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Lung transplantation is a life-saving therapy for a carefully selected subset of patients with end-

stage lung diseases. Life expectancy post-transplant is modest with a median survival of 5.5-6.5 

years. The identification of potentially modifiable risk factors for poor outcomes after lung 

transplant is of great importance. In this dissertation, we explore the impacts of neighborhood-

level social and environmental factors on lung transplant outcomes using mixed effects 

semiparametric and parametric survival models to estimate the hazard of death or graft failure. 

We find that neighborhood disinvestment, operationalized as the ZIP code level Social 

Vulnerability Index (SVI) is associated with a 6% increase in the hazard of death or graft failure 
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after transplant, though this finding does not reach statistical significance. We utilize previously 

reported estimates of annual PM2.5 levels in North America to create ZIP code estimates of 

average yearly exposure. We find that annual PM2.5 exposure above the EPA standard of 12 

µg/m3 is associated with an 8% increase in the hazard of death or graft failure. Furthermore, 

this relationship appears to hold true at lower thresholds of exposure. Understanding the 

effects of social and environmental factors on lung transplant outcomes will allow transplant 

practitioners to better identify patients at high risk of poor outcomes. It may also direct future 

policy decisions to mitigating these risks. 
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Chapter 1: Background 

Lung Transplantation 

Lung transplantation is an effective treatment for a carefully selected subset of 

individuals with a range of end-stage lung diseases. It is designed to be a life-prolonging 

intervention for patients with irreversible terminal lung conditions, but life expectancy post-

transplant remains modest with a median survival of 5.5 – 6.5 years.1,2 According to the 2021 

consensus document for the selection of lung transplant candidates, lung transplant should be 

considered for patients with chronic end-stage lung disease who have a high (>50%) risk of 

death from lung disease within 2 years if lung transplant is not performed and have a high 

(>80%) likelihood of 5-year post-transplant survival from a general medical perspective 

provided there is adequate graft function. 3 The indications for lung transplantation are varied 

and include an array of diseases affecting the lung parenchyma, vasculature, and airways 

causing end-stage respiratory failure. Chronic obstructive pulmonary disease (COPD), interstitial 

lung disease (ILD), cystic fibrosis (CF), and idiopathic pulmonary arterial hypertension (IPAH) are 

among the four most common indications. The process of taking a patient from end stage lung 

disease to lung transplantation is complex and involves the identification of potentially suitable 

candidates, referral to a lung transplant center, multidisciplinary evaluation of candidacy, 

decision making on the timing of listing for transplantation, and finally transplantation itself. 

The determination of candidacy requires a thorough evaluation to select appropriateness of 

transplantation and optimize the individual’s status to provide them the best chance for a 

successful outcome.4 The decision regarding timing of listing for transplant takes into 
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consideration disease severity and trajectory, estimated wait time for donor organs, estimated 

survival time without transplant, and the candidate’s readiness for transplant.5  

History 

The technical feasibility of human lung transplantation was proven in 1963 when Dr. 

James Hardy performed the first left single lung homotransplantation in man.6 Due to the 

experimental nature of the procedure, the transplant team chose a recipient who was ill and 

had a high likelihood of mortality independent of the surgery. In this case, they chose a 58-year-

old male prisoner with locally invasive squamous cell lung carcinoma, poor nutritional status, 

and renal insufficiency. The surgery was a technical success and proved the viability of the 

procedure, but the patient died 18 days post-operatively with progressive renal failure. After 

this initial proof of concept, many unsuccessful attempts were made at human lung 

transplantation. The next successful transplant was not reported until 1981 when Drs. Bruce 

Reitz and Norman Shumway described the first successful combined heart and bilateral lung 

transplants.7 Reitz and Shumway published on their heart-lung transplantation of three 

patients: a 45-year-old woman with primary pulmonary hypertension, a 30-year-old man with 

atrial and ventricular septal defects causing Eisenmenger’s syndrome, and a 29-year-old woman 

with transposition of the great vessels and associated defects. The donor hearts and lungs were 

transplanted en-bloc with anastomoses made at the aorta, trachea, and left atrial cuff at the 

confluence of the superior vena cava, inferior vena cava, and right atrium. The first two patients 

were doing well at the time of reporting, 10 and 8 months postoperatively respectively, but the 

third patient died four days postoperatively due to hepatic, renal, and pulmonary complications 

after prolonged cardiopulmonary bypass during the surgery. The first successful single lung 
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transplant was performed in 1983.8 This distinction warrants note as the procedures of single 

and bilateral lung transplants differ technically from the en-bloc heart-lung with anastomoses 

made at the mainstem bronchus of the lung, the pulmonary artery, and the left atrial cuff at the 

insertion of the pulmonary veins for the lungs.9,10  

Since these early advancements and with improvements in immunosuppressive 

medications in the 1990s, the field of lung transplantation has grown considerably with more 

than 4500 lung transplants performed per year worldwide and more than 2500 in the US.11 As 

of 2018 there are more than 15,000 people living with a lung transplant in the United States.12 

Economics 

The costs of lung transplantation are difficult to assess in the US given its complex 

interplay of multiple payors and institutions providing care. One study estimates the mean total 

cost of the index lung transplant hospitalization paid my Medicare is more than $135,000.13 A 

1995 study by a research group at the University of Washington estimated the lifetime cost of a 

lung transplant at ~$425,000 with $170,000 in charges for the transplant as well as monthly 

charges of $12,000 in the first year post-transplant and $4500 thereafter.14 Around the same 

time, a group from the University of Pittsburg estimated the average cost of lung 

transplantation at $154,000 summing the physician cost and adjusted charges for the inpatient 

operative admission.15 The US Organ Procurement Transplant Network Annual Report 

estimates the per-person per-year reimbursement for lung recipients with primary Medicare 

coverage transplanted between 2008 and 2013 to be $239,000.16 This cost was slightly lower 

when restricting to those patients who survived the first transplant year ($196,000) and 

considerably higher for those who required retransplant ($642,000) or died in the first year 
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($761,000). The total Medicare reimbursement during the first year post-transplant for lung 

recipients was $674 million. The total cost paid by Medicare for recipients alive with lung 

transplant and intact graft function was estimated at $301 million in 2013 and $309 million in 

2014. Despite the relatively small population of patients, lung transplantation represents a 

substantial amount of healthcare spending in the US.  

Benefits 

In addition to the survival benefit incurred by the treatment of an otherwise irreversible 

progressive lung disease, lung transplantation is also associated with improved quality of life. 

Lung transplant recipients reported higher happiness and more satisfaction in their life and 

health on the Medical Outcome Study Health Survey compared to patients pre-transplant.17 

Recipients also reported better scores on the St. George Respiratory Questionnaire (SGRQ) than 

pre-transplant patients.18 The same study demonstrated lung transplant recipients had scores 

on the Hospital Anxiety and Depression Scale and the Mental Component Scale of the 36-Item 

Short Form Survey (SF-36) that were similar to those published for the general population. A 

more recent longitudinal study following lung transplant recipients pre- and post-surgery 

demonstrated an improvement in the SF-36 Physical Component Score of 10.9 points from 

baseline but no change in the Mental Component Score which was below population norms 

both before and after transplant.19 

Another benefit of lung transplantation is the possibility of returning to the workforce. 

Patients with advanced lung disease who undergo lung transplantation are typically too ill to 

participate in the workforce pre-transplant. A survey from the Toronto General Hospital lung 

transplant group estimated that 37% of post-transplant respondents obtained paid 
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employment.20 Another study in the US and Canada estimated 22% of respondents regained 

employment after transplant and an additional 38% were unemployed but medically able to 

work.21  

Mortality After Lung Transplant 

Life-expectancy post lung transplant is modest with a median survival of 5.5-6.5 years.1 

The causes for mortality after lung transplant differ depending on the time-frame post-surgery. 

Mortality is highest in the first year post-transplant and appears to improve conditional upon 

survival to that point. When restricting to the most recent cohort of lung transplant candidates, 

median survival is 6.5 years, but for patients who survive the first post-transplant year median 

conditional survival is 8.7 years.11 Early mortality (<30 days post-transplant) is most commonly 

due to early graft failure, infection, and other surgical complications. Infection remains the 

largest contributor to mortality for the rest of the first year post transplant.1 After 1 year, the 

main cause of mortality for lung transplant patients is chronic lung allograft dysfunction (CLAD). 

CLAD is a form of chronic graft dysfunction after lung transplantation which can be 

characterized by obstructive phenotype with obliteration of the airways, a restrictive 

phenotype characterized by pleural and parenchymal fibrosis, a mixed phenotype, and 

undefined.22,23 CLAD has a 5- and 10- year prevalence of 50 and 77%, respectively.24 Given the 

resource-intensive nature of the procedure and the finite supply of donor organs, a great deal 

of effort has gone into developing strategies to optimize the post-transplant course. This begins 

with the determination of risk factors for poor outcomes after the surgery. 

Currently known risk factors for poor outcomes can be divided into recipient-, donor-, 

and transplant-level characteristics. Transplant recipients with an underlying diagnosis of 
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idiopathic pulmonary arterial hypertension (IPAH) and patients being re-transplanted after a 

failed graft are at highest risk of dying within the first year. Other recipient factors associated 

with higher risk of death within the first year include comorbid conditions and markers of 

overall illness including the need for dialysis and hospitalization, need for IV inotropes, and 

need of mechanical ventilatory support at the time of transplant. Diabetes in the donor and 

transplant cytomegalovirus (CMV) donor/recipient seroprevalence status mismatch are also 

associated with increased risk of 1-year mortality.25 The risk factors for 5-year mortality are 

largely the same except IPAH as an indication for transplant is no longer significantly associated 

with mortality.1 

Selection 

Lung transplant selection attempts to address these issues, identifying those patients 

with the highest likelihood of success post-transplant. Given the world-wide scarcity of donor 

organs and the need to ration these limited societal resources, selection for transplantation is a 

medical and ethical decision. The ethical principles of utility, justice, and respect for persons 

underpin the recommendations for the selection of lung transplant candidates. Utility requires 

that survival be maximized when choosing candidates – this may include both survival at the 

patient level and at the societal level. Of particular importance is the concept that a failed 

transplant not only affects the recipient but also any potential alternate recipient who did not 

have the opportunity to be transplanted due to scarcity. The principle of justice requires that all 

patients with the potential for survival benefit be given equal consideration and opportunity for 

transplant, and thus an individual’s status or “value” in society should hold no place in the 

decision-making process. Lastly, respect for persons emphasizes a patient’s right to make his or 
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her own decision to consent or not consent for a lung transplant. With these principles in mind, 

recommendations on patient selection are made and largely based on observational and 

registry data. Per the International Guidelines for the Selection of Lung Transplant Candidates, 

risk factors that negatively impact post-transplant survival and should be taken into 

consideration for selection include older age, significant comorbid disease, documented non-

adherence to therapies and follow-up, untreated psychiatric disease, and poor social support 3-

5,26. While selection is incredibly important to ensure scarce resources are used optimally, it is in 

its nature exclusionary. It is critically important to identify potentially modifiable biological, 

socioeconomic, and environmental risk factors for poor outcomes. 

New Contributions 

 While much attention has been paid to the biological risk factors for poor lung 

transplant outcomes, there has been a relative paucity of research into socioeconomic and 

environmental risk factors. Individual-level risk factors that have been identified include 

insurance status, work status, and BMI. Insurance status is associated with long-term mortality 

in lung transplant patients both among cystic fibrosis patients and the larger transplant 

population. In one study, insurance status did not have an impact on short term survival, but 

Medicare and Medicaid patients both had lower survival at 3-years and later as compared to 

private insurance.27 Among CF lung transplant patients, lower educational attainment, and 

nonprivate insurance status were associated with lower survival rates at 2, 5, and 10 years.28 

Recipient working status was associated with lower 5- and 10-year mortality in lung transplant, 

a difference which persisted after controlling for socioeconomic status (SES).29 This may be 

reflective of a higher functional status and overall health among patients who are able to return 
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to work after lung transplant. Race has been evaluated as a potential factor in survival rates. 

Comparing the historical era of lung transplant before 1996 to a more modern era of 2005-

2009, the percentage of recipients who identify as non-white increased from 8.8% to 15%. The 

5-year survival for non-whites was lower than white recipients in the historical era. This was 

particularly true for black recipients with a 5-year survival of 39% compared to 47% for white 

recipients. This survival gap appears to close over time as differences did not persist in the 

modern era with 5-year survival of 52.5% for whites and 51.6% for non-whites.30 

 Even less work is available studying the impacts of neighborhood-level and 

environmental factors that may affect lung transplant outcomes. Niazi et al. found that County 

Health Ranking and its length of life, quality of life, clinical care, social and economic factor, and 

physical environment sub-scales were each independently associated with graft failure and 

patient survival, but none of these differences persisted after controlling for patient and 

transplant center factors.31 Interestingly, there appears to be a difference in survival of CF 

patients between the US and Canada both on the waitlist and post-transplant.32 During the 

study time-period 15.8% of US candidates died on the waitlist compared to 6.5% in Canada. The 

1-, 3-, and 5-year post-transplant survival rates were 88.3%, 71.8%, and 60.3% respectively in 

the US compared with 90.5%, 79.9%, and 69.7% in Canada. When stratifying US patients by 

insurance status, those with Medicare or Medicaid insurance had worse survival and those with 

other forms of insurance had similar survival to the Canadian cohort.  

Research Questions 

The purpose of this dissertation is to better elucidate the effect of neighborhood-level 

socioeconomic and environmental factors on health outcomes after lung transplant. Chapter 4 
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addresses the research question: does neighborhood social disinvestment as defined by the 

Social Vulnerability Index (SVI) have an impact on lung transplant outcomes? Chapter 5 asks if 

particulate matter air pollution exposure has an impact on lung transplant outcomes.   

 

Social and Environmental Factors 

Composite Measures of Neighborhood Social Disinvestment 

 Several composite measures of neighborhood social disinvestment exist and are 

increasingly being used in health services research. These tools score and combine 

neighborhood attributes in the realm of economic prosperity and social marginalization to 

create a measure of social and economic disadvantage. Individual measures tend to differ in 

which indicators are incorporated from what sources and aggregated at what geographic 

subdivision. The Social Vulnerability Index (SVI) is a tool developed by the Center for Disease 

Control and Prevention’s (CDC) Agency for Toxic Substances and Disease Registry (ATSDR) to 

identify and map communities that are most likely to need support during a hazardous event.33 

The 2010 SVI construct uses Census 2010 and American Community Survey (ACS) 2006-2010 

data to rank US counties and census tracts across four domains: Socioeconomic Status, 

Household Composition & Disability, Minority Status & Language, and Housing Type & 

Transportation. The individual components of the SVI and its theme scores are illustrated in 

Figure 1 and discussed in more detail below. These components are compiled into a percentile 

score with higher values representing greater neighborhood disinvestment and higher need for 

support in the case of a disaster. 
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Figure 1: Social Vulnerability Index Composition: American Communities Survey variables and composite themes included in the 
Social Vulnerability Index 33 

The Area Deprivation Index (ADI) is an alternative measure initially compiled by the US 

Health Resources and Services Administration (HRSA) but more recently maintained and 

distributed by the Neighborhood Atlas at the University of Wisconsin Center for Health 

Disparities Research.34,35 The ADI combines 21 variables from the ACS to create a percentile 

ranking of neighborhood disinvestment at the census block group level. The Social Deprivation 

Index (SDI) is produced by the Robert Graham Center for health policy combining 7 ACS 

variables to produce a percentile ranking at the census tract and ZIP code.36 The Community 

Need Index (CNI) is a joint venture of Dignity Health and IBM Watson Health combining 9 ACS 

variables to produce a scale of 1.0 – 5.0 at the ZIP code level.37 Lastly, the Distressed 

Community Index (DCI) was created by the Economic Innovation Group, a bipartisan public 
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policy organization, combining 7 variables from the ACS and business partner data to produce a 

ZIP code percentile ranking.38,39 The components of each index are described below in Table 1.  

These indices have been applied to determine associations with various health 

outcomes across multiple disciplines, including lung health40-45 Higher neighborhood ADI has 

been associated with a 29% increase in the lung cancer incidence among a cohort of 40,000 

smokers.46 Higher ADI was associated with lower lung function as measured by the forced 

expiratory volume in 1 second (FEV1) on pulmonary function testing,47 and higher SVI has been 

associated with higher rates of healthcare encounters for asthmatics.48 A recent study assessing 

neighborhood-level disadvantage in patients with fibrotic interstitial lung diseases 

demonstrated elevated ADI is associated with higher rates of death or lung transplantation.49 

Interestingly, this study also followed a Canadian cohort using the Canadian Index of Multiple 

Deprivation and did not see this effect of neighborhood disadvantage on outcomes in the 

Canadian group. Additionally, idiopathic pulmonary fibrosis (IPF) patients in the highest ADI 

group had lower rates of transplantation as compared to lower ADI, a relationship that again 

was not present among the Canadian cohort.  

The choice of which index to use in a given circumstance depends on multiple factors. 

For our study, we feel the SVI is advantageous. It is one of only two discussed here that include 

minority composition of the neighborhood in its construction. Given the structural factors that 

influence neighborhood disinvestment including structural racism, redlining, and historical 

restrictive covenants, we feel it is important to include racial admixture in our measure.50-52 

Additionally, the SVI is the only of these five tools that incorporates subtheme scores for 
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additional analysis and inquiry into the potential mechanism behind any association that is 

discovered. 
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Table 1: Components of the five indices of neighborhood disinvestment 
 

Social Vulnerability 
Index 

Area Deprivation Index Social Deprivation 
Index 

Community Need 
Index 

Distressed 
Communities Index 

Organization CDC National Atlas Robert Graham Center Dignity Health / IBM 

Watson 

Economic Innovation 

Group 

Geography Census tract Census block group Census tract or ZIP 

code 

ZIP code ZIP code 

Measure Percentile ranking Percentile ranking Percentile ranking Scale (1.0 – 5.0) Percentile ranking 

Composition 15 variables 21 variables 7 variables 9 variables 7 variables 

Variables • Below poverty 

• Unemployed 

• Income 

• No high school 

diploma 

• Age 65 or older 

• Aged 17 or 

younger 

• Civilian with 

disability 

• Single parent 

household 

• Minority 

• Speak English 

less than well 

• Multiunit 

structure 

• Mobile homes 

• Crowding 

• Educational 

distribution 

• Median family 

income 

• Income disparity 

• Occupational 

composition 

• Unemployment rate 

• Family poverty rate 

• Pop below 150% 

poverty 

• Single parent 

household rate 

• Home ownership 

rate 

• Median home value 

• Median gross rent 

• Median monthly 

mortgage 

• Below poverty 

• <12 yrs education 

• Percent 

nonemployed 

• Percent in renter 

occupied units 

• Percent single 

parent households 

with dependents 

• Percent without 

car 

• Percent high 

needs population 

• Household 

below poverty 

line 

• Families with 

children below 

poverty line 

• Female headed 

family with 

children below 

poverty line 

• Percent minority 

• Speak English 

poorly 

• Population 

without high 

school diploma 

• Unemployed 

• Without health 

insurance 

• No high school 

diploma 

• Poverty rate 

• Adults not working 

• Housing vacancy 

rate 

• Median household 

income 

• Change in 

employment 

• Change in 

establishments 
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• No vehicle 

• Group quarters 

• House crowding 

• Households without 

telephone access 

• Without plumbing 

• Without motor 

vehicles 

• English language 

proficiency 

• Divorce rate 

• urban population 

• Immigrant 

population 

• Renting their 

home 

Stratification Yes – across 4 

themes 

No No No no 

Data sources American 

Community Survey – 

Census  

American Community 

Survey 

American Community 

Survey 

American 

Community Survey 

American Community 

Survey and business 

partner data 
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Particulate Matter Air Pollution   

Air pollution is one of the biggest environmental factors affecting lung health. Air 

pollutants can be gaseous such as carbon monoxide (CO), sulfur dioxide (SO2), nitrogen oxides, 

and ozone (O3) or solid/liquid particles suspended in the air. Particulate air pollution is 

categorized according to the size of the particles. PM10 are inhalable particles with diameters 

that are 10 µm or smaller such as dust, pollen, and molds. PM2.5 are fine inhalable particles with 

diameters that are generally 2.5 µm and smaller and can include particles from combustion 

reactions, organic compounds, metals, and other materials.53 Intake of particulate matter air 

pollution has a wide range of adverse health effects. PM air pollution uptake can take place by 

ingestion of contaminated materials or direct inhalation of particles via the respiratory tract. 

Adverse effects can be dependent on where those inhaled particles land. PM10 tends to land in 

the upper airways whereas PM2.5 are small enough to descend to the lower airways and can 

theoretically be absorbed in the respiratory capillary bed.54 

Ambient particulate matter pollution is estimated to be the 9th leading cause of global 

disease burden with 3.2 million deaths attributable per year.55 The individual health impacts of 

particulate matter air pollution are varied and include both short- and long-term effects, with 

the largest body of literature available on their impacts on cardiovascular and respiratory 

health. In the US, acute increases in exposure to PM2.5 pollution were associated with a 1.21% 

increase in all-cause mortality, 1.78% increase in respiratory-related mortality, and a 1.03% 

increase in stroke related morality in the days following the exposure.56 A 5 µg/m3 increase in 

PM2.5 exposure was associated with a 15% increase in cardiovascular event risk with even 

higher risk estimates observed among participants living in low socioeconomic status 
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neighborhoods.57 A 2014 meta-analysis assessing time-series studies demonstrated an 10 

µg/m3 increase in PM2.5 exposure was associated with a 1.04% increase in the risk of death and 

1.51% increase in risk of respiratory death.58 In a Vancouver-based study, increased long-term 

exposure to traffic-related air pollution was associated with a 3% increase in coronary heart 

disease (CHD) hospitalizations and a 6% increase in CHD mortality.59 Elevated PM2.5 exposure 

has also been associated with a 13% increase odds of stroke.60 This study also estimates that 

6.55% of all strokes in the study population were attributable to PM2.5 exposure. In a cohort of 

US women, increased long-term exposure to PM2.5 air pollution was associated with a 14% 

increased odds of incident asthma.61 PM2.5 exposure has also been associated with worse 

health outcomes during the current COVID-19 pandemic. Among patients in a New York City 

cohort, elevated annual PM2.5 exposure levels at the residential address was associated with an 

11% increase in risk of death and 13% increase in risk of ICU admission.62 

The pathophysiology of ambient particulate air pollution exposure’s negative impacts on 

health is thought to be via direct injury to the lungs as well as other systemic effects. PM2.5 

exposure increases inflammatory cell infiltration, hyperemia, and inflammatory cell counts in 

the bronchoalveolar lavage fluid (BALF) of rats, and also increases proinflammatory mediators 

including TNF-a, IL-6, IL-1b, and ICAM-1.63 The instillation of PM2.5 into the lungs of healthy 

mice led to increased alveolar collapse, lung tissue inflammation, and oxidative stress 

damage.64 In vitro exposure of lung epithelial cells to PM2.5 induces oxidative stress and 

increases ICAM-1 via an IL-6 and NF-kB dependent pathway.65 

The specific effects of PM2.5 on health in lung transplant recipients have been 

investigated in very few studies. One study looking at a cohort of 5707 lung transplant 
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recipients across 12 lung transplant centers in Europe demonstrated an increase in all-cause 

mortality in recipients who were exposed to higher levels of PM10 as well as an increased 

incidence of CLAD in that population.66 A separate study looking at 520 lung transplant 

recipients in France demonstrated that higher 1-yr average exposure to particulate air pollution 

was associated with worse lung function as defined by decreased forced vital capacity (FVC) for 

both PM2.5 and PM10.67 This effect was largely attenuated by the use of macrolide antibiotics 

like azithromycin which are used for treatment of and prophylaxis against bronchiolitis 

obliterans syndrome (BOS).68-70 To our knowledge, there have been no large cohort-based 

studies looking at particulate matter air pollution and its impact on lung transplant outcomes in 

the United States. In this dissertation, we seek to better understand the impacts of 

neighborhood social need and ambient particulate matter air pollution exposure on mortality in 

lung transplant recipients.  
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Chapter 2: Conceptual Model 

 

Figure 2: Conceptual model of factors impacting lung transplant outcomes. Dashed boxes denote factors that are unmeasured in 
the dataset.  

The conceptual model above summarizes the potential relationships of the social and 

environmental factors of neighborhood social disinvestment and particulate air pollution 

exposure on graft failure and mortality in lung transplantation. Solid boxes represent factors 

across multiple domains that may have an impact on the effect between these social and 

environmental factors and lung transplant graft failure and mortality. Boxes with dashed lines 

represent factors that affect the relationship but are unable to be measured in this study. 

Specifically, Post Lung Transplant Events are an intermediary on the path to graft failure and 

mortality. Primary graft dysfunction (PGD), acute rejection, infection, and CLAD are each 

negative outcomes that increase the later risk for graft failure, and thus are potential mediators 

on the path between social and environmental factors and graft failure and mortality. These 

intermediate outcomes are not captured in the study dataset and thus this effect mediation 
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cannot be estimated. As noted in the literature above, recipient factors that increase the risk of 

worse lung transplant outcomes include older age, race/ethnicity, positive smoking history, 

elevated BMI, and the presence of public insurance. The patient’s severity of illness as 

estimated here as LAS or presence of life support also impacts both mortality and the presence 

of the intermediary post-transplant events.71 Donor organ characteristics such as donor 

smoking history and donor age impact graft failure/mortality and intermediate post-transplant 

events but are unmeasured in the dataset. Characteristics of the transplant are also noted to 

affect this relationship. As noted previously, the transplant indication impacts the risk of PGD 

and subsequent survival. Recipients who undergo bilateral lung transplant tend to have longer 

survival than single, but this is heavily confounded by recipient age and transplant indication. 

Transplant center also has an effect on post-transplant events and graft failure as high-volume 

transplant centers tend to have better outcomes.25,72-75 Additionally, the relative medical and 

operative risk of patient that a center accepts for listing will impact that center’s post-

transplant outcomes. 
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Chapter 3: Data Source and Overarching Methods 

 

The United Network for Organ Sharing 

The coordination of donor organ procurement and recipient transplantation is a 

complex endeavor. From the mid 1950s to the 1970s, individual transplant hospitals and local 

organ procurement organizations in the US managed aspects of organ recovery and 

transplantation. Donor organs were typically identified and used within the same hospital 

without the requirement of sharing across hospitals or geographies. In 1984, the US Congress 

passed the National Organ Transplant Act (NOTA) which formed the framework for a national 

organ recovery and allocation system to help ensure organ allocation is carried out in a fair and 

efficient way. It called for a national Organ Procurement and Transplantation Network (OPTN) 

to be created and run by a private, non-profit organization under federal contract through the 

Health Resources and Service Administration (HRSA).76 In 1977, the South-Eastern Organ 

Procurement Foundation (SEOPF), an association of donation and transplant professionals, 

established a database that allowed each of its member institutions to list candidates and help 

them find matches for allografts that they could not use locally – the United Network for Organ 

Sharing (UNOS). In March 1984 UNOS incorporated as an independent organization, and in 

1986 it received the initial federal contract to operate the OPTN and subsequently establish its 

Scientific Registry of Transplant Recipients (SRTR). This made it responsible for allocation policy, 

organ placement, data collection and analysis, and both public and professional education on 

organ transplantation. UNOS manages and incorporates organ procurement organizations 

(OPOs) across the country into a unified network. Each OPO serves a distinct geographic region, 
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its donation service area (DSA), which are further clustered into 11 regions. UNOS is used by 

every transplant center in the US to register and track transplant patients placed on the waitlist 

and transplanted. 

Database Construction 

We analyzed data from the UNOS transplant registry. The UNOS Standard Transplant 

Analysis Research (STAR) file is a dataset that contains de-identified patient-level information 

for transplant recipients and waiting list candidates and is publicly available to transplant 

centers. For this dissertation, a restricted version of the dataset which contains some patient 

identifiable information and geographic identifiers was obtained. Data is available on patient 

and donor level factors for every patient who has been placed on a solid organ transplant 

waitlist since its inception in 1987 and up to the time of database procurement August 2020. 

The dataset includes one record per thoracic transplant (heart, lung, or heart-lung) waitlist 

registration and/or transplant. Data is input on recipient characteristics at the time of 

waitlisting as well as transplantation and is updated at least yearly after transplant. Recipient 

residential ZIP code at the time of listing and transplantation are also recorded.   

Summary of Study Population 

 Our studies assess patients who have undergone lung transplantation between May 

2005 and August 2020. Heart and combined heart-lung transplants are excluded from the 

analyses. The analyses are restricted to after May 2005 as that marked a major programmatic 

change in the way donor lungs were allocated in the United States. The Lung Allocation Score 

(LAS) was instituted at that time. It accounts for factors including recipient underlying diagnosis, 

age, size, functional status, and various hemodynamic parameters in an attempt to balance the 
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risk of death while awaiting transplant and risk factors that impact post-transplant mortality.77 

This change in organ allocation scheme introduced significant changes in the demographics of 

patients being transplanted including a relative increase in the number of transplants for ILD 

and increase in the number of transplants performed in older patients.78 

Measurements and Variable Definitions 

 The outcome variable is the time to death or lung allograft failure. For UNOS purposes, 

graft failure is defined as “when organ removal, death, or replacement on chronic allograft 

support system has occurred.” As no feasible, chronic support system exists for severe 

respiratory failure, graft failure is only coded at the time of death or retransplant. As both death 

and graft failure can be considered equivalent terminal events for the allograft, they will be 

handled as a composite rather than as competing events.  

 Measures of neighborhood-level social and environmental factors will include SVI and 

baseline ambient PM2.5 air pollution exposure. ZIP code SVI is a proportion ranging from 0-1. 

Analysis was completed with SVI handled as a categorical variable separating into groups of 

high SVI (SVI above 90th percentile) and lower SVI (below 90th percentile). SVI was alternatively 

binned into quartiles and handled as a continuous variable scaled up by 100x. SVI theme scores 

were also available for analysis. Baseline ambient PM2.5 air pollution exposure is 

operationalized as the average PM2.5 level for the year of transplant at the ZIP code of 

residence. PM2.5 exposure is measured as a continuous variable and dichotomized into a 

categorical variable. The Environmental Protection Agency (EPA) publishes standards for 

acceptable yearly average PM2.5 exposure as less than 12 µg/m3.79 Using this cut point, we will 
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split the population into those who live in areas that meet those standards and those who live 

in areas that exceed those standards.  

 Other patient, transplant, and center-level covariates are included as specified in the 

conceptual model. Age is included as a continuous variable. Gender is included as a binary male 

vs female. Race/Ethnicity are encoded by UNOS as white non-Hispanic/Latino, black non-

Hispanic/Latino, Hispanic/Latino, and other. Underlying lung disease is grouped into four broad 

categories: Obstructive Lung Disease consists mostly of COPD/emphysema, Pulmonary Vascular 

Disease consist of the different forms of pulmonary hypertension, Cystic Fibrosis and other 

forms of bronchiectasis are grouped together, and Restrictive Lung Diseases encompasses the 

diffuse parenchymal lung diseases like Idiopathic Pulmonary Fibrosis. The presence of life 

support is a dichotomous variable denoting the use of extracorporeal membrane oxygenation 

(ECMO) or mechanical ventilation at the time of transplant. The lung allocation score is a 

numerical value used to indicate severity of illness pre-transplant with higher numbers 

representing a higher likelihood of dying on the waitlist. We have operationalized it as a 

categorical variable with groupings <35, 35-45, 45-55, and >55. This grouping schema is 

consistent with current practices in lung transplant research. Type of insurance is categorized as 

Private, Medicare (including both fee for service and choice plans), Medicaid, other public 

payor, and other/unknown. Estimated per capita income at the ZIP code of residence is linked 

from the American Community Survey. The medical center of transplantation is encoded as a 

categorical variable. 
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Table 2: List of measurements and variable construction used across analyses 

Variable Specification Type Description 

Outcome 
Variable    

 Death or Graft 
Failure Time to event 

Composite of 1 year mortality and lung allograft failure. The presence of the event is 
encoded as 1, censored is encoded as 0. Time of last follow-up is encoded in days post-
transplant and transformed to years for analysis. For lung transplant, graft failure only 
occurs at the time of death or retransplant.  

Primary 
Regressor of 
Interest 

    

 ZIP Code SVI Continuous ZIP code level overall social vulnerability index x 100. Range is 0-100. 

 
ZIP Code SVI 
Quartile Categorical ZIP code level overall social vulnerability index binned into quartiles. 

 High SVI Categorical ZIP Code level overall social vulnerability index ³0.8 (90th percentile) is encoded as 1. 
SVI <0.8 is encoded as 0. 

 
High SVI SES 
Theme Categorical ZIP Code level social vulnerability index Socioeconomic Status theme ³0.82 (90th 

percentile) is encoded as 1. SVI SES Theme <0.82 is encoded as 0. 

 

High SVI 
Household 
Composition & 
Disability 
Theme 

Categorical ZIP Code level social vulnerability index Household Composition and Disability Theme  
³0.79 (90th percentile) is encoded as 1. Theme Score <0.79 is encoded as 0. 

 
High SVI 
Minority Status Categorical ZIP Code level social vulnerability index Minority Status & Language theme ³0.77 (90th 

percentile) is encoded as 1. Theme Score <0.77 is encoded as 0. 
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& Language 
Theme 

 
High SVI 
Housing Type & 
Transportation 

Categorical ZIP Code level social vulnerability index Housing Type & Transportation theme ³0.82 
(90th percentile) is encoded as 1. Theme Score <0.82 is encoded as 0. 

 Median PM2.5 
Exposure Continuous Estimate of average ambient PM2.5 air pollution level at the ZIP code of residence in the 

year of transplantation 

 
High PM2.5 
Exposure Categorical ZIP Code PM2.5 Estimate greater than or equal to the EPA standard for yearly average of 

12 µg/m3 is encoded as 1. Below the standard is encoded 0.  
Secondary 
Predictors     

Patient Variables Age Continuous   Age in years at the time of transplantation 
  Sex Categorical  Sex of patient encoded as male or female. 

  Race/Ethnicity Categorical  Within the UNOS Registry, race is a categorical variable which consists of white, black, 
Hispanic/Latino, and other. 

  BMI Continuous  Calculated BMI at the time of wait list registration 

  
Underlying 
Lung Disease Categorical 

The lung diagnosis is a categorical variable which includes Obstructive Lung Disease, 
Pulmonary Vascular Disease, Cystic Fibrosis/Bronchiectasis, and Restrictive Lung 
Diseases 

  Life Support Categorical 
Life Support is a dichotomous variable with 0 = patient not on mechanical ventilator or 
Extracorporeal Membrane Oxygenation (ECMO) at the time of transplant and 1 = 
patient on either mechanical ventilator or ECMO at time of transplant. 

  
Lung Allocation 
Score / Disease 
Severity 

Categorical 

 The lung allocation score is a scoring system designed to numerically score the 
probability of survival on the weight list, with higher numbers being sicker and more 
likely to die on the waitlist. We have separated it into a categorical variable including 
<35, 35-45, 45-55, and >55. 

 Insurance Categorical Insurance type is a categorical variable including Private, Medicaid, Medicare (both FFS 
and Choice), Other public payor, and Other/Unknown. 



 26 

 
Per Capita 
Income Continuous 

Individual patient income is not recorded in the UNOS registry. As a proxy, we use per 
capita income is at the ZIP code of residence inflation adjusted to 2019 dollars. 
Estimates come from Census and ACS data.  

 Laterality Categorical  The variable bilateral is a dichotomous variable where 0 = single lung transplant and 1 
= bilateral lung transplant. 

Level Two Variable Center Categorical 
Transplant hospital is a categorical variable delineating what hospital performed the 
transplant. Inclusion of center is meant to capture variability of practice patterns across 
institutions.  
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Human Subjects and Data Protection 

The study protocols were reviewed by the institutional review board of the University of 

California, Los Angeles and exemptions granted (IRB# 22-000186 and IRB# 19-002039) as 

neither study was considered human subjects research. Data are supplied already de-identified 

by the United Network for Organ Sharing. Data were stored on a secure, encrypted laptop in 

accordance with UNOS requirements and backed up onto a secure, password-protected server. 

Data were transmitted for statistical analysis using the same server. Only the principal 

investigator, coinvestigator, and statistician have access to the raw data. Statistical analyses 

were conducted using STATA/MP version 16.1 (Statacorp College Station, TX). 

  



 28 

Chapter 4: Association of Neighborhood Social Disinvestment with 
Worse Survival After Lung Transplant 

Abstract 

Background 

Lung transplantation is an effective tool for the treatment of select patients with a range of 

end-stage lung diseases, but life expectancy post-transplant remains modest with median 

survival of 5.5-6.5 years and donor organs are a scarce resource. Few studies have evaluated 

the impact of neighborhood-level social and environmental factors on lung transplant 

outcomes. The Social Vulnerability Index (SVI) is a tool used to identify communities most likely 

to need support during a hazardous event and has been associated with poor health outcomes 

across of range of diseases.  

Objectives 

We hypothesize that greater neighborhood social need as defined by higher SVI will be 

associated with a higher hazard for mortality and graft failure in lung transplant patients. 

Methods 

We conducted a retrospective analysis of panel data provided by the United Network for Organ 

Sharing. National census tract level SVI was converted to ZIP code level using US Department of 

Housing and Urban Development Crosswalk procedures. Kaplan Meier Survival Curves were 

produced for time to death or graft failure. Gamma shared frailty cox proportional hazards 

model was used to produce unadjusted and adjusted hazard ratios to estimate the effect of 

neighborhood SVI and its component scores on graft failure or mortality.  
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Results 

Data for 27,159 lung transplants conducted between May 2005 and August 2020 were 

included. Having a ZIP code level SVI in the highest decile was associated with an 8% increase in 

the hazard of death or graft failure (p=0.022) in unadjusted analysis and 6% increase (p=0.081) 

after adjusting for covariates. Highest decile Household Composition and Disability Theme 

score was associated with an 8% increased hazard (p=0.017) in adjusted analysis. 

Conclusions 

Greater neighborhood disinvestment was associated with a modest increase in the hazard of 

death or graft failure in lung transplant recipients. Further study is required to better 

understand this relationship and elucidate the mechanism behind it. 
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Introduction  

Lung transplantation is a life-saving treatment for a carefully selected subset of patients 

with a broad range of end stage lung diseases. Life expectancy following lung transplant is 

modest with median survival of 5.5-6.5 years.1,80,81 Given the resource-intensive nature of the 

procedure and the finite supply of donor organs, a great deal of effort has gone into the 

development of strategies to optimize the post-transplant course. This begins with the 

determinations of risk factors for poor outcomes post-transplant.  

Currently known risk factors for poor outcomes can be divided into recipient-, donor- 

and transplant-level characteristics. Transplant recipients with an underlying diagnosis of 

idiopathic pulmonary arterial hypertension (IPAH) and patients being re-transplanted after a 

failed lung allograft are at the highest risk of dying within the first year.25 Other recipient factors 

associated with higher risk of death within the first year include comorbid conditions and 

markers of overall illness including the need for dialysis and hospitalization, need for IV 

inotropes, and need of mechanical ventilatory support at the time of transplant.1,82-84 Diabetes 

in the donor and transplant cytomegalovirus (CMV) donor/recipient seroprevalence status 

mismatch are also associated with increased risk of 1-year mortality.85 The risk factors for 5-

year mortality are largely the same except IPAH as an indication for transplant is no longer 

significantly associated with mortality1  

There has been a relative paucity of research into neighborhood-level environmental 

and social factors that may contribute to the development of allograft failure and mortality. The 

Social Vulnerability Index (SVI) is a tool developed by the Center for Disease Control and 

Prevention’s (CDC) Agency for Toxic Substances and Disease Registry (ATSDR) to identify and 
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map communities that are most likely to need support during a hazardous event. 33 It measures 

neighborhood disinvestment and social need by using US Census and American Community 

Survey (ACS) data to rank US counties and census tracts using 15 variables across four domains: 

Socioeconomic Status, Household Composition & Disability, Minority Status & Language, and 

Housing Type & Transportation. Geographic areas are percentile ranked and given a score 

between 0 and 1 with higher number signifying higher disinvestment and elevated need for 

external support in case of a disaster.  

Increasingly, the SVI has been used in public health research to identify communities at 

higher risk of poor outcomes from a wide variety of medical conditions. High SVI has been 

associated with worse surgical outcomes in cancer patients,40 higher rates of death from 

cardiovascular disease,41 and higher incidence of and worse survival in COVID-19.42 The impact 

of the SVI on lung transplant outcomes has not previously been investigated.  

Aims & Hypotheses 

Aim 1.1: Model the effect of neighborhood social disinvestment on risk of death or graft failure 

after transplant. 

Hypothesis 1.1: Greater neighborhood social disinvestment as defined by higher SVI is 

associated with higher graft failure and mortality in lung transplant patients.  

Hypothesis 1.2a-d: Higher SVI SES, Household Composition & Disability, Minority Status & 

Language, and Housing Type & Transportation scores are each associated with higher graft 

failure and mortality in lung transplant patients.  
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Methods 

Data Source 

 We analyze data from the United Network for Organ Sharing (UNOS) transplant registry. 

UNOS is the system used by every transplant center in the US to register and track waitlist 

candidates and transplant recipients. Data is available on patient and limited donor-level 

factors for every patient who has been placed on a solid organ transplant waitlist since its 

inception in 1987, including the ZIP code of residence at the time of transplant. We restrict our 

analyses to those recipients transplanted after May 2005 when the Lung Allocation Score (LAS) 

for waitlist prioritization was introduced. Heart and combined heart-lung transplants are 

excluded. 27,159 recipients are included in the analysis (Figure 3). 

Variable Construction 

The SVI incorporates data from the ACS and decennial U.S. Census across 15 domains 

and four theme areas. The Socioeconomic Status theme incorporates the proportion of the 

population below the poverty level, proportion of persons age 16+ who are unemployed, per 

capita income estimate, and proportion of persons age 25+ with no high school diploma. Each 

of these values is given a percentile ranking for all US census tracts and these percentile 

rankings are then summed into a raw score for the Socioeconomic Status theme. The SES sum 

score is then given a percentile ranking among US census tracts and the resultant value is the 

SVI SES Theme Score. The Household Composition theme similarly treats the proportion of 

persons aged 65 and older, proportion of persons aged 17 and younger, and proportion of 

single parent households with children under 18; percentile ranks them; sums them, and 

percentile ranks the sum into the SVI Household Composition & Disability Theme Score. Of 
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note, the Household Composition & Disability Theme Score for other years includes a disability 

variable, but this data was not included in the 2010 Census or 2006-2010 ACS, so it was not 

included in the 2010 SVI construct. The proportion of the population that is minority (all 

persons except white non-Hispanic) and proportion of persons age 5+ who speak English “less 

than well” are similarly combined into the SVI Minority Status & Language Theme Score. The 

proportion of housing structures with 10 or more units, proportion of mobile homes, 

proportion of households with more people than rooms, proportion of households with no 

vehicle available, and proportion of persons in group quarters are combined into the SVI 

Housing & Transportation Theme Score. Each of the four theme scores are then summed and 

percentile ranked to give the Overall SVI Score. In 2010, this process was completed for each 

census tract and each county both for the US and for each state individually. For the purposes 

of these studies, the census tract SVI for the entire country will be used.   

ZIP code level SVI was constructed using the CDC/ATSDR 2010 SVI dataset for census 

tracts in the United States.86 Census tract SVI was transformed into ZIP code SVI using the US 

Office of Housing and Urban Development (HUD) ZIP code to census tract crosswalk files which 

contains data on the proportion of each census tract that exists within a given ZIP code and vice 

versa.87 Transformation of the SVI from census tract level to ZIP code level appropriately 

produces a variable that is a proportion with bounds of 0 and 1 but is no longer a percentile 

with a uniform distribution. The ZIP code SVI remains useful in this form as the relationship of 

higher numbers representing higher social need and lower numbers representing lower social 

need still holds. This process is repeated for each of the four theme components of the SVI.  
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 The outcome of interest is time to death or lung allograft failure. Other covariates 

include recipient age, gender, race/ethnicity, underlying lung disease, need for life support 

prior to transplantation, LAS, type of insurance, and medical center of transplantation. The 

need for life support is defined as use of mechanical ventilation or extracorporeal membrane 

oxygenation (ECMO) at the time of transplant. LAS scores are grouped into <35, 35-45, 45-55, 

and >55.  

Statistical Analysis 

This study is a retrospective cohort analysis of panel data from the UNOS registry. 

Descriptive statistics were calculated at the patient level comparing groups with ZIP Code SVI 

above or below the 90th percentile. The 90th percentile was chosen based on the fact that the 

CDC/ATSDR flags geographies above the 90th percentile for each of the SVI variables. 

Continuous variables were compared between groups using Welch’s t-test, while categorical 

variables were compared using chi-square tests. Time-to-event analyses were conducted for 

the composite endpoint of death or graft failure. Analysis was censored at 10-years of follow-up 

time. Kaplan-Meier survival curves were produced for high and low SVI and log-rank test 

performed to determine equality of the survival functions for the comparison groups. Hazard 

ratios for high SVI were estimated using the cox proportional hazards (PH) model for both 

unadjusted estimates and after adjustment for covariates. A cox proportional hazards model 

including cluster-specific random effects at the level of the transplant center was performed 

using a gamma shared frailty model.88 Violations of the proportional hazards assumption were 

assessed visually by plotting Schoenfeld residuals against time and plotting the log log survival 

time vs log time. We also formally test using the Grambsch and Therneau test but recognize 
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that with our large sample size this may be and overly sensitive assessment. Associations for 

the four SVI theme scores are also estimated using the main adjusted gamma shared frailty cox 

proportional hazards model. 

Sensitivity Analysis 

We test multiple cox proportional hazards models to assess how best to handle 

variation in outcomes at the level of transplant center. We test separate models clustering 

using the transplant center with robust standard errors and using gamma shared frailty for a 

random intercept model.89 We additionally test multiple parametric survival models including 

Exponential Distribution, Weibull Distribution, and a Log-Log Accelerated Failure Time model. 

As a non-proportional hazards model, the loglogistic model will ensure our findings are robust 

to any potential violations of the proportional hazards assumption.   

While we theorize that hazard of death or graft failure will be highest in the 

neighborhoods with the highest social need, we do not expect this effect to remain linear at 

lower SVI levels. Highest risk groups are likely to be exposed to more environmental hazards 

and social stressors than the general populace, but we do not necessarily expect that those 

with the lowest social need to be less exposed than the general populace. We explore this 

relationship by running a sensitivity analysis using SVI as a continuous variable, scaled up by 

100x to represent a score ranging from 0 to 100. The study protocols were reviewed by the 

institutional review board of the University of California, Los Angeles and exemption granted 

(IRB# 22-000186) as it was not considered human subjects research. 
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Results 

 A total of 27,159 lung transplant recipients were included in the analysis. 2,245 (8%) had 

residences in ZIP codes whose overall SVI was in the highest decile (SVI ³0.8). Patient 

characteristics are found in Table 3. High SVI patients were slightly younger than lower SVI (54.6 

vs 56.2 years). There was also a higher proportion of women in the higher SVI group (46% vs 

40%). There was a lower proportion of white recipients and higher proportion of Black and 

Hispanic/Latino transplant recipients in the High SVI group (44% White vs 85% white, 25% Black 

vs 8%, and 28% Hispanic/Latino vs 5% in the higher and lower SVI groups respectively). There 

were fewer recipients with private insurance (42% vs 50%) and more patients with Medicaid 

insurance (15% vs 6%) in the high SVI group as compared to lower. There was no difference in 

the use of life support prior to transplant between groups. There were slightly more patients 

who received bilateral transplants in the high SVI group (72% vs 70%).   

 Kaplan-Meier survival curves for the high and low SVI groups are shown in Figure 4. Log-

rank test with p=0.022 rejects the null hypothesis that the two survival curves are the same 

with a prespecified a of 0.05. An unadjusted cox proportional hazards model was fit and 

demonstrated high SVI was associated with an 8% increase in the hazard of death or graft 

failure, p=0.022. Separate cox proportional hazards models with gamma shared frailty around 

the transplant center were fit adjusting for patient age, sex, and race/ethnicity (Model 1), and 

then adding BMI and Insurance (Model 2), and lastly underlying diagnosis, life support, and 

transplant laterality in the final model (Model 3) (See Table 4). Hazard ratios for death or graft 

failure for high SVI were 1.07 p=0.045, 1.06 p=0.099, and 1.06 p=0.081 for Models 1, 2, and 3 

respectively. The data did not appear to violate the proportional hazards assumption by visual 
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inspection (see Figure 5 and Figure 6). The SVI variable does not violate the PH assumption 

based on a Grambsch and Therneau test with c2 0.02 and p=0.883 (Table 5). Using this test, 

multiple covariates violate the PH assumption and the global test demonstrated violation with 

c2=163.38 p<0.001. 

 To test different model specifications cox proportional hazards model with clustered-

robust standard errors for transplant center was fit as well as parametric models using 

Exponential, Weibull, and Log-log AFT distributions with results displayed in Table 6. The High 

SVI group has a 9% p=0.009, 6% p=0.079, and 7% p=0.060 increased hazard of death or graft 

failure in the Cox PH with cluster robust standard errors, exponential distribution, and Weibull 

distribution models respectively. The Loglogistic AFT model demonstrates a coefficient (eb) of 

0.89 p=0.008 representing an 11% decrease in the estimated median survival time for the High 

SVI group, consistent with the other tested models.  

 Analysis of the individual SVI theme scores demonstrated a hazard ratio (HR) of 1.03 

p=0.461, 1.08 p=0.017, 1.02 p=0.621, and 1.08 p=0.086 for the high SVI socioeconomic, 

household composition & disability, minority status & language, and housing type & 

transportation themes respectively (See Table 7). Refitting the main cox PH model with gamma 

shared frailty respecifying overall SVI in quartiles and as a continuous variable did not 

demonstrate a statistically significant association between SVI and death or graft failure (Table 

8 and Table 9). The estimated hazard ratios of death or graft failure graphed against SVI are 

plotted in Figure 7. 
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Discussion 

 In this large registry analysis of lung transplant recipients, we examine the effect of 

neighbor disinvestment on lung transplant outcomes. In unadjusted analysis, residence in a ZIP 

code with an SVI in the highest decile was associated with an 8% increase in the hazard of death 

or graft failure. This difference in mortality and graft failure was statistically significant in 

unadjusted estimates using the log-rank test comparing Kaplan-Meier survival curves and Wald 

test for cox PH model with a 0.05. After adjusting for covariates, the estimated hazard ratio 

remained stable, but standard deviation increased and p-value rose above 0.05. Interestingly, 

the handling of the center effects appeared to have a significant impact on the standard 

deviation of the estimates. The increase in hazard of death or graft failure was statistically 

significant when center was handled as a clustering variable with robust standard errors but not 

when handled as a random effect using the gamma shared frailty models. These results suggest 

elevated neighborhood disinvestment as measured by the SVI may be associated with worse 

survival and graft failure in lung transplant recipients and a portion of this variance may be 

attributable to transplant center differences. Interestingly, this effect does not appear to be 

linear in nature as is evidenced by the lack of an association when SVI is grouped by quartiles or 

as a continuous variable. Our analysis suggests there may be a quadratic relationship between 

SVI and lung transplant with higher hazard in the lowest and highest SVI groups and lower 

hazard in the middle. When analyzing the individual theme scores of the SVI, only the 

Household Composition & Disability theme demonstrated a statistically significant increase in 

the hazard of death or graft failure for the highest risk group.  
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We are unsurprised at the relatively modest effect size of the association of SVI with 

poor outcomes as a significant amount of the risk of SVI on potential outcomes is selected out 

in the candidate selection process. Many of the same attributes that on the neighborhood-scale 

represent a high SVI, on the individual level may disqualify a person from transplant candidacy. 

Neighborhood level per capita income and poverty levels map onto individual level inability to 

pay for medication copays which would disqualify a candidate. Similarly, neighborhood level 

proportion without a vehicle maps onto an individual not having transportation to clinic visits, 

which would disqualify a candidate. The fact that we still have a suggestion of an effect even 

after selection illustrates it may be worthwhile to flag these individuals from high SVI 

environments for additional resources post-transplant. 

It warrants noting that the SVI is a tool developed to identify groups that require 

additional resources in the case of adverse events. It measures and codifies the effects of 

neighborhood clustering based on income, poverty level, socioeconomic status, and race. As 

clinicians attempting to limit the risk of poor outcomes after the distribution of a scarce 

resource like the donor lung allograft, the first inclination may be to add SVI to the selection 

criteria attempting to remove patients most at risk. This would be unjust and antithetical to the 

intent of the measure. The SVI must not be used to exclude an already disadvantaged group 

from potentially life-saving therapy.   

Limitations 

This study uses panel data to test the association between neighborhood social 

disinvestment as measured by high SVI and graft failure and mortality after lung transplant. The 

use of registry data allows for complete capture of the population of lung transplant recipients 
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in the United States with very little missingness in our variables of interest. A major limitation of 

the study is the potential for misclassification error. Patient residence is only specified at the 

ZIP code level in the UNOS registry. Transformation of SVI from census tract level to ZIP code 

level has the potential to introduce misclassification bias as the measured disadvantage of a 

given census tract is distributed to its constituent ZIP codes purely based on population and 

cannot take into account variability within that census tract. Additionally, the ZIP code may not 

be a good proxy for neighborhood as they are relatively large and may encompass multiple and 

disparate communities. To date, the CDC/ATSDR has recalculated the SVI for years 2000, 2010, 

2014, 2016, and 2018. Because it is not available for all years of the study, we have chosen to 

use the 2010 SVI for all analyses. This has the potential to introduce bias if a given geography 

had significant changes in demographics and social composition across years. 

As noted previously, our main cox PH gamma shared frailty model violates the 

proportional hazards assumption using the Grambsch and Therneau test, which is likely overly 

sensitive given the large sample size. The data did not appear to violate the PH assumption on 

visual assessment. Additionally, sensitivity analysis using the loglogistic AFT model which does 

not hold to the PH principle continues to demonstrate an effect.  

Conclusion 

 In this large registry analysis of lung transplant patients, neighborhood disinvestment 

seems to have a modest association with worse mortality and graft failure among lung 

transplant patients. Further research is needed to better understand the mechanism behind 

this association and determine whether or not it is modifiable. The SVI may prove to be a useful 
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tool to help identify patients at higher risk of poor outcomes who may benefit from increased 

resources or closer follow-up from the transplant team. 
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Tables and Figures 

 
Figure 3: Patient flow chart 
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Table 3: Baseline patient characteristics, comparing lower SVI and high SVI groups 

 ZIP Code SVI  

Characteristic Low SVI 
< 0.8 

High SVI 
≥0.8 

1p 

Number, N (%) 24,914  (92%) 2,245  (8%)  
Age (years), mean (SD)  56.2 (13.1) 54.6 (12.8) <.001 
Female, % 40% 46% <.001 

Race Ethnicity, %   <.001 
White 85% 44%  
Black 8% 25%  
Hispanic/Latino 5% 28%  
Other 2% 3%  

BMI (kg/m2), mean (SD) 25.3 (4.6) 25.6 (4.5) 0.005 

Diagnosis, %   <.001 
Obstructive pulmonary disease 28% 27%  
Pulmonary vascular disease 4% 5%  
Cystic Fibrosis 11% 7%  
Restrictive Lung Disease 57% 61%  

LAS, %   <.001 
<35 25% 20%  
>35 - 45 37% 37%  
>45 - 55 15% 17%  
>55 23% 26%  

Insurance, %   <.001 
Private 50% 42%  
Medicaid 6% 15%  
Medicare 41% 38%  
Other Public 3% 3%  
Other 0% 1%  

Mechanical Ventilation or ECMO at time of match, % 8% 8% 0.523 
Bilateral Transplant, % 70% 72% 0.026 
Data are percent or mean (standard deviation) 
1p value based on chi-square or Welch’s t-test.    
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Figure 4: Kaplan-Meier survival within 10 years by SVI. SVI = Social Vulnerability Index 
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Table 4: Cox proportional hazards models for SVI, unadjusted and adjusted models 

      

 aUnadjusted bModel 1 bModel 2 bModel 3 

Predictors Hazard Ratio  
(95% CI) p Hazard Ratio  

(95% CI) p Hazard Ratio  
(95% CI) p Hazard Ratio  

(95% CI) p 

Model BIC 226932.6  226603.4  226518.7  226227.5  

High SVI (≥0.8) 1.08 (1.01, 1.15) 0.022 1.07 (1.00, 1.15) 0.045 1.06 (0.99, 1.13) 0.099 1.06 (0.99, 1.14) 0.081 

Recipient Age, per 10 years   1.07 (1.05, 1.08) <.001 1.06 (1.04, 1.08) <.001 1.03 (1.01, 1.05) 0.006 

Female Sex   0.94 (0.91, 0.98) 0.002 0.94 (0.91, 0.98) 0.001 0.95 (0.91, 0.99) 0.007 

Race          

   White   ref  ref  ref  

   Black   0.95 (0.89, 1.01) 0.110 0.94 (0.87, 1.00) 0.048 0.95 (0.89, 1.02) 0.174 

   Hispanic/Latino   0.92 (0.85, 1.00) 0.039 0.90 (0.83, 0.98) 0.011 0.87 (0.80, 0.94) <.001 

   Other   0.92 (0.80, 1.05) 0.212 0.92 (0.81, 1.05) 0.237 0.88 (0.77, 1.00) 0.054 

BMI, per 5 kg/m2     1.02 (1.00, 1.04) 0.125 0.99 (0.97, 1.02) 0.620 

Insurance         

   Private     ref  ref  

   Medicaid     1.25 (1.16, 1.35) <.001 1.25 (1.16, 1.34) <.001 

   Medicare     1.11 (1.07, 1.15) <.001 1.11 (1.07, 1.16) <.001 

   Other Public     0.97 (0.86, 1.10) 0.668 0.96 (0.86, 1.09) 0.550 

   Other      0.92 (0.70, 1.22) 0.563 0.91 (0.69, 1.20) 0.503 

Diagnosis          

Obstructive Lung Disease       ref  
Pulmonary Vascular 
Disease       1.28 (1.15, 1.42) <.001 

Cystic Fibrosis       1.04 (0.95, 1.13) 0.370 

Restrictive Lung Disease       1.13 (1.08, 1.18) <.001 
1Life Support       1.44 (1.35, 1.54) <.001 

Bilateral Transplant       0.74 (0.71, 0.77) <.001 
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1Mechanical Ventilation or ECMO 
Model 1 – adjusted for age, sex, race 
Model 2 – adjusted for Model 1 covariates and BMI, Insurance  
Model 3 – adjusted for Model 2 covariates and diagnosis, 1Mechanical Ventilation or ECMO at time of match, Bilateral Transplant 
aCox proportional hazards model 
bGamma shared frailty Cox proportional hazards model. 
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Figure 5: Test of the proportional hazards assumption for SVI. Plot of Schoenfeld residuals versus time 

 

 
Figure 6: Test of the proportional hazards assumption for SVI. Plot of log( log(survival probability)) versus log(time) 



 48 

 
 
Table 5: Test of proportional hazards assumption. Grambsch and Therneau test 

Variable rho c2 p 
High SVI -0.00132    0.02 0.883 
Recipient Age, 
per 10 years 

0.02704    9.97 0.001 

Female Sex 0.01314    2.07 0.150 
Race     
   White Ref Ref Ref 
   Black -0.01722    3.67 0.055 
   Hispanic/Latino 0.00347    0.15 0.696 
   Other -0.00187    0.04 0.836 
BMI, per 5 kg/m2 0.01105    1.57 0.210 
Insurance    
   Private Ref Ref Ref 
   Medicaid 0.01962    4.73 0.029 
   Medicare 0.00882    0.96 0.326 
   Other Public 0.00032    0.00 0.970 
   Other  0.00047    0.00 0.958 
Diagnosis     
Obstructive Lung 
Disease 

   

Pulmonary 
Vascular Disease 

-0.02755    9.31 0.002 

Cystic Fibrosis 0.00208    0.05 0.821 
Restrictive Lung 
Disease 

-0.03611   16.07 <.001 

Life Support -0.04779   29.08 <.001 
Bilateral 
Transplant 

-0.04896   33.11 <.001 

Global Test 
 

163.38 <.001 
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Table 6: Alternate survival models for SVI 

      

 
aCox PH  

w/ Clustered SE 

bMixed Effects  
Parametric Survival  

Exponential Distribution 

bMixed Effects Parametric 
Survival Weibull 

Distribution 

cAFT  
Parametric Survival Log-

Logistic Distribution 

Predictors Hazard Ratio  
(95% CI) p Hazard Ratio  

(95% CI) p Hazard Ratio  
(95% CI) p eβ  

(95% CI) p 

1Model BIC 226446.4  72861.3  72209.7  66178.0  

High SVI (≥0.8) 1.09 (1.02, 1.17) 0.009 1.06 (0.99, 1.14) 0.079 1.07 (1.00, 1.14) 0.060 0.89 (0.81, 0.97) 0.008 

Recipient Age, per 10 years 1.03 (1.01, 1.06) 0.017 1.03 (1.01, 1.06) 0.002 1.02 (1.00, 1.04) 0.039 0.98 (0.95, 1.01) 0.232 

Female Sex 0.95 (0.91, 0.99) 0.010 0.95 (0.91, 0.99) 0.007 0.95 (0.91, 0.99) 0.007 1.08 (1.03, 1.15) 0.004 

Race          

   White ref  ref  ref  ref  

   Black 0.99 (0.91, 1.07) 0.728 0.95 (0.89, 1.02) 0.181 0.96 (0.89, 1.02) 0.207 0.99 (0.91, 1.09) 0.913 

   Hispanic/Latino 0.91 (0.84, 0.98) 0.014 0.87 (0.80, 0.94) <.001 0.87 (0.80, 0.94) <.001 1.16 (1.05, 1.29) 0.003 

   Other 0.88 (0.76, 1.01) 0.063 0.88 (0.77, 1.00) 0.058 0.88 (0.77, 1.01) 0.060 1.18 (0.97, 1.44) 0.104 

BMI, per 5 kg/m2 1.00 (0.97, 1.03) 0.979 0.99 (0.97, 1.02) 0.633 0.99 (0.97, 1.02) 0.599 1.00 (0.97, 1.04) 0.853 

Insurance         

   Private ref  ref  ref  ref  

   Medicaid 1.26 (1.18, 1.35) <.001 1.25 (1.16, 1.35) <.001 1.22 (1.13, 1.31) <.001 0.78 (0.72, 0.86) <.001 

   Medicare 1.12 (1.07, 1.17) <.001 1.12 (1.07, 1.16) <.001 1.09 (1.05, 1.14) <.001 0.89 (0.85, 0.94) <.001 

   Other Public 0.93 (0.82, 1.06) 0.274 0.97 (0.86, 1.09) 0.595 0.96 (0.86, 1.09) 0.551 1.08 (0.93, 1.25) 0.330 

   Other  0.95 (0.70, 1.29) 0.746 0.91 (0.69, 1.21) 0.519 0.91 (0.69, 1.20) 0.484 1.06 (0.73, 1.55) 0.757 

Diagnosis          

Obstructive Lung Disease ref  ref  ref  ref  

Pulmonary Vascular 
Disease 1.26 (1.10, 1.44) <.001 1.30 (1.17, 1.45) <.001 1.25 (1.13, 1.39) <.001 0.70 (0.60, 0.83) <.001 

Cystic Fibrosis 1.04 (0.94, 1.14) 0.465 1.05 (0.96, 1.14) 0.276 1.02 (0.93, 1.11) 0.699 1.00 (0.88, 1.13) 0.992 

Restrictive Lung Disease 1.12 (1.05, 1.18) <.001 1.14 (1.09, 1.19) <.001 1.12 (1.07, 1.17) <.001 0.86 (0.79, 0.93) <.001 
2Life Support 1.42 (1.26, 1.60) <.001 1.46 (1.37, 1.56) <.001 1.43 (1.34, 1.52) <.001 0.58 (0.49, 0.68) <.001 
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Bilateral Transplant 0.73 (0.67, 0.78) <.001 0.74 (0.71, 0.77) <.001 0.74 (0.71, 0.77) <.001 1.46 (1.31, 1.62) <.001 
1Model BIC is not comparable between semi-parametric (e.g. Cox PH) and parametric models (e.g. mixed effects; log-logistic) 

2Mechanical Ventilation or ECMO 
aClustered-Robust Standard Errors (Huber-White sandwich estimator) for Center 
bRandom intercept for Center 
cParametric log-logistic Accelerated Failure Time model with gamma shared frailty and Clustered-Robust Standard Errors (Huber-White sandwich 
estimator) for Center  
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Table 7: Cox proportional hazards gamma shared frailty models of SVI theme scores 

      

 Socioeconomic Status Household Composition & 
Disability 

Minority Status & 
Language 

Housing Type & 
Transportation 

Predictors Hazard Ratio  
(95% CI) p Hazard Ratio  

(95% CI) p Hazard Ratio  
(95% CI) p Hazard Ratio  

(95% CI) p 

Model BIC 226229.9  226225.0  226230.2  226227.6  
1High SVI 1.03 (0.95, 1.11) 0.461 1.08 (1.01, 1.16) 0.017 1.02 (0.96, 1.08) 0.621 1.08 (0.99, 1.19) 0.086 

Recipient Age, per 10 years 1.03 (1.01, 1.05) 0.006 1.03 (1.01, 1.05) 0.005 1.03 (1.01, 1.05) 0.006 1.03 (1.01, 1.05) 0.006 

Female Sex 0.95 (0.91, 0.99) 0.008 0.95 (0.91, 0.99) 0.007 0.95 (0.91, 0.99) 0.007 0.95 (0.91, 0.99) 0.008 

Race          

   White ref  ref  ref  ref  

   Black 0.96 (0.90, 1.03) 0.242 0.95 (0.89, 1.01) 0.124 0.96 (0.90, 1.03) 0.264 0.96 (0.90, 1.03) 0.274 

   Hispanic/Latino 0.88 (0.81, 0.95) 0.001 0.87 (0.80, 0.94) <.001 0.87 (0.80, 0.95) 0.001 0.88 (0.81, 0.95) 0.001 

   Other 0.88 (0.77, 1.00) 0.056 0.88 (0.77, 1.00) 0.055 0.88 (0.77, 1.00) 0.052 0.88 (0.77, 1.00) 0.051 

BMI, per 5 kg/m2 0.99 (0.97, 1.02) 0.624 0.99 (0.97, 1.02) 0.624 0.99 (0.97, 1.02) 0.629 0.99 (0.97, 1.02) 0.631 

Insurance         

   Private ref  ref  ref  ref  

   Medicaid 1.25 (1.16, 1.35) <.001 1.25 (1.16, 1.34) <.001 1.25 (1.16, 1.35) <.001 1.25 (1.16, 1.35) <.001 

   Medicare 1.11 (1.07, 1.16) <.001 1.11 (1.06, 1.15) <.001 1.11 (1.07, 1.16) <.001 1.11 (1.07, 1.16) <.001 

   Other Public 0.97 (0.86, 1.09) 0.564 0.96 (0.86, 1.09) 0.556 0.97 (0.86, 1.09) 0.560 0.97 (0.86, 1.09) 0.564 

   Other  0.91 (0.69, 1.20) 0.500 0.91 (0.69, 1.20) 0.505 0.91 (0.69, 1.20) 0.504 0.91 (0.69, 1.20) 0.498 

Diagnosis          

Obstructive Lung Disease ref  ref  ref  ref  

Pulmonary Vascular 
Disease 1.28 (1.15, 1.42) <.001 1.28 (1.15, 1.42) <.001 1.28 (1.15, 1.42) <.001 1.28 (1.15, 1.42) <.001 

Cystic Fibrosis 1.04 (0.95, 1.13) 0.385 1.04 (0.96, 1.13) 0.358 1.04 (0.95, 1.13) 0.391 1.04 (0.95, 1.13) 0.384 

Restrictive Lung Disease 1.13 (1.08, 1.18) <.001 1.13 (1.08, 1.18) <.001 1.13 (1.08, 1.18) <.001 1.13 (1.08, 1.18) <.001 
2Life Support 1.45 (1.35, 1.54) <.001 1.45 (1.35, 1.54) <.001 1.45 (1.35, 1.54) <.001 1.44 (1.35, 1.54) <.001 
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Bilateral Transplant 0.74 (0.71, 0.77) <.001 0.74 (0.71, 0.77) <.001 0.74 (0.71, 0.77) <.001 0.74 (0.71, 0.77) <.001 
1High SVI defined as: Socioeconomic Status Theme (≥ 0.82); Household Composition Theme (≥ 0.79); Minority Status Theme (≥ 0.77); Housing Type 
Theme (≥ 0.82); 
2Mechanical Ventilation or ECMO 
Shared frailty Cox proportional hazards model. 
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Table 8: Cox proportional hazards models for SVI quartiles analysis, unadjusted and adjusted models 

      

 aUnadjusted bModel 1 bModel 2 bModel 3 

Predictors Hazard Ratio  
(95% CI) p Hazard Ratio  

(95% CI) p Hazard Ratio  
(95% CI) p Hazard Ratio  

(95% CI) p 

Model BIC 226947.0  226535.7  226245.4  226227.5  

SVI – 1st Quartile  
(<0.30) ref  ref  ref  ref  

SVI – 2nd Quartile  
(0.30-0.46) 

0.93 (0.88, 0.98) 0.003 0.95 (0.90, 0.99) 0.030 0.94 (0.90, 0.99) 0.026 0.95 (0.90, 1.00) 0.045 

SVI – 3rd Quartile  
(0.46-0.64) 

0.95 (0.90, 0.99) 0.030 0.96 (0.91, 1.01) 0.126 0.95 (0.91, 1.00) 0.064 0.97 (0.92, 1.02) 0.181 

SVI – 4th Quartile  
(≥0.64) 

0.99 (0.94, 1.04) 0.598 0.99 (0.94, 1.05) 0.832 0.98 (0.93, 1.03) 0.450 1.00 (0.94, 1.05) 0.931 

Recipient Age, per 10 years   1.07 (1.05, 1.08) <.001 1.06 (1.04, 1.08) <.001 1.03 (1.01, 1.05) 0.007 

Female Sex   0.94 (0.91, 0.98) 0.002 0.94 (0.91, 0.98) 0.001 0.95 (0.91, 0.99) 0.007 

Race          

   White   ref  ref  ref  

   Black   0.95 (0.89, 1.02) 0.170 0.94 (0.88, 1.01) 0.093 0.96 (0.90, 1.03) 0.230 

   Hispanic/Latino   0.93 (0.86, 1.01) 0.071 0.91 (0.84, 0.99) 0.023 0.87 (0.81, 0.95) 0.001 

   Other   0.92 (0.80, 1.05) 0.216 0.92 (0.81, 1.06) 0.243 0.88 (0.77, 1.00) 0.057 

BMI, per 5 kg/m2     1.02 (1.00, 1.04) 0.120 0.99 (0.97, 1.02) 0.624 

Insurance         

   Private     ref  ref  

   Medicaid     1.26 (1.17, 1.35) <.001 1.25 (1.16, 1.35) <.001 

   Medicare     1.11 (1.07, 1.16) <.001 1.11 (1.07, 1.16) <.001 

   Other Public     0.98 (0.87, 1.10) 0.738 0.97 (0.86, 1.09) 0.591 

   Other      0.92 (0.70, 1.22) 0.578 0.91 (0.69, 1.20) 0.508 

Diagnosis          

Obstructive Lung Disease       ref  

Pulmonary Vascular 
Disease       1.27 (1.14, 1.42) <.001 
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Cystic Fibrosis       1.04 (0.95, 1.13) 0.395 

Restrictive Lung Disease       1.13 (1.08, 1.18) <.001 
1Life Support       1.45 (1.35, 1.54) <.001 

Bilateral Transplant       0.74 (0.71, 0.77) <.001 
1Mechanical Ventilation or ECMO 
Model 1 – adjusted for age, sex, race 
Model 2 – adjusted for Model 1 covariates and BMI, Insurance  
Model 3 – adjusted for Model 2 covariates and diagnosis, 1Mechanical Ventilation or ECMO at time of match, Bilateral Transplant 
aCox proportional hazards model 
bShared frailty Cox proportional hazards model. 
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Table 9: Cox proportional hazards models for SVI continuous analysis, unadjusted and adjusted models 

      

 aUnadjusted bModel 1 bModel 2 bModel 3 

Predictors Hazard Ratio  
(95% CI) p Hazard Ratio  

(95% CI) p Hazard Ratio  
(95% CI) p Hazard Ratio  

(95% CI) p 

Model BIC 226937.2  226607.0  226520.0  226230.3  

SVI, per 0.10  1.00 (0.99, 1.01) 0.483 1.00 (0.99, 1.01) 0.575 0.99 (0.99, 1.00) 0.241 1.00 (0.99, 1.01) 0.655 

Recipient Age, per 10 years   1.07 (1.05, 1.08) <.001 1.06 (1.04, 1.08) <.001 1.03 (1.01, 1.05) 0.007 

Female Sex   0.94 (0.91, 0.98) 0.002 0.94 (0.91, 0.98) 0.001 0.95 (0.91, 0.99) 0.008 

Race          

   White   ref  ref  ref  

   Black   0.96 (0.90, 1.03) 0.284 0.95 (0.89, 1.02) 0.169 0.97 (0.90, 1.04) 0.355 

   Hispanic/Latino   0.94 (0.87, 1.02) 0.122 0.92 (0.85, 1.00) 0.046 0.88 (0.81, 0.96) 0.002 

   Other   0.92 (0.80, 1.05) 0.217 0.92 (0.81, 1.06) 0.244 0.88 (0.77, 1.00) 0.056 

BMI, per 5 kg/m2     1.02 (1.00, 1.04) 0.114 0.99 (0.97, 1.02) 0.639 

Insurance         

   Private     ref  ref  

   Medicaid     1.26 (1.17, 1.36) <.001 1.25 (1.16, 1.35) <.001 

   Medicare     1.11 (1.07, 1.16) <.001 1.11 (1.07, 1.16) <.001 

   Other Public     0.98 (0.87, 1.10) 0.727 0.97 (0.86, 1.09) 0.581 

   Other      0.93 (0.70, 1.22) 0.582 0.91 (0.69, 1.20) 0.510 

Diagnosis          

Obstructive Lung Disease       ref  

Pulmonary Vascular 
Disease       1.27 (1.15, 1.42) <.001 

Cystic Fibrosis       1.04 (0.95, 1.13) 0.412 

Restrictive Lung Disease       1.13 (1.08, 1.18) <.001 
1Life Support       1.45 (1.35, 1.54) <.001 

Bilateral Transplant       0.74 (0.71, 0.77) <.001 
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1Mechanical Ventilation or ECMO 
Model 1 – adjusted for age, sex, race 
Model 2 – adjusted for Model 1 covariates and BMI, Insurance  
Model 3 – adjusted for Model 2 covariates and diagnosis, 1Mechanical Ventilation or ECMO at time of match, Bilateral Transplant 
aCox proportional hazards model 
bShared frailty Cox proportional hazards model. 
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Figure 7: Cox proportional hazards model of continuous SVI. Plot of hazard ratio versus SVI using fully adjusted model with 
quadratic term 
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Chapter 5: Association of Ambient Air Pollution Exposure with Poor 
Outcomes in Lung Transplantation 

Abstract 

Background 

Elevated ambient PM2.5 air pollution exposure has been associated with poor health outcomes 

across several domains. Few studies have evaluated its impact in lung transplant recipients.  

Objectives 

We hypothesize that greater PM2.5 exposure at the ZIP code of residence will be associated with 

a higher hazard for mortality and graft failure in lung transplant patients. 

Methods 

We conducted a retrospective analysis of panel data provided by the United Network for Organ 

Sharing. ZIP code level annual PM2.5 exposure was constructed using previously published North 

American estimates. Kaplan Meier Survival Curves were produced for time to death or graft 

failure. Gamma shared frailty cox proportional hazards model was used to produce unadjusted 

and adjusted hazard ratios to estimate the effect of ZIP code PM2.5 exposure at the time of 

transplant on graft failure or mortality.  

Results 

Data for 18,331 lung transplants conducted between May 2005 and December 2016 were 

included. Having an annual PM2.5 exposure level above the EPA standard 12 µg/m3 is associated 

with an 11% increase in the hazard of death or graft failure (p<0.001) in unadjusted analysis and 

8% increase (p=0.022) after adjusting for covariates. Annual PM2.5 exposure in the highest 

quartile (>10.1 µg/m3) is associated with a 7% increase, p=0.041. 
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Conclusions 

Elevated ambient PM2.5 exposure was associated with an increased hazard of death or graft 

failure in lung transplant recipients. Further study is needed to better understand this 

relationship and may guide risk modification strategies at the individual and population levels.  
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Introduction  

There is a relative dearth of research on the impacts of neighborhood-level and 

environmental factors that may affect lung transplant outcomes. Niazi et al. found that County 

Health Ranking and its length of life, quality of life, clinical care, social and economic factor, and 

physical environment sub-scales were each independently associated with graft failure and 

patient survival, but none of these differences persisted after controlling for patient and 

transplant center factors.31 

Air pollution is among the largest environmental factors affecting lung health. Ambient 

particulate matter (PM) pollution is estimated to be the 9th leading cause of global disease 

burden with 3.2 million attributable deaths per year.55 Elevated PM air pollution exposure has 

been associated with increased all-cause mortality, coronary heart disease hospitalizations and 

deaths, asthma incidence, and stroke risk.56,59-61 PM2.5 are fine inhalable particles with 

diameters that are 2.5 µm or smaller and can include particles from combustion reactions, 

organic compounds, metals, and other materials. A 2014 meta-analysis assessing time-series 

studies demonstrated an 10 µg/m3 increase in PM2.5 exposure was associated with a 1.04% 

increase in the risk of death and 1.51% increase in risk of respiratory death.58 

The specific effects of air pollution on health in lung transplant recipients has been 

investigated in very few studies. The development of chronic lung allograft dysfunction (CLAD) 

and bronchiolitis obliterans syndrome (BOS) have each been associated with density of 

roadways near a patient’s residence or proximity to roadways.90,91 One study looking at a 

cohort of 5707 lung transplant recipients across 12 centers in Europe demonstrated an increase 

in all-cause mortality in recipients who were exposed to higher levels of PM10 (PM air pollution 
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with a diameter <10 µm) as well as an increased incidence of CLAD in that population.66 A 

separate study assessing 520 recipients in France demonstrated that higher 1-year average 

exposure to particulate matter air pollution was associated with worse lung function as defined 

by a decreased forced vital capacity (FVC) for both PM2.5 and PM10.67 To our knowledge, there 

have been no large cohort-based studies investigating particulate matter air pollution and its 

impact on lung transplant outcomes in the United States.  

Aims and Hypotheses: 

Aim 2.1: Model the effect of high PM2.5 exposure on the risk of death or graft failure after lung 

transplant  

Hypothesis 2.1: Higher baseline average concentration of PM2.5 at the ZIP code of residence is 

associated with higher graft failure and mortality after lung transplant. 

Methods 

Data Source 

We analyze data from the United Network for Organ Sharing (UNOS) transplant registry, 

used by every transplant center in the US to register and track waitlist candidates and 

transplant recipients. Data is available on patient and limited donor-level factors for every 

patient who has been placed on a solid organ transplant waitlist since its inception in 1987, 

including the ZIP code of residence at the time of transplant. We restrict our analysis to those 

recipients transplanted between May 2005 when the Lung Allocation Score (LAS) for waitlist 

prioritization was introduced and December 2016 constrained by the availability of air pollution 

data. Heart and combined heart-lung transplants are excluded. 18,331 recipients are included 

in the analysis (Figure 8). 
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Variable Construction 

 ZIP code level annual PM2.5 exposure estimates are constructed for each transplant 

recipient. Meng et al. have previously published yearly estimates of long-term PM2.5 

concentration across North America.92 Their model combines data from chemical transport 

modeling, satellite-based measures, and ground-based measures to produce estimates of PM2.5 

concentration at a resolution of 1km x 1km with data available from 1981 to 2016. Using ArcGIS 

Pro, we overlay each map of yearly estimated PM2.5 with a shapefile of ZIP code tabulation 

areas (ZCTA) for the US. Using zonal statistics, we calculate the median PM2.5 estimate within 

the geographic boundary of each ZCTA for each year of analysis (see Figure 9). Patient baseline 

PM2.5 exposure is pulled from the ZIP code of residence and year of transplantation.   

The outcome of interest is time to death or lung allograft failure. Other covariates 

include recipient age, gender, race/ethnicity, underlying lung disease, need for life support 

prior to transplantation, LAS, type of insurance, and medical center of transplantation. The 

need for life support is defines as the use of mechanical ventilation or extracorporeal 

membrane oxygenation (ECMO) at the time of transplant. LAS scores are grouped into <35, 35-

45, 45-55, and >55. 

Statistical Analysis 

This study is a retrospective cohort analysis of panel data from the UNOS registry. 

Descriptive statistics were calculated at the patient level comparing the estimated average 

annual ZIP Code PM2.5 exposure above or below the EPA standard of 12 µg/m3. Continuous 

variables were compared between groups using Welch’s t-test, while categorical variables were 

compared using chi-square tests. Time-to-event analyses were conducted for the composite 
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endpoint of death or graft failure. Analysis was censored at 10-years of follow-up time. Kaplan-

Meier survival curves were produced for high and low PM2.5 exposure and log-rank test 

performed to determine equality of the survival functions for the comparison groups. Hazard 

ratios for high PM2.5 were estimated using the cox proportional hazards model for both 

unadjusted estimates and after adjustment for covariates. A cox proportional hazards model 

including cluster-specific random effects at the level of the transplant center was performed 

using gamma shared frailty model.88 Violations of the proportional hazards assumption were 

assessed visually by plotting Schoenfeld residuals against time and plotting the log log survival 

time vs log time. We also formally test using the Grambsch and Therneau test but recognize 

that with our large sample size this may be and overly sensitive test.  

Sensitivity Analysis 

We test multiple cox proportional hazards models to assess how best to handle 

variation in outcomes at the level of transplant center. We test separate models clustering 

using the transplant center with robust standard errors and using gamma shared frailty to 

estimate random effects.89 We additionally test multiple parametric survival models including 

Exponential Distribution, Weibull Distribution, and a Loglogistic Accelerated Failure Time (AFT) 

model. As a non-proportional hazards model, the log-log AFT model is meant to ensure our 

findings are robust to any potential violations of the proportional hazards assumption.   

We expect that PM2.5 exposure will correlate with measures of neighborhood-level 

socioeconomic status and test the model with and without the inclusion of ZIP code level per 

capita income as a covariate. As we are solely measuring PM2.5 levels at the year of 
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transplantation, we perform sensitivity analyses with censoring at 1 and 3 years to ensure the 

effect is consistent between the medium- and long-term outcomes.  

We theorize the effect of PM2.5 on the hazard of death or graft failure to be linear. To 

explore this relationship, we run sensitivity analyses binning annual PM2.5 exposure into 

quartiles and alternatively as a continuous variable in µg/m3. The study protocols were 

reviewed by the institutional review board of the University of California, Los Angeles and 

exemption granted (IRB# 19-002039) as it was not considered human subjects research. 

Results 

A total of 18,331 lung transplant recipients were included in the analysis. 1,790 (10%) 

had residences in ZIP codes whose annual PM2.5 exposure was above the EPA standard of 12 

µg/m3. Patient characteristics are found in Table 10. Ages were similar between groups with 

mean age 54.7 in the higher and 55.4 in the lower PM2.5 group. There were 42% females in the 

high and 40% in the low PM2.5 group. There was a statistically significant difference in the 

distribution of races and ethnicities between groups. There was a lower proportion of white 

recipients and higher proportion of Black and Hispanic/Latino transplant recipients in the higher 

PM2.5 group (White: 73% vs 85%, Black: 14% vs 11%, and Hispanic/Latino: 11% vs 5% in the 

higher and lower PM2.5 groups respectively). LAS score distribution was similar between groups. 

There were more recipients with private insurance (62% vs 51%) and fewer patients with 

Medicare insurance (27% vs 39%) in the high PM2.5 group as compared to lower. The ZIP code 

per-capita income was slightly higher in the high PM2.5 group with $34,485 as compared to 

$33,535 in the lower. There were slightly fewer patients on ECMO or mechanical ventilation in 
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the high PM2.5 group (6% vs 8%) and fewer patients who received bilateral transplants in the 

high in the high PM2.5 group (58% vs 68%). 

 Kaplan-Meier survival curves for the high and low PM2.5 groups are shown in Figure 10. 

Log-rank test with p<0.001 demonstrates a statistically significant difference between the two 

survival functions. An unadjusted cox proportional hazards model was fit and demonstrated 

residence in a ZIP code with PM2.5 exposure above EPA standards was associated with an 11% 

increase in the hazard of death or graft failure, p<0.001. Separate cox proportional hazard 

models with gamma shared frailty around the transplant center were fit adjusting for patient 

age, sex, and race/ethnicity (Model 1), then adding BMI and insurance (Model 2), and lastly 

underlying diagnosis, life support, and transplant laterality in the final model (Model 3) (See 

Table 11). Hazard ratios for death or graft failure for high PM2.5 were 1.08 p=0.018, 1.09 

p=0.007, and 1.08 p=0.022 for Models 1, 2, and 3 respectively. The data did not appear to 

violate the proportional hazards assumption by visual inspection plotting Schoenfeld residuals 

against time (see Figure 11) and plotting the log log survival time vs log time (see Figure 12). 

The PM2.5 variable and global test demonstrate violations of the PH assumption using the 

Grambsch and Therneau test (see Table 12). 

 To test different model specifications cox proportional hazards model with clustered-

robust standard errors for transplant center was fit as well as parametric models using 

Exponential, Weibull, and Log-log AFT distributions with results displayed in Table 13. The High 

PM2.5 group has an 11% p=0.005, 9% p=0.009, and 12% p<0.001 increased hazard of death or 

graft failure in the cox PH with cluster robust standard errors, exponential distribution, and 

Weibull distribution models respectively. The Loglogistic AFT model demonstrates a coefficient 
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(eb) of 0.80 p<0.001 representing a 20% decrease in the estimated median survival time for the 

High SVI group, consistent with the other tested models.  

 Results remain consistent when removing ZIP code per capita income from the model 

with HR 1.08 p=0.022 (Table 14). The strength of the association of elevated PM2.5 with 

mortality and graft failure increases when censoring is decreased to 3-year (HR 1.17 p <0.001) 

and 1-year follow-up (HR 1.27 p<0.001) (Table 15).  

Refitting the main cox PH model with gamma shared frailty respecifying annual PM2.5 

exposure in quartiles demonstrates a HR for death or graft failure of 0.99 p=0.671 comparing 

quartile 2 (7.2 – 8.6 µg/m3) to quartile 1 (£ 7.2 µg/m3), 1.06 p=0.080 comparing quartile 3 (8.6-

10.1 µg/m3) to quartile 1, and 1.07 p=0.041 comparing quartile 4 (>10.1 µg/m3) to quartile 1 

(see Table 16). Kaplan Meier survival curves for each quartile are displayed in Figure 13 with 

log-rank test p=0.001 demonstrating a statistically significant difference in the survival 

functions. When treating annual ZIP code PM2.5 exposure as a continuous variable, each 1 

µg/m3 increase in exposure is associated with a 1% increase in the hazard of death or graft 

failure, p=0.004 (Table 17). 

Discussion 

In this large registry analysis of lung transplant recipients, we examine the effect of ZIP 

code annual estimated PM2.5 exposure in the year of transplant on lung transplant outcomes. 

Annual PM2.5 levels above the EPA standard were associated with an 8% increase in the hazard 

of death or graft failure. The strength of association of air pollution exposure in the year of 

transplant with worse mortality and graft failure is higher when censoring at shorter follow-up. 

We expect the true effect of air pollution exposure on lung transplant outcomes may vary over 
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time as air pollution exposure changes. We intended this analysis to determine whether the 

exposure in the year of transplantations was enough to predict poor long-term outcomes. Our 

findings remain consistent when changing to alternative parametric survival models, including 

the loglogistic AFT model which is not subject to the proportional hazards assumption. This 

effect appears to be dose dependent as quartile analysis demonstrates stronger association for 

quartiles 3 and 4 respectively. This begs the question if dropping PM2.5 exposure below the 

current EPA standard of 12 µg/m3 may have additional benefit on lung transplant survival.  

Limitations 

This study uses panel data to test the association between high particulate matter air 

pollution exposure and graft failure and mortality after lung transplant. The use of registry data 

allows for complete capture of the population of lung transplant recipients in the United States 

with very little missingness in our variables of interest. A major limitation of the study is the 

potential for misclassification error. Patient residence is only specified at the ZIP code level in 

the UNOS registry. This is a less than ideal measure of neighborhood. The registry also does not 

capture if a patient relocates their residence during follow-up, so estimation of longitudinal 

exposure is not possible. Despite this weakness, establishing an association between air 

pollution exposure at baseline is of great clinical utility as it allows practitioners to flag an at-risk 

population at the time of transplant. Another limitation is that the UNOS registry does not 

capture information on chronic treatment of patients, so we are also unable to adjust for 

chronic immunosuppression or macrolide therapy. Prior studies have theorized that macrolide 

administration may attenuate the effect of air pollution exposure on lung transplant 

outcomes.66,67 The lack of macrolide use information would bias our results towards the null, so 
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the demonstration of an effect despite this omission is encouraging. We theorize that 

controlling for differences at the center level partially captures some of the variation in 

treatment. Lastly, the registry does not capture other intermediate negative outcomes after 

lung transplant like primary graft disfunction, acute rejection, or CLAD which also may be 

impacted by air pollution exposure. 

Conclusion 

We demonstrate that elevated PM2.5 exposure at the ZIP code of residence at the time 

of transplant is associated with increased hazard of death or graft failure in the first large, 

multicenter registry analysis of its kind in the US. Further research is needed to better 

understand the mechanism behind this association and determine whether it is modifiable at 

the individual and population levels.  
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Tables and Figures 

 
Figure 8: Patient flow chart 
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Figure 9: Average annual concentration of particulate matter with an aerodynamic diameter £2.5µm for Los Angeles County 
(Panel A) and after zonal statistics to produce estimates for each ZIP code tabulation area (Panel B) 
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Table 10: Baseline patient characteristics, comparing the groups above and below the EPA standard 

 ZIP Code PM2.5  

Characteristic 
PM2.5 Below EPA 

Standard 
< 12 µg/m3 

PM2.5 Above EPA 
Standard 
≥12 µg/m3 

2p 

Number, N (%) 16,475  (90%) 1,790  (10%)  

Age (years), mean (SD)  55.4 (13.2) 54.7 (12.7) 0.054 

Female, % 40% 42% 0.085 

Race Ethnicity, %   <.001 
White 85% 73%  

Black 8% 14%  

Hispanic/Latino 5% 11%  

Other 2% 2%  

BMI (kg/m2), mean (SD) 25.1 (4.6) 25.0 (4.6) 0.302 

Diagnosis, %   0.016 
Obstructive pulmonary disease 30% 31%  

Pulmonary vascular disease 3% 3%  

Cystic Fibrosis 12% 9%  

Restrictive Lung Disease 56% 57%  

LAS, %   0.147 
<35 25% 27%  

>35 - 45 37% 37%  

>45 - 55 16% 15%  

>55 22% 20%  

Insurance, %   <.001 
Private 51% 62%  

Medicaid 6% 8%  

Medicare 39% 27%  

Other Public 3% 2%  

Other 1% 1%  
1ZIP Code Per Capita Income ($), mean (SD) 33,535 (13,406) 34,485 (16,876) 0.021 
Mechanical Ventilation or ECMO at time of 
match, % 8% 6% 0.002 

Bilateral Transplant, % 68% 58% <.001 
12011 Income reported using  2019 CPI adjustment  
2p value based on chi-square or Welch’s t-test. 
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Figure 10: Kaplan-Meier survival within 10 years by PM2.5 exposure level. Shaded area represents confidence intervals 
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Table 11: Cox proportional hazards models for PM2.5, unadjusted and adjusted models 

      
 aUnadjusted bModel 1 bModel 2 bModel 3 

Predictors Hazard Ratio  
(95% CI) p Hazard Ratio  

(95% CI) p Hazard Ratio  
(95% CI) p Hazard Ratio  

(95% CI) p 

Model BIC 191851.2  191558.9  191565.3  191321.8  
PM2.5 Above EPA Standard  1.11 (1.05, 1.18) <.001 1.08 (1.01, 1.15) 0.018 1.09 (1.02, 1.16) 0.007 1.08 (1.01, 1.15) 0.022 
Recipient Age, per 10 years   1.07 (1.05, 1.09) <.001 1.06 (1.04, 1.08) <.001 1.03 (1.01, 1.05) 0.010 
Female Sex   0.94 (0.90, 0.98) 0.002 0.94 (0.90, 0.98) 0.001 0.94 (0.91, 0.98) 0.005 

Race          
   White   ref  ref  ref  
   Black   0.93 (0.87, 1.00) 0.049 0.92 (0.85, 0.99) 0.021 0.94 (0.87, 1.01) 0.098 
   Hispanic/Latino   0.92 (0.84, 1.00) 0.053 0.90 (0.82, 0.98) 0.017 0.87 (0.80, 0.95) 0.002 
   Other   0.92 (0.79, 1.07) 0.269 0.92 (0.80, 1.07) 0.285 0.89 (0.76, 1.03) 0.108 
BMI, per 5 kg/m2     1.01 (0.99, 1.03) 0.378 0.99 (0.97, 1.01) 0.425 
1Per Capita Income, per 
$10,000     1.00 (0.99, 1.02) 0.743 1.00 (0.98, 1.01) 0.624 

Insurance         
   Private     ref  ref  
   Medicaid     1.27 (1.17, 1.37) <.001 1.26 (1.16, 1.36) <.001 
   Medicare     1.12 (1.07, 1.17) <.001 1.11 (1.07, 1.16) <.001 
   Other Public     0.96 (0.85, 1.09) 0.558 0.95 (0.83, 1.08) 0.409 
   Other      0.97 (0.73, 1.30) 0.839 0.95 (0.71, 1.27) 0.742 

Diagnosis          
Obstructive Lung Disease       ref  
Pulmonary Vascular Disease       1.21 (1.07, 1.36) 0.002 
Cystic Fibrosis       1.04 (0.95, 1.14) 0.350 
Restrictive Lung Disease       1.11 (1.06, 1.16) <.001 

2Life Support       1.42 (1.32, 1.53) <.001 
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Bilateral Transplant       0.72 (0.69, 0.76) <.001 
12011 Income reported using  2019 CPI adjustment 
2Mechanical Ventilation or ECMO 
Model 1 – adjusted for age, sex, race 
Model 2 – adjusted for Model 1 covariates and BMI, Insurance, 12011 per capita Income reported using 2019 CPI adjustment 
Model 3 – adjusted for Model 2 covariates and diagnosis, 2Mechanical Ventilation or ECMO at time of match, Bilateral Transplant 
aCox proportional hazards model. 
bShared frailty Cox proportional hazards model. 
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Figure 11: Test of the proportional hazards assumption for PM2.5. Plot of Schoenfeld residuals versus time 

 

 
Figure 12: Test of the proportional hazards assumption for PM2.5. Plot of log( log(survival probability)) versus log(time) 
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Table 12: Test of proportional hazards assumption. Grambsch and Therneau test 

variable rho chi2 p 
PM2.5 Above EPA Standard  -0.03140   11.68 <.001 
Recipient Age, per 10 
years 

0.03008   10.60 0.001 

Female Sex 0.01880    3.67 0.055 
Race     
   White Ref Ref ref 
   Black -0.01379    2.06 0.151 
   Hispanic/Latino 0.00208    0.05 0.825 
   Other -0.00097    0.01 0.920 
BMI, per 5 kg/m2 0.01492    2.48 0.115 
Per Capita Income, per 
$10,000 

0.00724    0.61 0.436 

Insurance    
   Private Ref Ref Ref  
   Medicaid 0.02148    4.91 0.026 
   Medicare 0.00715    0.55 0.460 
   Other Public 0.00347    0.15 0.703 
   Other  0.00313    0.11 0.745 
Diagnosis     
Obstructive Lung Disease Ref Ref Ref 
Pulmonary Vascular 
Disease 

-0.02493    6.59 0.010 

Cystic Fibrosis 0.00363    0.13 0.716 
Restrictive Lung Disease -0.03484   12.97 <.001 
Life Support -0.04761   25.15 <.001 
Bilateral Transplant -0.04935   29.08 <.001 
Global Test 

 
158.65 <.001 
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Table 13: Alternate Survival Models for PM2.5 

      

 
aCox PH  

w/ Clustered SE 

bMixed Effects  
Parametric Survival  

Exponential 
Distribution 

bMixed Effects 
Parametric Survival 
Weibull Distribution 

cAFT  
Parametric Survival 

Log-Logistic 
Distribution 

Predictors Hazard Ratio  
(95% CI) p Hazard Ratio  

(95% CI) p Hazard Ratio  
(95% CI) p eβ  

(95% CI) p 
1Model BIC 191523.9  63388.9  62815.1  54349.1  
PM2.5 Above EPA 
Standard 1.11 (1.03, 1.19) 0.005 1.09 (1.02, 1.16) 0.009 1.12 (1.05, 1.20) <.001 0.80 (0.70, 0.90) <.001 

Recipient Age, per 10 
years 1.04 (1.01, 1.07) 0.020 1.03 (1.01, 1.05) 0.011 1.02 (1.00, 1.05) 0.036 0.97 (0.94, 1.01) 0.161 

Female Sex 0.94 (0.90, 0.99) 0.014 0.94 (0.90, 0.98) 0.004 0.94 (0.91, 0.98) 0.005 1.10 (1.03, 1.18) 0.004 

Race          
   White ref  ref  ref  ref  
   Black 0.97 (0.89, 1.06) 0.493 0.94 (0.87, 1.01) 0.099 0.94 (0.88, 1.01) 0.116 1.03 (0.93, 1.14) 0.618 
   Hispanic/Latino 0.93 (0.85, 1.02) 0.115 0.87 (0.79, 0.95) 0.001 0.87 (0.80, 0.95) 0.002 1.12 (0.99, 1.28) 0.072 
   Other 0.89 (0.76, 1.05) 0.170 0.88 (0.76, 1.02) 0.094 0.89 (0.77, 1.03) 0.124 1.14 (0.89, 1.46) 0.288 
BMI, per 5 kg/m2 0.99 (0.97, 1.02) 0.657 0.99 (0.97, 1.01) 0.387 0.99 (0.97, 1.01) 0.433 1.01 (0.97, 1.05) 0.548 
1Per Capita Income, per 
$10,000 0.99 (0.97, 1.01) 0.515 1.00 (0.98, 1.01) 0.649 1.00 (0.98, 1.01) 0.654 1.01 (0.99, 1.04) 0.314 

Insurance         
   Private ref  ref  ref  ref  
   Medicaid 1.27 (1.18, 1.37) <.001 1.25 (1.16, 1.36) <.001 1.23 (1.13, 1.33) <.001 0.77 (0.70, 0.84) <.001 
   Medicare 1.12 (1.07, 1.18) <.001 1.12 (1.07, 1.17) <.001 1.10 (1.05, 1.15) <.001 0.88 (0.82, 0.94) <.001 
   Other Public 0.91 (0.78, 1.07) 0.248 0.95 (0.83, 1.08) 0.417 0.95 (0.84, 1.08) 0.445 1.10 (0.92, 1.31) 0.293 
   Other  0.99 (0.73, 1.36) 0.964 0.96 (0.71, 1.28) 0.762 0.94 (0.71, 1.26) 0.688 1.01 (0.68, 1.50) 0.960 

Diagnosis          
Obstructive Lung 
Disease ref  ref  ref  ref  
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Pulmonary Vascular 
Disease 1.18 (1.02, 1.37) 0.026 1.22 (1.08, 1.37) 0.001 1.20 (1.06, 1.35) 0.003 0.75 (0.62, 0.91) 0.004 

Cystic Fibrosis 1.04 (0.94, 1.15) 0.467 1.05 (0.95, 1.15) 0.337 1.03 (0.94, 1.12) 0.585 0.99 (0.86, 1.14) 0.892 
Restrictive Lung 
Disease 1.10 (1.03, 1.17) 0.004 1.11 (1.06, 1.16) <.001 1.09 (1.04, 1.15) <.001 0.87 (0.79, 0.96) 0.003 

2Life Support 1.40 (1.22, 1.59) <.001 1.43 (1.34, 1.54) <.001 1.41 (1.31, 1.51) <.001 0.57 (0.46, 0.70) <.001 
Bilateral Transplant 0.72 (0.67, 0.78) <.001 0.72 (0.69, 0.75) <.001 0.73 (0.70, 0.76) <.001 1.47 (1.33, 1.62) <.001 
1Model BIC is not comparable between semi-parametric (e.g. Cox PH) and parametric models (e.g. mixed effects; log-logistic) 

2Mechanical Ventilation or ECMO 
aClustered-Robust Standard Errors (Huber-White sandwich estimator) for Center 
bRandom intercept for Center 
cParametric log-logistic Accelerated Failure Time model with gamma shared frailty and Clustered-Robust Standard Errors (Huber-White 
sandwich estimator) for Center  
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Table 14: Gamma shared frailty cox proportional hazards model excluding income 

   
Excluding Income Adjustment bModel 3 – Original 

Predictors Hazard Ratio  
(95% CI) p 

Model BIC 191312.2  
PM2.5 Above EPA Standard  1.08 (1.01, 1.15) 0.022 
Recipient Age, per 10 years 1.03 (1.01, 1.05) 0.011 
Female Sex 0.94 (0.91, 0.98) 0.005 

Race    
   White ref  
   Black 0.94 (0.88, 1.01) 0.108 
   Hispanic/Latino 0.87 (0.80, 0.95) 0.002 
   Other 0.88 (0.76, 1.03) 0.104 
BMI, per 5 kg/m2 0.99 (0.97, 1.01) 0.442 

Insurance   
   Private ref  
   Medicaid 1.26 (1.16, 1.36) <.001 
   Medicare 1.11 (1.07, 1.16) <.001 
   Other Public 0.95 (0.83, 1.08) 0.420 
   Other  0.95 (0.71, 1.27) 0.745 

Diagnosis    
Obstructive Lung Disease ref  
Pulmonary Vascular Disease 1.21 (1.07, 1.36) 0.002 
Cystic Fibrosis 1.04 (0.95, 1.14) 0.367 
Restrictive Lung Disease 1.11 (1.06, 1.16) <.001 

2Life Support 1.42 (1.32, 1.53) <.001 
Bilateral Transplant 0.72 (0.69, 0.76) <.001 
12011 Income reported using  2019 CPI adjustment 
2Mechanical Ventilation or ECMO 
Model 1 – adjusted for age, sex, race 
Model 2 – adjusted for Model 1 covariates and BMI, Insurance, 12011 per 
capita Income reported using 2019 CPI adjustment 
Model 3 – adjusted for Model 2 covariates and diagnosis, 2Mechanical 
Ventilation or ECMO at time of match, Bilateral Transplant 
aCox proportional hazards model. 
bShared frailty Cox proportional hazards model. 
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Table 15: Gamma shared frailty cox proportional hazards model with differential censoring 

      
Differential Censoring a1-Year Censoring a3-Year Censoring 

Predictors Hazard Ratio  
(95% CI) p Hazard Ratio  

(95% CI) p 

Model BIC 52499.9  111808.3  
PM2.5 Above EPA Standard  1.27 (1.12, 1.44) <.001 1.17 (1.07, 1.28) <.001 
Recipient Age, per 10 years 1.08 (1.03, 1.13) <.001 1.00 (0.97, 1.03) 0.980 
Female Sex 0.86 (0.79, 0.93) <.001 0.93 (0.88, 0.98) 0.005 

Race      
   White ref  ref  
   Black 0.96 (0.83, 1.11) 0.579 1.00 (0.91, 1.10) 0.937 
   Hispanic/Latino 0.89 (0.74, 1.05) 0.169 0.90 (0.80, 1.01) 0.067 
   Other 1.01 (0.77, 1.33) 0.936 0.87 (0.71, 1.06) 0.167 
BMI, per 5 kg/m2 0.98 (0.94, 1.03) 0.475 0.98 (0.95, 1.01) 0.153 
1Per Capita Income, per $10,000 0.98 (0.96, 1.01) 0.313 1.00 (0.98, 1.02) 0.808 

Insurance     
   Private ref  ref  
   Medicaid 0.95 (0.80, 1.12) 0.534 1.15 (1.04, 1.28) 0.009 
   Medicare 1.02 (0.94, 1.11) 0.683 1.09 (1.03, 1.16) 0.002 
   Other Public 0.89 (0.69, 1.15) 0.386 0.91 (0.77, 1.09) 0.317 
   Other  0.75 (0.41, 1.36) 0.338 1.01 (0.70, 1.45) 0.970 

Diagnosis      
Obstructive Lung Disease ref  ref  
Pulmonary Vascular Disease 1.55 (1.24, 1.93) <.001 1.34 (1.15, 1.57) <.001 
Cystic Fibrosis 0.99 (0.82, 1.20) 0.919 1.01 (0.90, 1.14) 0.865 
Restrictive Lung Disease 1.29 (1.17, 1.42) <.001 1.18 (1.11, 1.26) <.001 

2Life Support 2.10 (1.87, 2.37) <.001 1.59 (1.46, 1.74) <.001 
Bilateral Transplant 0.88 (0.81, 0.97) 0.006 0.79 (0.74, 0.84) <.001 
12011 Income reported using  2019 CPI adjustment 
2Mechanical Ventilation or ECMO 
Model 1 – adjusted for age, sex, race 
Model 2 – adjusted for Model 1 covariates and BMI, Insurance, 12011 per capita Income reported using 2019 CPI 
adjustment 
Model 3 – adjusted for Model 2 covariates and diagnosis, 2Mechanical Ventilation or ECMO at time of match, 
Bilateral Transplant 
aShared frailty Cox proportional hazards model. 
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Table 16: Gamma shared frailty cox proportional hazards model for PM2.5 quartiles analysis 

     
 aModel 3 

Predictors Hazard Ratio  
(95% CI) p 

Model BIC 191336.8  
PM2.5 – 1st Quartile  
(≤ 7.2 µg/m3) ref  

PM2.5 – 2nd Quartile  
(7.2-8.6 µg/m3) 0.99 (0.93, 1.05) 0.671 

PM2.5 – 3rd Quartile  
(8.6-10.1 µg/m3) 1.06 (0.99, 1.12) 0.080 

PM2.5 – 4th Quartile  
(> 10.1 µg/m3) 1.07 (1.00, 1.14) 0.041 

Recipient Age, per 10 years 1.03 (1.01, 1.05) 0.009 
Female Sex 0.94 (0.91, 0.98) 0.006 

Race    
   White ref  
   Black 0.93 (0.87, 1.01) 0.072 
   Hispanic/Latino 0.87 (0.79, 0.95) 0.001 
   Other 0.89 (0.76, 1.03) 0.107 
BMI, per 5 kg/m2 0.99 (0.97, 1.01) 0.417 
1Per Capita Income, per $10,000 1.00 (0.98, 1.01) 0.546 

Insurance   
   Private ref  
   Medicaid 1.26 (1.16, 1.36) <.001 
   Medicare 1.12 (1.07, 1.17) <.001 
   Other Public 0.95 (0.84, 1.08) 0.448 
   Other  0.95 (0.71, 1.27) 0.748 

Diagnosis    
Obstructive Lung Disease ref  
Pulmonary Vascular Disease 1.21 (1.07, 1.37) 0.001 
Cystic Fibrosis 1.05 (0.96, 1.15) 0.315 
Restrictive Lung Disease 1.11 (1.06, 1.16) <.001 

2Life Support 1.42 (1.32, 1.53) <.001 
Bilateral Transplant 0.72 (0.69, 0.76) <.001 
12011 Income reported using  2019 CPI adjustment 
2Mechanical Ventilation or ECMO 
Model 1 – adjusted for age, sex, race 
Model 2 – adjusted for Model 1 covariates and BMI, Insurance, 12011 per capita Income reported using 
2019 CPI adjustment 
Model 3 – adjusted for Model 2 covariates and diagnosis, 2Mechanical Ventilation or ECMO at time of 
match, Bilateral Transplant 
aShared frailty Cox proportional hazards model. 
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Figure 13: PM2.5 quartile forest plots. Forest plots of effect estimate for gamma shared frailty cox proportional hazards complete 
model (covariates included are age, sex, race/ethnicity, BMI, insurance, ZIP code per capita income, diagnosis, life support = use 
of mechanical ventilation or ECMO, and laterality. 

 
Figure 14: Kaplan-Meier survival within 10 years by PM2.5 quartile. 
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Table 17: Cox proportional hazards models for PM2.5 continuous analysis, unadjusted and adjusted models 

     
Continuous PM2.5 aUnadjusted bModel 3 

Predictors Hazard Ratio  
(95% CI) p Hazard Ratio  

(95% CI) p 

Model BIC 191843.9  191318.9  
PM2.5,  per 1 µg/m3 1.02 (1.01, 1.03) <.001 1.01 (1.00, 1.02) 0.004 
Recipient Age, per 10 years   1.03 (1.01, 1.05) 0.008 
Female Sex   0.94 (0.91, 0.98) 0.006 

Race      
   White   ref  
   Black   0.93 (0.87, 1.01) 0.068 
   Hispanic/Latino   0.87 (0.79, 0.95) 0.001 
   Other   0.88 (0.76, 1.03) 0.105 
BMI, per 5 kg/m2   0.99 (0.97, 1.01) 0.423 
1Per Capita Income, per $10,000   1.00 (0.98, 1.01) 0.552 

Insurance     
   Private   ref  
   Medicaid   1.26 (1.16, 1.36) <.001 
   Medicare   1.12 (1.07, 1.17) <.001 
   Other Public   0.95 (0.83, 1.08) 0.427 
   Other    0.95 (0.71, 1.27) 0.733 

Diagnosis      
Obstructive Lung Disease   ref  
Pulmonary Vascular Disease   1.21 (1.07, 1.37) 0.001 
Cystic Fibrosis   1.05 (0.96, 1.15) 0.325 
Restrictive Lung Disease   1.11 (1.06, 1.16) <.001 

2Life Support   1.42 (1.32, 1.53) <.001 
Bilateral Transplant   0.72 (0.69, 0.76) <.001 
12011 Income reported using  2019 CPI adjustment 
2Mechanical Ventilation or ECMO 
Model 3 – adjusted for Model 2 covariates and diagnosis, 2Mechanical Ventilation or ECMO at time of match, Bilateral 
Transplant 
aCox proportional hazards model. 
bShared frailty Cox proportional hazards model. 
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Chapter 6: Discussion and Future Work 

 In this set of analyses, we evaluate the association of neighborhood-level social and 

environmental factors with mortality and graft failure after lung transplantation. We sought to 

determine new factors on which to identify patients at higher risk of poor outcomes. 

Identification of these patients will aide further study of the mechanisms of their increased risk 

and potential modification of that risk.  

Neighborhood Social Disinvestment and Lung Transplant Outcomes 

 In our first analysis, we assess the association of ZIP code level SVI with lung transplant 

outcomes. This study practically applies the SVI, which is developed at the county and census 

tract levels, to the ZIP code level using a crosswalk procedure developed by the US Department 

of Housing and Urban Development. This is a useful process that will allow the SVI to be applied 

to more topics and in more clinical cohorts that tend to use the ZIP code as a simple proxy for 

patient geographical location.  

 To our knowledge, only one study has applied a multidimensional SES index to 

outcomes after lung transplant. This small study of 73 patients found no difference in survival 

between the high and low Distressed Community Index (DCI) groups.93  Given the low sample 

size, that study may have been underpowered to detect a difference in risk between their 

distressed and non-distressed groups. Additionally, the DCI only incorporates 7 ACS variables 

whereas the SVI incorporates 15 variables across more domains of socioeconomic status.33,39 

Our study also demonstrated the Household Composition & Disability Theme to be the 

component of the SVI that best correlated with adverse outcomes. The DCI does not 
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incorporate any of the variables that comprise the Household Composition & Disability Theme 

of the SVI.  

 After the discovery of SVI’s association with higher incidence and poor outcomes in 

COVID-19, it was applied to health policy in an attempt to mitigate that risk. The SVI was used 

by the Massachusetts Department of Public health to identify COVID-19 testing disparities and 

direct resources to communities with limited testing capacity. The SVI was also used by the 

CDC’s COVID-19 task force in vaccine allocation plans.94 The UCLA hospital system has made use 

of the SVI in its allocation schematic for the distribution of the Evusheld (tixagebimab 

cigavimab) monoclonal antibodies for prophylaxis against COVID-19 infection.  

We believe that with further study to validate and better understand the association 

between elevated SVI and lung transplant outcomes, it can be used by national organizations 

and individual transplant centers to identify groups at risk for bad outcomes and to allocate 

additional resources such as financial assistance for medications, mobile lab and radiography 

testing, home spirometry, or increased frequency of visits with the team via telehealth.  

PM2.5 Air Pollution Exposure and Lung Transplant Outcomes 

Our second analysis assessed the association of baseline annual PM2.5 exposure with 

mortality and graft failure in lung transplant. Elevated ambient PM2.5 exposure is known to have 

adverse health effects across multiple domains. This chapter adds to a growing body of 

literature associating air pollution exposure with poor outcomes in lung transplantation, and is 

the first study to do this in a large US-based cohort.66,67,90,91,95 We next sought to understand 

how PM2.5 exposure and neighborhood social disinvestment may interact with one another by 

including both measures with an interaction term into the same model. We fit a gamma shared 



 86 

frailty cox proportional hazards model and determine that the association between elevated 

PM2.5 exposure and death or graft failure is attenuated in the high SVI group. Considering the 

lower SVI and lower PM2.5 group as the reference, low PM2.5 + high SVI has a HR of 1.07, high 

PM2.5 + low SVI has HR 1.10 and high PM2.5 + high SVI has HR 0.98 in the adjusted analysis 

(see Table 18 and Figure 15). The underlying mechanism behind this attenuated effect is 

unclear and warrants further investigation.  

We believe lung transplant recipients represent a group that may be highly susceptible 

to the impacts of PM2.5 on pulmonary health, but this requires further research to prove 

mechanistically.96 Mitigation of the risk of PM2.5 exposure on lung transplant outcomes may be 

approached at the population level or at the individual level. Recognizing the serious 

deleterious effects on health, the EPA has been working to decrease ambient air pollution 

exposure across the US. The National Ambient Air Quality Standards (NAAQS), setting standards 

for 24-hr average and annual average particulate matter air pollution exposure, were first 

established in 1971 as a result of the 1970 Clean Air Act.97 In its first form, the NAAQS set the 

annual average standard for total suspended particles (TSP) at 75 µg/m3. With further research 

and improvements in detection strategies that allowed the differentiation of PM by size of 

particles, the first annual average goals for PM2.5 was set at 15 µg/m3 in 1997.98 The 24-hr 

average standard was decreased in 2006, and the annual standard was further decreased to 12 

µg/m3 after 2012.79 With the release of each subsequent standard, states are required to 

submit infrastructure plans demonstrating they have the capabilities necessary to implement 

the NAAQS. Any area not able to designate attainment of those standards must outline state 

implementation plans demonstrating how they will comply. The EPA estimates that based on 



 87 

the value associated with predicted reductions in excess mortality, incident health conditions, 

and improvement in social welfare effects, attaining the 2013 standards would be associated 

with a net benefit of between $1.1 and $26 billion by 2020.79 

Our data demonstrates that lung transplant recipients in the fourth quartile (>10.1 

µg/m3) have increased mortality and graft failure and those in the third quartile of PM2.5 

exposure (8.6 – 10.1 µg/m3) already demonstrate a trend towards worse outcomes. This may 

suggest that further health benefits may be achieved with even more stringent EPA standards 

and the public policies needed to attain them.  

Limitations and Methodological Considerations 

 These analyses make use of the UNOS lung transplant registry which boasts complete 

capture of the population of lung transplant recipients within the US with very little missingness 

and excellent generalizability. The main limitation of both studies is the use of ZIP code for 

localization. The residential ZIP code is used in everyday life and correspondence and is 

therefore well known by the general populace, making it easy to incorporate into study intake 

forms. Unfortunately, ZIP codes in essence are administrative units comprised of lists of postal 

addresses and do not represent a precise geographic area. For geographic analyses, the ZIP 

code tabulation area (ZCTA) is constructed using census blocks to create a spatial 

representation of the ZIP code. ZIP codes and ZCTAs are larger than ideal for such 

neighborhood analyses which fosters the potential for greater socioeconomic heterogeneity 

within a unit. This would attenuate the measurement of socioeconomic differences between 

units, such as those we are measuring with the SVI.99,100 In an ideal registry, patient residential 

addresses would be geocoded and recorded as longitude and latitude so that they can be 
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mapped to whatever geographical unit is needed for the intended analysis. Given the current 

construct of the UNOS registry, we are forced to accept the inherent weakness of the ZIP code 

localization as a trade-off for the benefit of the large population and high generalizability. 

   

Ongoing Study 

 These analyses offer hypothesis generating results that warrant further study. The effect 

of neighborhood disinvestment on lung transplant outcomes may be further validated using 

alternate indices as the variable of interest. Particularly, the use of the DCI and CNI which are 

produced at the ZIP code level may offer additional insights without the issue of crosswalk from 

the census tract to ZIP code level. It would also be interesting to assess whether the SVI or 

other indices have an effect on mortality for patients on the waitlist. Such an association may 

warrant the inclusion of a measure of neighborhood disinvestment into the allocation score 

prioritizing high risk patients on the waitlist. 

 Further work is needed to better understand the mechanism behind PM2.5 exposure’s 

effect on lung allografts. We are actively working on mechanistic studies using our UCLA lung 

transplant cohort to assess for an association between elevated serum and bronchoalveolar 

lavage fluid inflammatory biomarkers and ambient air pollution exposure at the patient’s 

residence.  

As noted previously, mitigation of the effects of PM2.5 exposure on lung transplant may 

happen at the population or individual level. Mitigation at the individual level has been 

investigated using high efficiency particulate air (HEPA) filters in patient residences. Studies 

assessing air purifier use among healthy patients have had mixed results, some demonstrating 
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decreases in serum biomarkers but no change in lung function,101 and others demonstrating an 

improvement in FEV1 with filter use.102 One randomized control trial comparing active and 

sham portable high efficiency air cleaner use in patients with moderate-to-severe COPD 

demonstrated reductions in the SGRQ symptom subscale, sputum scale, rates of moderate 

exacerbations, and rescue medication use.103 We believe HEPA filtration in the homes of lung 

transplant recipients has the potential for even more robust results given the healthy starting 

point of the patients after lung transplantation but high susceptibility of the lungs to 

inflammation and potential for the development of CLAD.66 

Conclusion 

The identification of neighborhood-level social and environmental factors that are 

associated with poor outcomes after lung transplantation represents a significant advance to 

the body of literature in lung transplantation. Identifying high SVI and air pollution exposure as 

risk factors for worse mortality will be of great benefit by identifying groups of lung transplant 

candidates that will be of high risk after their surgery. This will allow clinicians and scientists to 

explore what additional resources may be needed to inform policies and programs to mitigate 

these increased risks. It must be noted that these neighborhood-level risk factors are 

inextricably tied to the various social pressures and structural systems which push vulnerable 

groups into unfavorable living circumstances. As such, we must not apply these factors to the 

selection process which would be unjustly further disadvantaging an already marginalized 

group. These tools are better used to identify high risk populations after transplantation so that 

additional resources may be allocated to them. 
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Tables and Figures 

Table 18: Cox proportional hazards models for Interaction between PM2.5 and SVI 

 aUnadjusted bModel 3 

Predictors Hazard Ratio  
(95% CI) p Hazard Ratio  

(95% CI) p 

Model BIC 191864.4  191336.8  
PM 2.5 Above EPA Standard  1.14 (1.07, 1.21) <.001 1.10 (1.03, 1.18) 0.005 
High SVI (≥0.8) 1.09 (1.01, 1.18) 0.027 1.07 (0.98, 1.16) 0.136 
PM 2.5 –by– High SVI 0.82 (0.69, 0.99) 0.034 0.83 (0.69, 1.00) 0.047 
Recipient Age, per 10 years   1.03 (1.01, 1.05) 0.011 
Female Sex   0.94 (0.91, 0.98) 0.005 

Race      
   White   ref  
   Black   0.94 (0.87, 1.01) 0.083 
   Hispanic/Latino   0.87 (0.79, 0.95) 0.002 
   Other   0.88 (0.76, 1.03) 0.104 
BMI, per 5 kg/m2   0.99 (0.97, 1.01) 0.430 
1Per Capita Income, per $10,000   1.00 (0.98, 1.01) 0.757 

Insurance     
   Private   ref  
   Medicaid   1.25 (1.16, 1.36) <.001 
   Medicare   1.11 (1.07, 1.16) <.001 
   Other Public   0.95 (0.83, 1.08) 0.395 
   Other    0.95 (0.71, 1.27) 0.726 

Diagnosis      
Obstructive Lung Disease   ref  
Pulmonary Vascular Disease   1.21 (1.07, 1.36) 0.002 
Cystic Fibrosis   1.05 (0.95, 1.15) 0.336 
Restrictive Lung Disease   1.11 (1.06, 1.16) <.001 

2Life Support   1.42 (1.32, 1.53) <.001 
Bilateral Transplant   0.72 (0.69, 0.76) <.001 
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12011 Income reported using  2019 CPI adjustment 
2Mechanical Ventilation or ECMO 
Model 1 – adjusted for age, sex, race 
Model 2 – adjusted for Model 1 covariates and BMI, Insurance, 12011 per capita Income reported using 2019 
CPI adjustment 
Model 3 – adjusted for Model 2 covariates and diagnosis, 2Mechanical Ventilation or ECMO at time of match, 
Bilateral Transplant 
aCox proportional hazards model. 
bShared frailty Cox proportional hazards model. 
 
  

 
Figure 15: Predicted margins plot for interaction between PM2.5 and SVI 
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Appendices 

Appendix A – Glossary of Abbreviations 

Term  Definition 
ACS   American Community Survey 
ADI   Area Deprivation Index 
AFT   Accelerated failure time 
ATSDR   Agency for Toxic Substances and Disease Registry 
BALF  Bronchoalveolar lavage fluid 
BOS   Bronchiolitis obliterans syndrome 
CDC   Centers for Disease Control and Prevention 
CF   Cystic fibrosis 
CHD   Coronary heart disease 
CLAD   Chronic lung allograft dysfunction 
CMV   Cytomegalovirus 
CNI   Community Need Index 
CO   Carbon monoxide 
COPD   Chronic obstructive pulmonary disease 
DCI   Distressed Community Index 
DSA   Donation service area 
ECMO   Extracorporeal membrane oxygenation 
EPA   Environmental Protection Agency 
FEV1  Forced expiratory volume in 1 second 
FVC   Forced vital capacity 
HEPA   High efficiency particulate air 
HR   Hazard ratio 
HRSA   Health Resources and Services Administration 
HUD   US Office of Housing and Urban Development 
ILD   Interstitial lung disease 
IPAH   Idiopathic pulmonary arterial hypertension 
IPF  Idiopathic pulmonary fibrosis 
LAS   Lung allocation score 
NAAQS  National Ambient Air Quality Standards 
NOTA   National Organ Transplant Act 
O3   Ozone 
OPO  Organ procurement organization 
OPTN   Organ Procurement and Transplantation Network 
PH   Proportional hazards 
PM   Particulate matter 
PM10   PM air pollution with a diameter <10 µm 
PM2.5   PM air pollution with a diameter <2.5 µm 
SDI   Social Deprivation Index 
SEOPF   South-Eastern Organ Procurement Foundation 
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SES   Socioeconomic status 
SF-36   36-item short form survey 
SGRQ   Saint George Respiratory Questionnaire 
SO2   Sulfur dioxide 
STAR   Standard transplant analysis research 
SVI   Social Vulnerability Index 
UNOS   United Network for Organ Sharing 
ZCTA   ZIP code tabulation area 
  



 94 

References 

 
1. Christie JD, Edwards LB, Kucheryavaya AY, et al. The Registry of the International Society 

for Heart and Lung Transplantation: Twenty-eighth Adult Lung and Heart-Lung 
Transplant Report—2011. The Journal of Heart and Lung Transplantation. 
2011;30(10):1104-1122. 

2. Kotloff RM, Thabut G. Lung Transplantation. American Journal of Respiratory and Critical 
Care Medicine. 2011;184(2):159-171. 

3. Leard LE, Holm AM, Valapour M, et al. Consensus document for the selection of lung 
transplant candidates: An update from the International Society for Heart and Lung 
Transplantation. The Journal of Heart and Lung Transplantation. 2021;40(11):1349-
1379. 

4. Maurer JR, Frost AE, Estenne M, Higenbottam T, Glanville AR. INTERNATIONAL 
GUIDELINES FOR THE SELECTION OF LUNG TRANSPLANT CANDIDATES. Transplantation. 
1998;66(7). 

5. Orens JB, Estenne M, Arcasoy S, et al. International Guidelines for the Selection of Lung 
Transplant Candidates: 2006 Update&#x2014;A Consensus Report From the Pulmonary 
Scientific Council of the International Society for Heart and Lung Transplantation. The 
Journal of Heart and Lung Transplantation. 2006;25(7):745-755. 

6. Hardy JD, Webb WR, Dalton ML, Walker GR. Lung homotransplantation in man: report 
of the initial case. Jama. 1963;186(12):1065-1074. 

7. Reitz BA, Wallwork JL, Hunt SA, et al. Heart-lung transplantation: successful therapy for 
patients with pulmonary vascular disease. New England Journal of Medicine. 
1982;306(10):557-564. 

8. Group* TLT. Unilateral lung transplantation for pulmonary fibrosis. New England Journal 
of Medicine. 1986;314(18):1140-1145. 

9. Arcasoy SM, Kotloff RM. Lung transplantation. New England Journal of Medicine. 
1999;340(14):1081-1091. 

10. Hayanga JA, D’Cunha J. The surgical technique of bilateral sequential lung 
transplantation. Journal of thoracic disease. 2014;6(8):1063. 

11. Chambers DC, Cherikh WS, Goldfarb SB, et al. The International Thoracic Organ 
Transplant Registry of the International Society for Heart and Lung Transplantation: 
thirty-fifth adult lung and heart-lung transplant report—2018; focus theme: multiorgan 
transplantation. The Journal of Heart and Lung Transplantation. 2018;37(10):1169-1183. 

12. Valapour M, Lehr C, Skeans M, et al. OPTN/SRTR 2018 annual data report: lung. 
American Journal of Transplantation. 2020;20:427-508. 

13. Mooney JJ, Weill D, Boyd JH, Nicolls MR, Bhattacharya J, Dhillon GS. Effect of transplant 
center volume on cost and readmissions in Medicare lung transplant recipients. Annals 
of the American Thoracic Society. 2016;13(7):1034-1041. 

14. Ramsey SD, Larson EB, Patrick DL, Albert RK, Raghu G, Wood DE. The cost-effectiveness 
of lung transplantation: a pilot study. Chest. 1995;108(6):1594-1601. 



 95 

15. Gartner SH, Sevick M, Keenan R, Chen G. Cost-utility of lung transplantation: a pilot 
study. The Journal of heart and lung transplantation: the official publication of the 
International Society for Heart Transplantation. 1997;16(11):1129-1134. 

16. Schnitzler M, Skeans M, Axelrod D, et al. OPTN/SRTR 2016 annual data report: 
economics. American Journal of Transplantation. 2018;18:464-503. 

17. Gross CR, Savik K, Bolman RM, Hertz MI. Long-term Health Status and Quality of Life 
Outcomes of Lung Transplant Recipients. Chest. 1995;108(6):1587-1593. 

18. Smeritschnig B, Jaksch P, Kocher A, et al. Quality of life after lung transplantation: A 
cross-sectional study. The Journal of Heart and Lung Transplantation. 2005;24(4):474-
480. 

19. Finlen Copeland CA, Vock DM, Pieper K, Mark DB, Palmer SM. Impact of Lung 
Transplantation on Recipient Quality of Life: A Serial, Prospective, Multicenter Analysis 
Through the First Posttransplant Year. Chest. 2013;143(3):744-750. 

20. Cicutto L, Braidy C, Moloney S, Hutcheon M, Holness DL, Downey GP. Factors affecting 
attainment of paid employment after lung transplantation. The Journal of heart and 
lung transplantation. 2004;23(4):481-486. 

21. Paris W, Diercks M, Bright J, et al. Return to work after lung transplantation. The Journal 
of heart and lung transplantation: the official publication of the International Society for 
Heart Transplantation. 1998;17(4):430-436. 

22. Amubieya O, Ramsey A, DerHovanessian A, et al. Chronic Lung Allograft Dysfunction: 
Evolving Concepts and Therapies. Semin Respir Crit Care Med. 2021;42(3):392-410. 

23. Verleden GM, Glanville AR, Lease ED, et al. Chronic lung allograft dysfunction: 
Definition, diagnostic criteria, and approaches to treatment―A consensus report from 
the Pulmonary Council of the ISHLT. The Journal of Heart and Lung Transplantation. 
2019;38(5):493-503. 

24. Chambers DC, Cherikh WS, Harhay MO, et al. The International Thoracic Organ 
Transplant Registry of the International Society for Heart and Lung Transplantation: 
Thirty-sixth adult lung and heart-lung transplantation Report-2019; Focus theme: Donor 
and recipient size match. J Heart Lung Transplant. 2019;38(10):1042-1055. 

25. Yusen RD, Edwards LB, Kucheryavaya AY, et al. The Registry of the International Society 
for Heart and Lung Transplantation: thirty-second official adult lung and heart-lung 
transplantation report—2015; focus theme: early graft failure. The Journal of Heart and 
Lung Transplantation. 2015;34(10):1264-1277. 

26. Weill D, Benden C, Corris PA, et al. A consensus document for the selection of lung 
transplant candidates: 2014--an update from the Pulmonary Transplantation Council of 
the International Society for Heart and Lung Transplantation. J Heart Lung Transplant. 
2015;34(1):1-15. 

27. Allen JG, Arnaoutakis GJ, Orens JB, et al. Insurance status is an independent predictor of 
long-term survival after lung transplantation in the United States. The Journal of heart 
and lung transplantation. 2011;30(1):45-53. 

28. Singh TP, Givertz MM, Semigran M, DeNofrio D, Costantino F, Gauvreau K. 
Socioeconomic position, ethnicity, and outcomes in heart transplant recipients. The 
American journal of cardiology. 2010;105(7):1024-1029. 



 96 

29. Rudasill SE, Iyengar A, Kwon OJ, Sanaiha Y, Dobaria V, Benharash P. Recipient working 
status is independently associated with outcomes in heart and lung transplantation. 
Clinical transplantation. 2019;33(2):e13462. 

30. Liu V, Weill D, Bhattacharya J. Racial Disparities in Survival After Lung Transplantation. 
Archives of Surgery. 2011;146(3):286-293. 

31. Niazi SK, Vargas E, Spaulding A, et al. Nationwide Study of County Health Rankings and 
Lung Transplant Outcomes. The Journal of Heart and Lung Transplantation. 
2020;39(4):S365. 

32. Stephenson AL, Ramos KJ, Sykes J, et al. Bridging the survival gap in cystic fibrosis: An 
investigation of lung transplant outcomes in Canada and the United States. The Journal 
of Heart and Lung Transplantation. 2021;40(3):201-209. 

33. Flanagan BE, Hallisey EJ, Adams E, Lavery A. Measuring community vulnerability to 
natural and anthropogenic hazards: the Centers for Disease Control and Prevention’s 
Social Vulnerability Index. Journal of environmental health. 2018;80(10):34. 

34. Singh GK. Area Deprivation and Widening Inequalities in US Mortality, 1969–1998. 
American Journal of Public Health. 2003;93(7):1137-1143. 

35. Kind AJ, Buckingham WR. Making neighborhood-disadvantage metrics accessible—the 
neighborhood atlas. The New England journal of medicine. 2018;378(26):2456. 

36. Butler DC, Petterson S, Phillips RL, Bazemore AW. Measures of social deprivation that 
predict health care access and need within a rational area of primary care service 
delivery. Health Serv Res. 2013;48(2 Pt 1):539-559. 

37. Roth R, Barsi E. The" Community Need Index". Health Progress. 2005;86(4):32. 
38. Charles EJ, Mehaffey JH, Hawkins RB, et al. Socioeconomic distressed communities index 

predicts risk-adjusted mortality after cardiac surgery. The Annals of thoracic surgery. 
2019;107(6):1706-1712. 

39. Benzow A, Fikri K, Newman D, O’Dell K, Lettieri J. Distressed Communities Index. 
Economic Innovation Group; October 2020 2020. 

40. Hyer JM, Tsilimigras DI, Diaz A, et al. High Social Vulnerability and “Textbook Outcomes” 
after Cancer Operation. Journal of the American College of Surgeons. 2021;232(4):351-
359. 

41. Khan SU, Javed Z, Lone AN, et al. Social vulnerability and premature cardiovascular 
mortality among US counties, 2014 to 2018. Circulation. 2021;144(16):1272-1279. 

42. Khazanchi R, Beiter ER, Gondi S, Beckman AL, Bilinski A, Ganguli I. County-level 
association of social vulnerability with COVID-19 cases and deaths in the USA. Journal of 
general internal medicine. 2020;35(9):2784-2787. 

43. Carmichael H, Moore A, Steward L, Velopulos CG. Disparities in Emergency Versus 
Elective Surgery: Comparing Measures of Neighborhood Social Vulnerability. Journal of 
Surgical Research. 2020;256:397-403. 

44. Mehaffey JH, Hawkins RB, Charles EJ, et al. Socioeconomic “Distressed Communities 
Index” improves surgical risk-adjustment. Annals of Surgery. 2020;271(3):470-474. 

45. Huang D-D, Shehada MZ, Chapple KM, et al. Community Need Index (CNI): a simple tool 
to predict emergency department utilization after hospital discharge from the trauma 
service. Trauma Surgery & Acute Care Open. 2019;4(1):e000239. 



 97 

46. Adie Y, Kats DJ, Tlimat A, et al. Neighborhood Disadvantage and Lung Cancer Incidence 
in Ever-Smokers at a Safety Net Health-Care System: A Retrospective Study. Chest. 
2020;157(4):1021-1029. 

47. Lawrence KG, Werder EJ, Sandler DP. Association of neighborhood deprivation with 
pulmonary function measures among participants in the Gulf Long-Term Follow-up 
Study. Environmental Research. 2021;202:111704. 

48. Jones KK, Anderko L, Davies-Cole J. Neighborhood environment and asthma 
exacerbation in Washington, DC. Annual Review of Nursing Research. 2020;38(1):53-72. 

49. Goobie GC, Ryerson CJ, Johannson KA, et al. Neighborhood-Level Disadvantage Impacts 
on Patients with Fibrotic Interstitial Lung Disease. American Journal of Respiratory and 
Critical Care Medicine. 2021;205(4):459-467. 

50. Nardone A, Casey JA, Morello-Frosch R, Mujahid M, Balmes JR, Thakur N. Associations 
between historical residential redlining and current age-adjusted rates of emergency 
department visits due to asthma across eight cities in California: an ecological study. The 
Lancet Planetary Health. 2020;4(1):e24-e31. 

51. Bailey ZD, Feldman JM, Bassett MT. How structural racism works—racist policies as a 
root cause of US racial health inequities. In. Vol 384: Mass Medical Soc; 2021:768-773. 

52. Ahmed AT, Mohammed SA, Williams DR. Racial discrimination & health: Pathways & 
evidence. Indian Journal of Medical Research. 2007;126(4):318. 

53. Anderson JO, Thundiyil JG, Stolbach A. Clearing the air: a review of the effects of 
particulate matter air pollution on human health. Journal of medical toxicology. 
2012;8(2):166-175. 

54. Brook RD, Rajagopalan S, Pope III CA, et al. Particulate matter air pollution and 
cardiovascular disease: an update to the scientific statement from the American Heart 
Association. Circulation. 2010;121(21):2331-2378. 

55. Lim SS, Vos T, Flaxman AD, et al. A comparative risk assessment of burden of disease 
and injury attributable to 67 risk factors and risk factor clusters in 21 regions, 1990–
2010: a systematic analysis for the Global Burden of Disease Study 2010. The lancet. 
2012;380(9859):2224-2260. 

56. Franklin M, Zeka A, Schwartz J. Association between PM 2.5 and all-cause and specific-
cause mortality in 27 US communities. Journal of exposure science & environmental 
epidemiology. 2007;17(3):279-287. 

57. Chi Gloria C, Hajat A, Bird Chloe E, et al. Individual and Neighborhood Socioeconomic 
Status and the Association between Air Pollution and Cardiovascular Disease. 
Environmental Health Perspectives. 2016;124(12):1840-1847. 

58. Atkinson R, Kang S, Anderson H, Mills I, Walton H. Epidemiological time series studies of 
PM2. 5 and daily mortality and hospital admissions: a systematic review and meta-
analysis. Thorax. 2014;69(7):660-665. 

59. Gan WQ, Koehoorn M, Davies HW, Demers PA, Tamburic L, Brauer M. Long-term 
exposure to traffic-related air pollution and the risk of coronary heart disease 
hospitalization and mortality. Environmental health perspectives. 2011;119(4):501-507. 

60. Lin H, Guo Y, Di Q, et al. Ambient PM2. 5 and stroke: effect modifiers and population 
attributable risk in six low-and middle-income countries. Stroke. 2017;48(5):1191-1197. 



 98 

61. Young MT, Sandler DP, DeRoo LA, Vedal S, Kaufman JD, London SJ. Ambient air pollution 
exposure and incident adult asthma in a nationwide cohort of US women. American 
journal of respiratory and critical care medicine. 2014;190(8):914-921. 

62. Bozack A, Pierre S, DeFelice N, et al. Long-Term Air Pollution Exposure and COVID-19 
Mortality: A Patient-Level Analysis from New York City. American Journal of Respiratory 
and Critical Care Medicine. 2021;205(6):651-662. 

63. Li R, Kou X, Xie L, Cheng F, Geng H. Effects of ambient PM 2.5 on pathological injury, 
inflammation, oxidative stress, metabolic enzyme activity, and expression of c-fos and c-
jun in lungs of rats. Environmental Science and Pollution Research. 2015;22(24):20167-
20176. 

64. Riva D, Magalhães C, Lopes AA, et al. Low dose of fine particulate matter (PM2. 5) can 
induce acute oxidative stress, inflammation and pulmonary impairment in healthy mice. 
Inhalation toxicology. 2011;23(5):257-267. 

65. Liu C-W, Lee T-L, Chen Y-C, et al. PM 2.5-induced oxidative stress increases intercellular 
adhesion molecule-1 expression in lung epithelial cells through the IL-6/AKT/STAT3/NF-
κB-dependent pathway. Particle and fibre toxicology. 2018;15(1):1-16. 

66. Ruttens D, Verleden SE, Bijnens EM, et al. An association of particulate air pollution and 
traffic exposure with mortality after lung transplantation in Europe. Eur Respir J. 
2017;49(1). 

67. Benmerad M, Slama R, Botturi K, et al. Chronic effects of air pollution on lung function 
after lung transplantation in the Systems prediction of Chronic Lung Allograft 
Dysfunction (SysCLAD) study. European Respiratory Journal. 2017;49(1). 

68. Kingah PL, Muma G, Soubani A. Azithromycin improves lung function in patients with 
post-lung transplant bronchiolitis obliterans syndrome: a meta-analysis. Clin Transplant. 
2014;28(8):906-910. 

69. Corris PA, Ryan VA, Small T, et al. A randomised controlled trial of azithromycin therapy 
in bronchiolitis obliterans syndrome (BOS) post lung transplantation. Thorax. 
2015;70(5):442-450. 

70. Gan CT, Ward C, Meachery G, Lordan JL, Fisher AJ, Corris PA. Long-term effect of 
azithromycin in bronchiolitis obliterans syndrome. BMJ Open Respir Res. 
2019;6(1):e000465. 

71. Liu V, Zamora MR, Dhillon GS, Weill D. Increasing lung allocation scores predict 
worsened survival among lung transplant recipients. American Journal of 
Transplantation. 2010;10(4):915-920. 

72. Ranganath NK, Malas J, Chen S, et al. High lung transplant center volume is associated 
with increased survival in hospitalized patients. The Annals of Thoracic Surgery. 
2021;111(5):1652-1658. 

73. Jawitz OK, Raman V, Bryner BS, Klapper J, Hartwig MG. Center volume and primary graft 
dysfunction in patients undergoing lung transplantation in the United States – a cohort 
study. Transplant International. 2021;34(1):194-203. 

74. Thabut G, Christie JD, Kremers WK, Fournier M, Halpern SD. Survival differences 
following lung transplantation among US transplant centers. Jama. 2010;304(1):53-60. 



 99 

75. Weiss ES, Allen JG, Meguid RA, et al. The impact of center volume on survival in lung 
transplantation: an analysis of more than 10,000 cases. The Annals of thoracic surgery. 
2009;88(4):1062-1070. 

76. Gross JA. E. Pluribus UNOS: The National Organ Transplant Act and Its Postoperative 
Complications. Yale J Health Pol'y L & Ethics. 2008;8:145. 

77. Egan TM, Murray S, Bustami RT, et al. Development of the New Lung Allocation System 
in the United States. American Journal of Transplantation. 2006;6(5p2):1212-1227. 

78. Egan TM, Edwards LB. Effect of the lung allocation score on lung transplantation in the 
United States. The Journal of Heart and Lung Transplantation. 2016;35(4):433-439. 

79. Esworthy R. Air quality: EPA's 2013 changes to the particulate matter (PM) standard. 
2013. 

80. Yusen RD, Edwards LB, Kucheryavaya AY, et al. The registry of the International Society 
for Heart and Lung Transplantation: thirty-first adult lung and heart–lung transplant 
report—2014; focus theme: retransplantation. The Journal of Heart and Lung 
Transplantation. 2014;33(10):1009-1024. 

81. Chambers DC, Yusen RD, Cherikh WS, et al. The registry of the International Society for 
Heart and Lung Transplantation: thirty-fourth adult lung and heart-lung transplantation 
report—2017; focus theme: allograft ischemic time. The Journal of Heart and Lung 
Transplantation. 2017;36(10):1047-1059. 

82. Banga A, Mohanka M, Mullins J, et al. Association of pretransplant kidney function with 
outcomes after lung transplantation. Clinical Transplantation. 2017;31(5):e12932. 

83. Singer J, Blanc P, Hoopes C, et al. The impact of pretransplant mechanical ventilation on 
short-and long-term survival after lung transplantation. American Journal of 
Transplantation. 2011;11(10):2197-2204. 

84. Mason DP, Thuita L, Nowicki ER, Murthy SC, Pettersson GB, Blackstone EH. Should lung 
transplantation be performed for patients on mechanical respiratory support? The US 
experience. The Journal of thoracic and cardiovascular surgery. 2010;139(3):765-773. 
e761. 

85. Chambers DC, Zuckermann A, Cherikh WS, et al. The International Thoracic Organ 
Transplant Registry of the International Society for Heart and Lung Transplantation: 37th 
adult lung transplantation report—2020; focus on deceased donor characteristics. The 
Journal of Heart and Lung Transplantation. 2020;39(10):1016-1027. 

86. CDC/ATSDR Social Vulnerability Index 2010 Database US. Centers for Disease Control 
and Prevention/ Agency for Toxic Substances and Disease Registry/ Geospatial Research, 
Analysis, and Services Program.  Accessed Aug 09, 2021. 

87. Wilson R, Din A. Understanding and enhancing the US Department of housing and urban 
development's ZIP code crosswalk files. Cityscape. 2018;20(2):277-294. 

88. Austin PC. A Tutorial on Multilevel Survival Analysis: Methods, Models and Applications. 
International Statistical Review. 2017;85(2):185-203. 

89. Klein JP. Semiparametric estimation of random effects using the Cox model based on 
the EM algorithm. Biometrics. 1992:795-806. 

90. Nawrot TS, Vos R, Jacobs L, et al. The impact of traffic air pollution on bronchiolitis 
obliterans syndrome and mortality after lung transplantation. Thorax. 2011;66(9):748-
754. 



 100 

91. Bhinder S, Chen H, Sato M, et al. Air pollution and the development of posttransplant 
chronic lung allograft dysfunction. American Journal of Transplantation. 
2014;14(12):2749-2757. 

92. Meng J, Li C, Martin RV, van Donkelaar A, Hystad P, Brauer M. Estimated long-term 
(1981–2016) concentrations of ambient fine particulate matter across North America 
from chemical transport modeling, satellite remote sensing, and ground-based 
measurements. Environmental science & technology. 2019;53(9):5071-5079. 

93. Ferrell B, Tharakan J, Nguyen D, et al. Utilization of Distressed Communities Index to 
Examine the Impact of Socioeconomic Status on Lung Transplant Outcomes. The Journal 
of Heart and Lung Transplantation. 2022;41(4):S145. 

94. Dasgupta S, Bowen VB, Leidner A, et al. Association between social vulnerability and a 
county’s risk for becoming a COVID-19 hotspot—United States, June 1–July 25, 2020. 
Morbidity and Mortality Weekly Report. 2020;69(42):1535. 

95. Kaufman JD, Raghu G. Should we be concerned about air quality as a contributor to poor 
outcomes in lung transplant recipients? In. Vol 49: Eur Respiratory Soc; 2017. 

96. Hooper LG, Kaufman JD. Ambient Air Pollution and Clinical Implications for Susceptible 
Populations. Annals of the American Thoracic Society. 2018;15(Supplement_2):S64-S68. 

97. Cao J, Chow JC, Lee FSC, Watson JG. Evolution of PM2.5 Measurements and Standards in 
the U.S. and Future Perspectives for China. Aerosol and Air Quality Research. 
2013;13(4):1197-1211. 

98. Esworthy R, McCarthy JE. The National Ambient Air Quality Standards (NAAQS) for 
Particulate Matter (PM): EPA's 2006 Revisions and Associated Issues. 2013. 

99. Krieger N, Waterman P, Chen JT, Soobader M-J, Subramanian SV, Carson R. Zip code 
caveat: bias due to spatiotemporal mismatches between zip codes and us census–
defined geographic areas—the public health disparities geocoding project. American 
journal of public health. 2002;92(7):1100-1102. 

100. Grubesic TH, Matisziw TC. On the use of ZIP codes and ZIP code tabulation areas (ZCTAs) 
for the spatial analysis of epidemiological data. International journal of health 
geographics. 2006;5(1):1-15. 

101. Chen R, Zhao A, Chen H, et al. Cardiopulmonary benefits of reducing indoor particles of 
outdoor origin: a randomized, double-blind crossover trial of air purifiers. Journal of the 
American College of Cardiology. 2015;65(21):2279-2287. 

102. Weichenthal S, Mallach G, Kulka R, et al. A randomized double-blind crossover study of 
indoor air filtration and acute changes in cardiorespiratory health in a First Nations 
community. Indoor air. 2013;23(3):175-184. 

103. Hansel NN, Putcha N, Woo H, et al. Randomized Clinical Trial of Air Cleaners to Improve 
Indoor Air Quality and Chronic Obstructive Pulmonary Disease Health: Results of the 
CLEAN AIR Study. Am J Respir Crit Care Med. 2022;205(4):421-430. 

 




