas did not have manufacturing 

industries. Third, to evaluate the robustness of our estimates, we redid the analysis using 

propensity score modeling. We created binary exposure for each zip-code (number of 

construction companies < 50 or >= 50 and number of manufacturing companies < 30 or 

>=30). To check the balance of each covariate before and after matching data with 

propensity score, we calculated the absolute standardized difference (ASD) (39). 

Covariates having highest ASD in unmatched data are unbalanced the most and can lead 

to confounding bias. All data were analyzed in RStudio Version 1.0.143. All testing was 

done at statistical significance level of 0.05.  
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Results 

Among the more than 30 million Medicare enrollees per year, we found on average 92,363 

hospital admissions for ARDS per year and 646,542 admissions for 7 years. The 

demographic information of ARDS patients in the Medicare cohort is displayed in Table 

2.1. The average age of ARDS patients is about 78 years old, and slightly more female than 

male patients. On average, they stayed 13 days in the hospital and spent about 7 days in 

ICU. The majority is Whites, followed by Blacks and Hispanics.  

Table 2.1. Demographic information of ARDS patients (646,542) in Medicare cohort (year 

2006-2012)  

Variable  Mean (SD) 

Age 77.5 (8.1) 

Length of days in hospital 13.2 (12.8) 

Length of days in ICU 6.5 (9.7) 

  N (%) 

Sex   

Male 311,784 (48.2%) 

Female 334,758 (51.8%) 

Race   

White 559,715 (86.6%) 

Black 54,525 (8.4%) 

Asian 7,959 (1.2%) 

Hispanic 11,526 (1.8%) 

Native American 2,738 (0.4%) 

Others 10,079 (1.6%) 
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The geographical distributions of construction and manufacturing industry sites were 

shown in Figure 2.1 and 2.2. Since the distribution from 2006 through 2012 was relatively 

constant for both industries, we displayed distribution of industries by county in 2009 as 

an example. Both industries were clustered in the Northeast region, Florida, Arizona, and 

California, where have high population density.  

 

Figure 2.1. County-Level Construction Industry Distribution (2009)  
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Figure 2.2. County-Level Manufacturing Industry Distribution (2009)  

In our analyses, we included 28,783 zip-codes and had 201,481 observations for 7 years 

(year 2006-2012) across the U.S (Figure 2.3). There were an average of 3 hospital 

admissions for ARDS, 32 construction industries, and 15 manufacturing companies a year 

across all zip-codes (Table 2.2). Yearly average PM2.5 and ozone concentrations were 

about 10 𝜇g/𝑚3 and 39 ppb, respectively. 
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Figure 2.3. Flow diagram summarizing zip-codes selection for the analysis.  

Table 2.2. Annual characteristics for zip-codes included in the analysis (year 2006-2012) 

[inclusion criteria is described in Figure 2.3] 

Variables Mean (SD) 
Medicare enrollees (n) 961 (1237.94) 

Health outcome 
ARDS (n) 3.08 (4.85) 

Industries 
Construction (n) 32.42 (46.82) 
Manufacturing (n) 14.54 (28.78) 

Race 
Proportion of White 0.90 (0.17) 
Proportion of Black 0.06 (0.14) 
Proportion of Asian 0.01 (0.04) 
Proportion of Hispanic 0.01 (0.04) 

Proportion of Native American 0.01 (0.06) 
Proportion of Other Races 0.01 (0.02) 

Zip-code level SES 
Median household income ($) 49602.00 (20841.44) 
Proportion of ever smokers 0.47 (0.08) 

Air pollutants 
PM2.5 (𝜇𝑔/𝑚3) 10.12 (2.52) 
Ozone (ppb) 39.16 (4.13) 
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Hospital admissions for ARDS was highly correlated with construction (correlation 

coefficient: 0.63) (Table 2.3). The proportions of Blacks, Hispanics, and Asians, were 

positively correlated with construction and manufacturing industries, however, the 

proportions of Whites and Native Americans were negatively correlated with industries. 

Same direction of correlations were showed between race group and ARDS [results not 

shown in Table 2.3].  

Table 2.3. Pearson correlation coefficients between exposures, health outcomes, and 
confounders  

Variables Construction Manufacturing 
Medicare Enrollees 0.75 0.52 

Health outcome 
ARDS 0.63 0.44 

Industries 
Construction 1.00 0.72 
Manufacturing 0.72 1.00 

Race 
%White -0.13 -0.19 
%Black 0.05 0.08 
%Asian 0.23 0.30 
%Hispanic 0.15 0.21 

%Native American -0.06 -0.05 
Zip-code level SES 

Median Household Income 0.29 0.17 
%Smoking -0.05 -0.07 

Air pollutants 
PM2.5 0.10 0.14 
Ozone -0.09 -0.15 

 

The adjusted associations of construction and manufacturing industries with ARDS are 

summarized in Table 2.4. We found that an increase of 10 construction companies per 

year was associated with a 0.59% increase in annual hospital admission rates for ARDS 

on average across all zip-codes (95% CI: 0.54%, 0.64%). Similarly, each increase in 10 

manufacturing companies per year was associated with a 0.63% increase in annual 
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hospital admission rates for ARDS (95% CI: 0.56%, 0.71%) across all zip-codes. Adjusting 

for long-term exposure to air pollution (PM2.5 and ozone) yielded similar results for both 

construction and manufacturing industries. Results of conducting same analyses in 

restricted area having more than one construction (or manufacturing) firm, we also found 

consistent results with the main analyses.  

Table 2.4. Percent change (%) in annual hospital admission rates for ARDS by 10 

companies increase per year (95% CI) 

All zip-codes (n=201,481) 

 Model 1 Model 1 
+ PM2.5 

Model 1 
+ Ozone 

Model 1 
+ PM2.5 
+ Ozone 

Construction 0.59 (0.54, 0.64) 0.60 (0.55, 0.64) 0.60 (0.55, 0.65) 0.60 (0.55, 0.65) 

Manufacturing 0.63 (0.56, 0.71) 0.55 (0.48, 0.63) 0.79 (0.71, 0.87) 0.71 (0.63, 0.79) 

Zip-codes having more than one firm 

Construction 
(n=181,913) 

0.58 (0.53, 0.63) 0.59 (0.54, 0.64) 0.59 (0.54, 0.64) 0.59 (0.54, 0.64) 

Manufacturing 
(n=162,438) 

0.62 (0.54, 0.70) 0.54 (0.46, 0.62) 0.77 (0.69, 0.85) 0.70 (0.61, 0.78) 

 

Model 1. Adjusted for zip-code level covariates: proportion of racial groups (White, Black, 

Hispanic, Asian, Native American), proportion of female, median household income, the 

proportion of ever smokers, and a dummy variable for each year 

Over 7 years, we found that elderly residents living in high-number of construction sites 

had 11.45% increased risk of developing ARDS (95% CI 10.15%, 12.77%) compared with 

residents living in low-number of construction sites (Table 2.5). Living in high-number of 

manufacturing sites was associated with 6.89% increased risk of ARDS compared to living 

in low-number manufacturing sites (95% CI 5.90%, 7.89%).  
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Table 2.5. Percent change (%) in annual hospital admission rates for ARDS by one unit 

increase in zip-code categories (low, mid, high number of industries) per year (95% CI) 

Categories All zip-codes (n=201,481) 
Construction 

Mid-Low 6.13 (4.84, 7.44) 
High-Low 11.45 (10.15, 12.77) 

Manufacturing 
Mid-Low 3.44 (2.66, 4.23) 
High-Low 6.89 (5.90, 7.89) 

*Note: zip-code categories cut off: Low: < 10 companies/year, Mid: ≥ 10 & < 50 

companies/year, High: ≥ 50 companies/year  

After matching with propensity score, percent increase in annual hospital admission rates 

for ARDS was similar with main analysis with binary exposures (Table 2.6).   

Table 2.6. Percent change (%) in annual hospital admission rates for ARDS by 10 

companies increase a year (95% CI) on matched data  

Adjusted for decile of propensity scores  

Construction 5.23 (4.55, 5.91) 

Manufacturing 3.37 (2.7, 4.02) 

Adjusted for covariates 

Construction 6.42 (5.74, 7.10) 

Manufacturing 3.86 (3.22, 4.50) 
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Discussion 

We conducted an observational study with over 30 million Medicare enrollees per year to 

investigate the impact of the construction and manufacturing industries on hospital 

admissions for acute respiratory distress syndrome (ARDS). We found significant 

national associations between year to year changes in construction (and manufacturing) 

industries and annual changes in hospital admission rates for ARDS. Living in high 

number of construction or manufacturing industries was related to increased ARDS 

hospital admissions compared to low number of industrial sites. Construction or 

manufacturing activities seem to affect neighboring environmental health and worsen 

elderly residents’ respiratory health, even after accounting for air pollution.  

Some of the largest manufacturing industries in the United States such as chemicals, 

aerospace products, and petroleum refineries release inhalable air toxics associated with 

increased risk of ARDS. Residents in neighborhood with dense manufacturing industries 

would be more likely to inhale those air pollutants. For example, hydrochloric acid (10) 

and hydrogen fluoride (11, 12) fumes from chemical manufacturers and mixed metal dust 

and fumes (2, 3, 40, 41) from manufacturing industries involved with welding process are 

reported to increase the risk of ARDS. In addition, as traumatic injury is second most 

common clinical risk factors of developing ARDS, environmental hazards from 

construction activities may place community residents at risk of serious traumatic injury 

and further develop ARDS. For example, unusual traffic patterns with construction 

vehicles may increase car accidents because elderly residents are often not trained in 

safety as are workers. Poorly managed construction sites may also pose dangers to 

pedestrians with construction materials (such as wood and metal) falloffs, unsafe 
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pedestrian walkways, and insufficient signage. In particular, elders may be more easily 

injured by tripping, slipping, or falling due to uneven planks on a temporary protected 

sidewalk, debris, or moving vehicles, which course increase the risk of developing ARDS 

from trauma. 

Although several observational studies reported that the elderly living close to industrial 

sites had increased risk of respiratory illness such as asthma and pneumonia (14, 15), no 

study has investigated the risk of ARDS among the elderly population. Nkosi (14) 

conducted a cross-sectional study  in South Africa and found people aged 55 years and 

older living 1-2 km from mine dumps had increased risk of asthma, chronic bronchitis, 

and pneumonia compared to the elderly living 5km from mine dumps. Aylin (15) also used 

distance from coke works in England and Wales with outer radii of 1, 2, 3, 4.6, 5.7, 6.7, 

and 7.5 km as exposure to particulate and sulphurous pollution. For people aged 65 or 

over, they did not find significant overall estimates but found a borderline significantly 

higher risk for coronary heart disease with proximity to one of study sites. In terms of 

ARDS risk related to industry, 19 case reports (18-22, 34-47) have been published on 

either hospital admission of ARDS or death from ARDS in occupational settings. These 

cases occurred among workers after they inhaled or ingested high concentrations of, such 

as, phosgene (42), ethenone (43), crotonaldehyde (43), mixed metal fumes (2), 

hydrochloric acid fumes (10), and nickel particles (40, 41). Industries that reported cases 

included chemical manufacturing (42, 43), goldsmithing (3, 10), and electric welding (2, 

40, 41).  

However, besides reported ARDS cases in work places, we have limited information on 

ARDS risk for community residents living near construction or manufacturing industrial 
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sites. Thus, we conducted the first observational study in the field to examine whether 

community residents has increased ARDS risk by inhalable toxicants and physical 

hazards related to industrial activities. Our study applied an ecological view of analyzing 

an association between industry and ARDS risk, which is a common method in air 

pollution studies (44, 45). Dominici et. al (44, 45) used daily counts of county-wide 

hospital admissions and county-specific estimated air pollution concentrations in her 

analysis, to examine how air pollution is associated with cardiovascular and respiratory 

diseases among Medicare patients. Similarly, in our analysis, we used yearly counts of 

zip-code level hospital admissions and yearly number of construction (or manufacturing) 

companies to investigate the impact of construction (and manufacturing) industries on 

ARDS risk. Our study explored overall impact of construction and manufacturing 

industry on ARDS risk among nearby elderly residents by conducting observational study, 

which have not widely used methods in studies examining ARDS risks related to 

industries other than case-reports.   

Despite our significant findings, this study has limitations. First, using ICD-9 CM codes 

without physiological data to define ARDS might result in over or under capturing counts 

of hospital admissions for ARDS. The assumptions of using ICD-9 coding system in the 

study included that clinicians applied similar criteria to diagnose ARDS and coders 

interpreted medical records properly and coded correctly (24). However, 

misclassification of health outcome would have occurred randomly with respect to 

exposure and bias toward the null. In addition, we did not include code 518.81 (ie 

respiratory failure not otherwise specified, acute, acute and chronic or chronic, and 

excluding acute respiratory distress) because its descriptors do not include ARDS and 



37 
 

inclusion could result in inflated incidence of ARDS (24). Second, we assumed that 

industry activities are happening in the same zip-codes which can lead misclassification 

of exposures. For example, company headquarters can located in zip-code A but 

construction or manufacturing activities may carry out in zip-code B. Similarly, even 

though we did not find any industrial activities in zip-code C but air toxins may be 

transported from nearby zip-code D. However, this misclassification would again 

happens randomly, which is non-differential, and bias toward the null. Third, we assumed 

no unmeasured confounding in our study, which implies that covariates such as sex, race, 

median household income, and smoking were adequate to adjust for residual 

confounding. We conducted sensitivity analysis measuring absolute standardized 

difference (ASD) on every covariate we adjusted for and redid the main analysis using 

propensity score modeling. Results from propensity score modeling and our main models 

(with binary exposures) were similar (Table 2.6), which indicates that covariates we 

adjusted were adequate to adjust for residual confounding and do not lead to confounding 

bias.  

Our study has a number of strengths in turn. First, we conducted the first and largest 

observational study on investigating ARDS risk, including 646,542 ARDS hospital 

admissions from 2006 through 2012. We used a cohort of nearly 30 million Medicare 

beneficiaries per year, which covers more than 97% of the elderly population in the United 

States. Our study population was not from restricted regions but was from across the 

entire United States, which makes our results more generalizable. Second, we targeted 

the vulnerable elderly population for their risk of ARDS. The number of the elderly aged 

65 and over is rapidly growing globally and in the United States. Considering the elderly 
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is more susceptible to acute respiratory disease, it is important to study environmental 

risk factors to prevent their respiratory symptoms. Especially, as the average age of 

developing ARDS is around 62 years old (22), we captured most ARDS occurrences in the 

United States using Medicare cohort. Third, we leveraged various data sources such as 

ArcGIS Business Analyst, Behavioral Risk Factor Surveillance System (BRFSS), and 

predicted air pollution data with high spatial and temporal resolution from Schwartz et al  

(29, 30) to include zip-code level information such as median household income, 

smoking, and air pollution, which could be significant confounders.  

 

Conclusion 

We performed the first observational study to examine the relationship between yearly 

changes in construction and manufacturing industries, and yearly changes in hospital 

admission rates for acute respiratory distress syndrome (ARDS) among the elderly 

population and found significant evidence of associations. The growing elderly population 

is at higher risk of developing acute respiratory failure, especially for those living in heavy 

construction and manufacturing industrial sites. Occupational Safety and Health 

Administration (OSHA) regulations mainly protect workers’ health and may indirectly 

protect the public. To protect public near construction sites, the standard such as 

American National Standard Institute (ANSI)/ American Society of Safety Engineers 

(ASSE) A10.34-2001 (R2012) “Protection of the Public on or Adjacent to Construction 

Sites” is important to be recognized to reduce public hazards and following health 

outcomes. We also need to further examine air toxins other than PM2.5 and ozone near 

manufacturing sites to identify risk factors of developing ARDS among residents nearby.  
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Chapter 3: Social Disparities in the Risk of Acute Respiratory Distress Syndrome (ARDS) 
among the Elderly in the United States 

 

 

Introduction 

Social disparities in health are highly prevalent in the United States, where half of all 

deaths involve health-related behavioral causes (1) that are highly associated with social 

determinants, including socioeconomic status, education, income, environmental 

exposures, and built environment (2). Life expectancy differences at birth between the 

lowest and highest socioeconomic groups can reach as high as 10 years for men and 6 

years for women (3). The social environment can also initiate and sustain racial 

disparities in health, for example, race is a marker for disproportional exposure to 

disease-producing social determinants; thus, racial disparities in health are not only 

individual characteristics but also reflect patterned racial inequalities in exposure to 

societal risks and resources (4).  

Social and racial disparities in respiratory diseases are also common. The lowest 

socioeconomic status groups are up to 14 times more likely to have respiratory diseases 

than are the highest (3). For the period 2008–2010, Black (11.2%) and American Indian 

or Alaska Native (9.4%) population had higher asthma prevalence compared with White 

population (7.7%). The prevalence of asthma was higher among children in families living 

below the poverty level compared with those in families earning 200% above the poverty 

level (5). Non-white children residing in urban areas and children living in poverty have 

significantly higher risks of asthma than White children (6) 
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Age is also significant factor in respiratory health inequality as lung function naturally 

declines by aging. By 2030, more than 20 percent of U.S. residents are projected to be 

aged 65 and over, compared with 13 percent in 2010 (7), with increased racial and ethnic 

diversity. The elderly is at high risk of developing acute respiratory distress syndrome 

(ARDS). ARDS is a rapidly progressive form of acute respiratory failure (8) and is an often 

lethal syndrome with a mortality rate ranging from 40% to 60% (9), and around 69% to 

80% among elderly patients (10). ARDS is critical illness and develops in patients with 

predisposing conditions such as sepsis, pneumonia, multiple trauma, or aspiration (11-

13). There are several studies reported that Blacks are associated with a higher ARDS 

mortality than Whites (14, 15), however, there are inconsistent results on racial disparities 

in ARDS incidence (16-19). Also, there is limited nation-wide information on association 

between socioeconomic status and ARDS incidence. Most importantly, no studies 

particularly investigated growing elderly population who is at high risk of ARDS.  

In our study, we examined the associations between social determinants and hospital 

admissions for ARDS using nearly 30 million Medicare enrollees per year from 2007 

through 2012. We conducted a largest nation-wide population-based study in the United 

States, especially investigating the most-at-risk elderly population.     

 

Methods  

Health data  

We used the hospital admissions data from the Medicare Provider Analysis and Review 

(MEDPAR) inpatient data for the years between 2007 and 2012. From admissions data, 

we obtained individual information including zip-code of residence, the date of 

admission/discharge, and the primary and secondary discharge diagnosis codes for ARDS 
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defined by International Classification of Diseases, Ninth Revision, Clinical 

Modification (ICD-9-CM). We used ICD-9-CM codes 518.51, 518.52, 518.53, and 518.82 

(20-23) as ARDS criteria. The outcome measure was 6-year counts of hospital admissions 

for ARDS at zip-code level.  

Socioeconomic status (SES) data 

We calculated proportion of difference races (White, Black, Hispanic, Asian, and Native 

American) as yearly number of people in each racial group divided by yearly number of 

Medicare enrollees in each zip-code. We also calculated proportion of female among 

Medicare cohort in each zip-code. From US Census data, we extracted information on 

median household income, population aged more than 25 years old who held a bachelor’s 

or higher degree, and population living in urban area at each zip-code. Racial information 

was also obtained to compare with Medicare cohort.  

As SES values do not vary much for 6 years and our goal was not to investigate a causal 

relationship between yearly change in SES and yearly change in hospital admissions for 

ARDS, we created 6-year average values for all SES at each zip-code. We calculated 5-year 

average (2007-2008 and 2010-2012) median household income because 2009 US Census 

data was missing. Also, we extracted information on education and urbanization from 

2000 Census data and applied to the data. We calculated proportion of population aged 

more than 25 years old (adult) who held a bachelor’s or higher degree and proportion of 

population living in urban area in each zip-code.  

Environmental exposures data  
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Recent studies showed that long-term exposure to PM2.5 and industries are associated 

with ARDS hospital admissions (24, 25). We used predicted PM2.5 concentrations at zip-

code level from spatio-temporal model developed by Schwartz et al. research group at the 

Harvard T. H. Chan School of Public Health (24-26). We computed zip-code level 6-year 

average concentrations for PM2.5. Also, we extracted annual number of construction and 

manufacturing industries at each zip-code from ArcGIS Business Analyst data using 

Standard Industrial Classification (SIC) code and location from ArcGIS Business Analyst 

data provided by the Center for Geographic Analysis, Harvard University. Then we 

averaged the number of both industries for 6 years. We called air pollution and industries 

as environmental exposures in this paper.  

Statistical analysis  

We examined 6-year summary characteristics for socioeconomic status (SES), hospital 

admissions for ARDS, and environmental exposures at zip-code level. We fit a generalized 

linear model assuming a Poisson distribution, allowing for over-dispersion. We first 

conducted univariate analyses for median household income, proportion of adults (25 

years old or older) who held a bachelor’s or higher degree, proportion of population living 

in urban area, proportion of Black and Hispanic, and proportion of female, as main SES 

factors of interest. We further adjusted for environmental exposures (6-year average 

PM2.5 exposure and 6-year average number of construction and manufacturing 

industries).  We also stratified zip areas into three categories: low, middle, and high 

income regions. Low income area was zip-codes’ median household income below 150 

percent of federal poverty level. We used 2012 federal poverty level ($23,050) to define 

low income threshold ($34,575). High income area was zip-codes’ median household 
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income greater than median value for 6 year-average median household income, which is 

$44,190. Mid income area was between two cut offs.  

 

Results  

For 6 years (2007-2012), there were 1,496 Medicare enrollees and around 18 hospital 

admissions for ARDS per zip-code across all U.S (Table 3.1). Racial distribution was 

similar between Medicare cohort and Census data [data not shown in Table 3.1]. Majority 

was Whites, followed by Blacks, Hispanic, Asian, and Native Americans. Proportion of 

Hispanic population was higher in US Census (0.08) compared to Medicare (0.01). For 

Census 2000, the questions on race and Hispanic origin were asked of every individual 

living in the United States (27). In Medicare data, the primary source of race/ethnicity 

information is from the Social Security Administration (SSA), it has not separated 

Hispanic ethnicity and racial questions (28). Hispanic population from US Census means 

population with Hispanic origin but not specifying racial information. As we expected, 

higher proportion of Black, Native American, and Hispanic population were observed in 

lower income areas (Table 3.1). Higher proportion of advanced education was found in 

higher income areas. In high income regions, half of population lived in urban area. 

Nearly 30% of population lived in urban regions in low-mid income areas.  
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Table 3.1. 6-year average mean and standard deviation of health outcome and SES variables among selected zip-codes 

included in the analysis and further stratified zip-areas by income classes [Inclusion criteria is described in Figure 3.1] 

Variables All zip-codes 
(n=29,202) 

Low income 
 (n=5,172) 

Mid income 
 (n=9,427) 

High income 
(n=14,603) 

6-year number of Medicare 
enrollees (n) 

1496.00 
(1921.37) 927.7 1144.0 1931.00 

6-year counts of hospital 
admissions for ARDS (n) 17.80 (25.96) 11.17 13.58 23.00 

Proportion of Female 0.55 (0.05) 0.56 0.55 0.55 
Proportion of White 0.90 (0.17) 0.79 0.92 0.92 
Proportion of Black 0.06 (0.14) 0.15 0.05 0.04 
Proportion of Asian 0.01 (0.04) 0.01 0.00 0.01 
Proportion of Hispanic 0.01 (0.04) 0.02 0.01 0.01 

Proportion of Native American 0.01 (0.06) 0.02 0.01 0.00 

Median household income ($) $49,017.00 
($20,028.50) 29200 39420 62430.00 

Proportion of adults holding 
bachelor's or higher degree 0.12 (0.08) 0.07 0.09 0.16 

Proportion of population in 
urban 0.38 (0.43) 0.29 0.25 0.50 

 

Note: Low income: less than 150 percent of the 2012 federal poverty level: $34,575 for household with four members, Mid 
income: ≥ $34,575 and less than median value of median household income for study years: $44,190, High income: ≥ 
$44,190 
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Figure 3.1. Flow diagram summarizing zip-codes selection for the analysis 

 

In univariate analyses, $20,000 increase in 6-year average median household income was 

associated with 1.19% decreased hospital admission rates for ARDS (95% CI: -1.61, -0.77) 

(Table 3.2). Advanced education, an 1% increase in  6-year average proportion of adults 

holding bachelor’s or higher degree , was also associated with decreased hospital 

admission rates for ARDS ( -0.54%, 95% CI: -0.59, -0.48). Increased population living in 

urban area was associated with increased hospital admission rates (0.08%, 95% CI: 0.06, 

0.09).  
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Table 3.2. Results of univariate analyses. Percent change (%) in hospital admission rates 

for ARDS by $20,000 increase in median household income, by 1% increase in percent of 

adult holding bachelor’s or higher degree, in percent of population in urban area, in 

percent of female, in percent of racial group (White, Black and Hispanic) (95% CI). 

Median household income -1.19 (-1.61, -0.77) 
%Adults holding bachelor's or higher degree -0.54 (-0.59, -0.48) 

%Population in Urban 0.08 (0.06, 0.09) 
%Female 1.63 (1.49, 1.77) 
%Black 0.17 (0.14, 0.20) 

%Hispanic -0.08 (-0.18, 0.02) 
 

After adjusting for Black and Hispanic racial distribution, female, urbanization, and 

environmental exposures, higher median household income and advanced education 

were still significant SES factors associated with decreased ARDS admissions (Table 3.3). 

Advanced education had stronger association in mid- and low-income areas compared to 

high-income areas.  
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Table 3.3. Results of multivariable analyses. Percent change (%) in hospital admission rates for ARDS by $20,000 increase 

in median household income and by 1% increase in percent of adult holding bachelor’s or higher degree (95% CI). Other 

SES (sex, race, urbanization) and environmental exposures (PM2.5, construction, and manufacturing) were further adjusted. 

Stratified analyses by income classes for higher education included.  

  
All zip-codes (n=29,202) Low income  

(n=5,172) 
Mid income  
(n=9,427) 

High income 
(n=14,603) 

Median household 
income -1.00 (-1.50, -0.51)  - -  -  

%Adults holding 
bachelor's or higher 

degree 
-0.80 (-0.87, -0.74) -1.24 (-1.60, -0.89) -1.63 (-1.86, -1.41) -0.94 (-1.03, -0.86) 
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Discussion 

Increased median household income and higher education in neighborhood were 

significantly associated with decreased hospital admission rates for ARDS. There were 

more Blacks, Hispanics, and Native Americans in poorer area. After accounting for 

distribution of Black and Hispanic, urbanization, and environmental pollution, median 

household income and higher education were still significant SES risk factors. Our study 

demonstrated that low income within neighborhoods, beyond individual income level, 

can contribute to worsen elderly residents’ acute respiratory health.  

Low income neighborhoods have less access to health care facilities and poorer quality of 

care. Although our study population is Medicare beneficiaries, 42 percent of them found 

it difficult to access primary care without going to the emergency department (29). 

Furthermore, Werner (30) found that patients living in low income neighborhoods are 

more likely to be treated at safety-net hospitals, which are under-resourced, compared to 

academic or community hospitals, and which struggle to provide high quality of care. 

Similarly, Agency for Healthcare Research and Quality (2012) reported that those living 

in poverty, compared to those with high incomes, received worse health care for 47 

percent of the quality measures (31). Residents in poor neighborhood seem to have more 

difficult to maintain their health and prevent clinical risk factors for ARDS such as sepsis 

and pneumonia due to lack of effective and high quality of care.  

There are inconsistent information on racial disparities in ARDS incidence. Cooke and 

colleagues (16) found that for Blacks the average annual incidence of non-cardiogenic 

acute respiratory failure was 95.1 (95% CI: 93.9, 96.4) cases per 100,000, though for 

Whites annual incidence was 66.5 (95% CI: 65.8, 67.2) cases per 100,000. They also 
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demonstrated that other-race Americans (Asian/Pacific Islander and American 

Indian/Alaskan Native) are also at greater risk of developing non-cardiogenic acute 

respiratory failure compared to White Americans. However, Ryb and colleagues (17) 

found that among blunt-trauma patients, Black race seems to have a protective effect in 

relation to ARDS incidence (odds ratio (OR): 0.73, 95% CI: 0.58, 0.91), and Hispanic race 

was not associated with ARDS incidence. Brown (19) found that incidence of trauma-

related ARDS was not different by race. Nevertheless, Blacks, Hispanics, and Native 

Americans live in poor neighborhoods compared to Whites, and experience less access to 

quality of care (31).  

Our study has limitations. First, since our study was population-based approach, we could 

not examine individual racial disparities on ARDS risk. However, we found that 

regardless of racial distribution in the area, lower income and lower education are 

associated with increased hospital admission rates for ARDS. Second, we did not have 

further information to identify contributing factors of disparities in ARDS incidence 

related to low income neighborhood, such as access to health care and quality of care. 

Future research may need to include health systems factors as underlying causes.  

Our study has numerous strengths. We contributed significant results to limited evidence 

on social disparities in ARDS incidence by conducting nation-wide largest study in the 

field. It is critical to study the entire nation to drive generalizable effects of social 

determinants because geographical distribution of income and racial groups are 

remarkably distinct in the U.S. (Figure 3.3-3.8). More importantly, we studied the 

growing elderly population who is at-most-risk of developing ARDS and will occupy more 

than 20% of the total U.S. residents in 10 to 12 years (7).  
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Figure 3.2. Geographical distribution of Medicare enrollees and hospital admissions for 
ARDS among Medicare enrollees in 2008  

 

 

Figure 3.3. Geographical distribution of median household income in 2008  

 

 

 

Figure 3.4. Geographical distribution of Black population among Medicare enrollees in 
2008  
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Figure 3.5. Geographical distribution of White population among Medicare enrollees in 
2008 

 

Figure 3.6. Geographical distribution of Hispanic population among Medicare enrollees 
in 2008  

  

  

 

Figure 3.7. Geographical distribution of Native American population among Medicare 
enrollees in 2008 
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Figure 3.8. Geographical distribution of Asian population among Medicare enrollees in 
2008 

 

Conclusion 

In conclusion, among the elderly aged 65 and over, we found that lower income 

neighborhood and neighborhood where education is low were associated with increased 

hospital admission rates for ARDS. Income and education remained significant as SES 

risk factors for ARDS after accounting for racial distribution, urbanization, and 

environmental pollution. Considering Blacks, Hispanics, and Native Americans live in 

lower income area, they may experience lack of access to health facilities and high quality 

of care to prevent clinical symptoms, such as sepsis and pneumonia, which are risk factors 

to develop ARDS.  
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