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Abstract

Background—Emerging evidence indicates that the near-roadway air pollution (NRAP) mixture
contributes to CHD, yet few studies have evaluated the associated costs.

Objective—We integrated an assessment of NRAP-attributable CHD in Southern California with
new methods to value the associated mortality and hospitalizations.

Methods—Based on population-weighted residential exposure to NRAP (traffic density,
proximity to a major roadway and elemental carbon), we estimated the inflation-adjusted value of
NRAP-attributable mortality and costs of hospitalizations that occurred in 2008. We also estimated
anticipated costs in 2035 based on projected changes in population and in NRAP exposure
associated with California’s plans to reduce greenhouse gas emissions. For comparison, we
estimated the value of CHD mortality attributable to PM less than 2.5 um in diameter (PM> 5) in
both 2008 and 2035.

Results—The value of CHD mortality attributable to NRAP in 2008 was between $3.8 and $11.5
billion, 23% (major roadway proximity) to 68% (traffic density) of the $16.8 billion attributable to
regulated regional PM, 5. NRAP-attributable costs were projected to increase to $10.6 to $22
billion in 2035, depending on the NRAP metric. Cost of NRAP-attributable hospitalizations for
CHD in 2008 was $48.6 million and was projected to increase to $51.4 million in 2035.
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Conclusions—We developed an economic framework that can be used to estimate the benefits
of regulations to improve air quality. CHD attributable to NRAP has a large economic impact that
is expected to increase by 2035, largely due to an aging population. PM 5 -attributable costs may
underestimate total value of air pollution-attributable CHD.
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Introduction

Coronary heart disease (CHD) caused around one in six deaths in the United States in 2010.1
In the same year direct medical costs of CHD were $35.7 billion and are projected to almost
triple, to $106.4 billion by 2030.2 Thus, policies that reduce the burden of CHD have
potentially large economic benefits.

Globally, ambient particulate matter less than 2.5 pm in aerodynamic diameter (PM5 5) is the
second leading environmental contribution to the global burden of disease, accounting for
3.1 million deaths in 2010.3 In 2012 there were an estimated 1.2 million deaths from
coronary heart disease attributable to PM, 5.4 Emerging evidence indicates that the mixture
of near roadway air pollution (NRAP) also causes CHD.56:7:8 However, there have been few
studies examining the population burden and cost of NRAP.
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We recently estimated the number of cases of NRAP- and PM, 5 -attributable CHD mortality
and NRAP-attributable hospitalizations in California’s South Coast Air Basin for 2008 and
the burden of CHD expected in 2035 in an aging population.? The year 2035 was used to
demonstrate the potential effects of the Southern California Regional Transportation Plan
which is likely to increase the number of people living near busy roads. The transportation
plan is in response to landmark Californian legislation (Senate Bill 375) to reduce
greenhouse gas emissions in the state. Because a third of greenhouse gases are from cars and
trucks, the plan aims to reduce vehicle miles traveled through compact urban development
and high density housing along public transportation corridors.1% These corridors often have
heavy vehicular traffic.1 We showed that the usual approach to estimating air pollution-
attributable CHD burden of disease based on population exposure to PM> 5, which ignores
the contribution of NRAP, may substantially underestimate the total burden of pollution-
attributable CHD. Knowing the total costs of pollution-attributable CHD is essential to
evaluating alternative strategies to reduce greenhouse gases.

The U.S. Environmental Protection Agency (EPA) developed an approach to valuing
cardiovascular costs of PMs 5 in the U.S.11 Value of mortality was based on the value of a
statistical life (VSL). The EPA used the cost-of-illness (COIl) associated with a myocardial
infarction to calculate costs from a CHD hospitalization. The EPA’s COI includes direct
costs, primarily the cost of hospitalization, plus indirect costs, measured as lost earnings
over a five-year period subsequent to the acute illness.

We expanded on the EPA’s approach by assigning costs to a more complete estimate of the
CHD burden attributable to air pollution, one that includes the effects of both PM, 5 and
NRAP. We estimated this burden for California’s South Coast Air Basin (SOCAB) in 2008
and 2035. We applied an improved framework for estimating the costs of hospitalization,
which reflects recent advances in medical technology for non-fatal myocardial infarction
that have increased the role of medical management and decreased use of expensive
coronary artery bypass grafts. We defined the indirect cost to the individual as lost income
above what is covered by short-term disability insurance. We accounted for recent
reductions in the median duration of lost work after CHD hospitalization. Finally, we
estimated opportunity costs associated with the value of time that could have been spent on
activities if not for the CHD.

We used previous estimates of the number of CHD deaths and hospitalizations attributable to
NRAP in the SOCAB,? as described below and in the Online Supplement. SOCAB includes
the densely populated southern part of Los Angeles County, western urbanized portions of
Riverside and San Bernardino counties and all of Orange County. This region has heavy
vehicular traffic corridors and has among the highest concentrations of PM, 5 in the U.S. We
adjusted all cost estimates from primary and secondary sources to 2014 U.S. dollars using
the consumer price index.12
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Air pollution-attributable CHD burden

Detailed methods used to estimate the population-weighted exposure, the pollution-
attributable fraction and number of CHD hospitalizations and deaths in 2008 have been
described previously.? Those estimates were projected for 2035 under a compact
development scenario from the Southern California Regional Transportation Plan.? In
summary, mortality and hospitalizations attributable to NRAP in SOCAB were estimated for
an at-risk population of 3.32 million individuals aged 45 years and older in 2008 (35% of the
total population of 15.5 million in SOCAB in 2008), and for the projected 8.0 million
individuals aged 45 and older (43% of the total population of 18.5 million) in 2035. In order
to distinguish the effect of the aging population on the 2035 attributable estimate from the
effect of air pollution, we also estimated the hypothetical attributable burden of CHD in a
2035 population with the same age structure as in 2008.

We chose concentration-response functions appropriate for the study population.® (See Table
S1in Online Supplement). We estimated mortality attributable to NRAP and PM 5 in each
county in SOCAB and SoCAB overall in 2008 and 2035. We used three measures of NRAP:
parcel proximity to a major roadway (a dichotomous indicator of whether the center of each
residential plot is within 150 m of a freeway or expressway or within 50 m of a major
arterial), elemental carbon (a continuous measure which is a marker in southern California
for diesel exhaust particulate exposure),!3 and traffic density within 300 m of each SoOCAB
parcel (a continuous measure defined as the distance-decayed annual average daily volume
of traffic surrounding each plot). NRAP-attributable hospitalization concentration-response
functions for CHD were available for elemental carbon (EC) only.

We used the population-weighted prevalence of near-roadway proximity and mean traffic
density, and the mean EC and PM, 5 concentration exceeding background levels of 0.12 and
5.6 pg/m3, respectively. We estimated NRAP-related elemental carbon (EC) using a line
source dispersion model and assigned a regional component of EC in a 4x4 km grid. Traffic
density was adjusted downward in 2035 for anticipated reductions in fleet-average PM, g
emissions. Annual average PM> 5 mass concentrations in each 4x4 km grid were assigned to
all parcels in the grid in 2008 and in projected plots in 2035, accounting for anticipated
changes in fleet emissions and vehicular mix.

CHD-mortality was based on ICD-10 codes 120-125 and CHD-related hospitalizations were
based on ICD-9 codes 410-414 and 429.2. These codes correspond to the concentration-
response functions used to estimate the burden of disease (Table S1 in Online Supplement).
The baseline hospital discharge rates were limited to non-fatal events. The CHD-specific
mortality data included those hospitalizations that ended in death and CHD-specific
mortality outside a hospitalization. We assumed that the known age-specific mortality and
hospitalization rates in 2008 would be the same in 2035 (see Online Supplement).

Value of CHD mortality

We estimated the total value of mortality by multiplying the number of deaths by the value
of a statistical life (VSL), $8.8 million in 2014 dollars.11:14 The largest source of uncertainty
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in the valuation of mortality is the VSL. Thus we calculated confidence intervals treating
VSL as a random variable and the number of deaths as a constant (Table 1).

Direct cost of CHD hospitalizations

We defined the direct medical costs of hospitalization for CHD as the cost of the
hospitalization and the cost of CHD-related medical care during the year following
discharge for CHD. We estimated the mean cost of a hospitalization for CHD to be $23,881
for those aged 45-64 and $25,348 for those aged 65 and over using the Healthcare Cost and
Utilization Project California databasel® and the ICD codes used in Ghosh, et al..® We
estimated the average direct medical costs incurred during the year following discharge to be
$16,084 using a study of selected CHD diagnoses.1® Follow-up costs included outpatient
treatment, medical office visits and pharmaceutical treatment.

Direct cost of hospitalization and subsequent care summed to $39,965/attributable case aged
45-64 and $41,432/attributable case aged 65 and over (Table 1).

Indirect cost of CHD hospitalizations

A common measure of indirect cost of morbidity is the associated lost income.11.14 For the
population aged 45-64, we estimated lost income over the 6 months following
hospitalization as the difference between what would have been earned in the absence of
hospitalization and the total payments received from short term disability insurance, which
was $2,392/case.1” (See Table 1).

Opportunity cost of CHD hospitalizations

We assumed that individuals experience 19 days (5 days in hospital and 2 weeks after
discharge) with complete activity restriction (Online Supplement). We estimated this
opportunity cost for the working aged population as 19 days x 8.55 hours/day (mean number
of hours spent in leisure and household activities)18 x $24.45/hour (the median wage rate in
the population under 65 years). In the working age population, lost wages were included as
part of the indirect cost of hospitalization described above. For the population age 65+ the
opportunity cost was calculated based on 16.55 hours!8 that otherwise would be spent on
leisure and household activities (8.55 hours plus 8 hours that the younger population lost in
wages).

Following complete activity restriction individuals have 28 days of minor restricted
activity,1119 which costs $81.65/day.11:20

The total opportunity cost was $6,258 per case age 45-64 and $9,974 per case age 65+
(Table 1).

Total costs of hospitalization

The direct costs, indirect costs and opportunity costs of nonfatal CHD hospitalization
summed to $48,615 for each case aged 45-64 and $51,406 for each case 65+ (Table 1). To
get the total costs of hospitalization we multiplied the count of hospitalizations in each age
group (ages 45-64 and 65+) by the sum of the direct costs, indirect costs and opportunity
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costs of those hospitalizations. We included the standard errors for each estimated cost when
it was available from the source data (Table 1). Because the standard errors were not
available for most cost components, the joint distribution of the total cost per hospitalization
was analytically intractable. We therefore calculated confidence intervals treating the count
of hospitalizations as a random variable and the estimated total cost per hospitalization as a
constant.

The value of CHD mortality uses a societal approach.11:14 The value of a statistical life is
based on very small risks of death and represents what society would be willing to pay to
avoid one expected death on average.!! The cost of hospitalization uses an individual
approach which is based on costs incurred by each person. The societal approach and
individual approach are conceptually very different; therefore, we did not aggregate the
value of mortality and costs of hospitalization.

Estimates of the value to society of NRAP-attributable CHD deaths in 2008 varied from $3.8
billion for the 430 deaths attributable to major roadway proximity to $11.5 billion for the
1,300 deaths attributable to traffic density (Table 2). The estimated value of mortality using
elemental carbon was $6.1 billion. The value of mortality attributable to PM; 5 was $16.8
billion (1,900 deaths). The NRAP-related value of mortality was 23%, 36% and 68% the
value of mortality attributable to regulated regional PM> 5, depending on whether NRAP
was measured as roadway proximity, elemental carbon or traffic density, respectively. For
2035 the value of CHD mortality attributable to NRAP ranged from $7.9 billion for the 900
deaths attributable to major roadway proximity to $22.0 billion for the 2,500 deaths
attributable to traffic density, only modestly less than the $25.6 billion value of 2,900 deaths
attributable to PM5 5. The value of mortality relative to PM> 5 increased in 2035 for roadway
proximity and traffic density. However, much of the increased attributable mortality resulted
from the change in population age. Were the age distribution to remain the same as in 2008,
the value of mortality in 2035 would range from $5.6 billion for the 630 deaths attributable
to elemental carbon to $15 billion for the 1,700 deaths attributable to traffic density (Table
S2 in Online Supplement). These values are almost as large as the $17.6 billion value of the
2,000 deaths attributable to PM, 5 if the 2008 age distribution were applied to the 2035
population.

In 2008 there were approximately 920 CHD hospitalizations attributable to elemental
carbon. The aggregate cost of these hospitalizations was $22.8 million, and the aggregate
cost of care in the year following the hospitalization was $14.8 million (Table 3), totaling
$37 million in direct costs. The indirect cost of lost earnings due to CHD was $0.9 million.
The opportunity cost --- the value of lost time for non-wage earning activities --- was $2.3
million for those aged 45-64 and $5.5 million for those 65 years of age and older. By 2035,
CHD hospitalizations attributable to elemental carbon were projected to increase to 1,100/
year, generating $27.2 million in costs of initial hospitalization and an additional $17.7
million in one-year follow-up costs. Lost income following a CHD-hospitalization was
projected to increase to $1.1 million. The opportunity cost following a hospitalization was
estimated to be $2.8 million for those aged 45-65 years and $6.5 million for those 65 years
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and older. In total, we estimated the cost of CHD hospitalizations attributable to the
elemental carbon measure of NRAP to be $46.3 million in 2008. This cost was projected to
increase to $55.3 million per year by 2035. That value would be $42.2 million in 2035 if the
age distribution were to remain the same as in 2008 (Table S2 in Online Supplement).

Discussion

This is one of the first studies to estimate the cost of NRAP-associated CHD and the first, to
our knowledge, to project future costs in an aging population. We estimated the costs of
PM, 5 and of NRAP separately, because regional PM 5 is unlikely to characterize the sharp
gradient in effects of the near-roadway pollutant mixture. Limited research suggests that the
effects are independent,?® and the possibility of synergistic effects of PM, 5 and NRAP has
not been evaluated. Of the three NRAP proxy exposures, elemental carbon is likely to have
the greatest overlap with the effects of PM, 5.9 However, to the extent that the effects are
independent, CHD risk assessment and economic studies, which typically have estimated
only PM, 5 population-attributable effects,11 have substantially underestimated the economic
impact. The NRAP-related value of mortality in 2008 ranged from approximately $3.8
billion to $11.5 billion, 23% (roadway proximity) to 68% (traffic density) of the $16.8
billion attributable to regulated regional PM, 5. Under a future scenario mandated by
California’s landmark legislation to reduce greenhouse gas emissions, the anticipated value
of mortality due to air pollution in 2035 was estimated to increase, largely due to the
increase in a susceptible, aging population. The projected underestimate in attributable value
of mortality due to NRAP relative to PM> 5 increased in 2035 for both major road residential
proximity and traffic density, because the compact urban development strategy to reduce
greenhouse gas emissions is expected to increase the proportion of people in SOCAB living
in close proximity to roadways with heavy vehicular traffic.

The value to society of NRAP-attributable CHD mortality was much larger than the costs of
non-fatal hospitalizations. In 2008, for example, elemental carbon accounted for $6.1 billion
in preventable mortality, more than 100 times the $46 million cost attributable to non-fatal
hospitalizations. When comparing these numbers, it is important to note that they measure
different concepts. The value assigned to preventable death reflects societal willingness to
pay to reduce the risk of one death on average. It is relevant for development of policy, but it
is not an economic cost paid by an individual. In contrast, many of the air pollution-
attributable non-fatal costs are borne directly by the individual and their insurers. These
costs are approximately $50,000 in the year following hospitalization (Table 1) and the
proportion of these costs paid directly by the individual are likely to cause hardship -- the
median household income in Los Angeles County during 2009-2013 was slightly over
$56,000.21 These costs are also currently likely to be borne disproportionately by racial and
ethnic communities that are more likely than other populations to live within 150 m of a
major highway.22:23

There has been only limited previous study of the economic burden of CHD attributable to
NRAP. A study of the population aged 65 years and older in 10 European cities found that
not including the long-term effects of NRAP on the development of CHD led to an

underestimate in the subsequent acute effects (hospitalizations) due to NO2 by 97% and of
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corresponding costs by 95%.24 These results cannot be compared to ours as we did not
account for the long-term effect of NRAP on the development of CHD in the estimated
attributable number of cases of hospitalization or mortality. We may have underestimated the
NRAP-attributable burden and cost of disease by not doing so.

Uncertainty in estimates of effects of NRAP-attributable mortality are reflected in the almost
three-fold differences between the three markers of exposure (Table 2). The confidence
intervals derived from our previous estimates of the air pollution-attributable CHD
characterize a set of uncertainties. The valuation of mortality also has substantial
uncertainty. We used the VSL which was derived by the US EPA as the mean of a
distribution fitted to 26 published VSL estimates with confidence intervals ranging from
slightly less than $1 million to over $23 million.1! We used the EPA’s VSL in order for our
results to be comparable to other studies of the cost of mortality in the US.

We made conservative assumptions in estimating the cost of hospitalization. We used the
minimum expected time of complete and minor activity restriction. We did not include costs
associated with effects after one year:26 persistent fatigue,2” depression,28 not returning to
work,29 or complications from inpatient care. The estimate of lost wages per person is likely
to be low, because the data used for this estimate include individuals who were not
hospitalized for CHD.17 California has mandated short-term disability coverage, but some
portion of independent contractors and self-employed likely do not have such coverage.

Uncertainty is associated with projecting the disease burden to 2035, including predicting
population growth and changes in the age distribution.®10:30:31 Treatment for CHD has
evolved rapidly even over the last decade,18 but the effects of new treatments and of
changing risk factors such as obesity are difficult to predict. By assuming that direct cost of
a hospitalization will not change, our estimates reflect the change in total costs attributable
to changes in the burden of air pollution.

The methods for estimating cost of non-fatal CHD refined and expanded on the existing
approach used by EPA.11 We included the effects of NRAP, incorporated direct costs of
hospitalizations that reflect current medical technologies, utilized more accurate estimates of
lost income, and added the opportunity cost of time lost to illness. Accounting for the
opportunity cost increased the per-illness cost by up to 15% for those aged 45-64 years and
24% for those 65 years and older in 2008 (Table 1). The increase in the aggregate cost across
SoCAB was $7.8 million, or 16.8% of total costs of hospitalizations (Table 3).

Healthcare related to NRAP-attributable CHD lead to large public expenditures with
substantial opportunity costs to the public. In 2008, 61% of all hospitalizations for heart
attacks were covered by Medicare and 9% were covered by Medi-Cal.32 Therefore, based on
costs in Table 3, we estimate that $25 million in Medicare and Medi-Cal expenditures could
have been avoided if NRAP exposure were reduced to background levels in SOCAB. If that
$25 million had instead been invested in evidence-based smoking cessation programs, it
would have yielded a benefit of $24.7 to $36.9 billion based on the expected return on
investments for these programs.33
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Levels of PM5 5 have declined markedly over the last several decades, and vehicle emissions
control programs have reduced many components of the NRAP mixture. National standards
such as Tier-2 and Tier-3 vehicle standards3# are expected to further reduce EC exposure.
However, our analysis suggests that policies to reduce greenhouse gas emissions from
vehicles that relied more heavily on zero- or close-to-zero emission vehicles and protective
urban designs would maximize the health co-benefits of these policies. Examples of
protective design include distance buffers and physical barriers between traffic corridors and
residences. Buffers of even 150m and barriers can substantially reduce peak exposures to
NRAP and should be designed to encourage walking and use of public transportation.32:36

Our approach could be used to refine estimates of the health co-benefits of strategies for
reducing greenhouse gas emissions and benefits of air pollution regulations more
generally.3” For example, in cost-benefit analyses of proposed regulation, the EPA includes
the lost wages of those in the working-aged population, but does not include the value of
time for those over 65 years who have a nonfatal heart attack.11 We estimated this to be
$9,900 for each person aged 65 years or older who experienced a hospitalization for CHD.
The value of time for those aged 45-64 years that is not included in current current EPA
estimates is $6,200 per person.

We conclude that the value of mortality from CHD attributable to NRAP in Southern
California in 2008 was a substantial proportion of the estimated $16.8 billion value of PM5 5
- attributable CHD mortality. Thus, the typically estimated PM, 5 -attributable costs may
underestimate the true cost of air pollution. Although the value of mortality was
substantially larger than of hospitalization, individuals hospitalized for CHD due to NRAP
incurred costs of about $46 million in 2008. The opportunity costs of lost time due to illness
contributed substantially to the large impact borne by victims of non-fatal CHD and their
families. These costs are projected to rise substantially in spite of reductions in greenhouse
gas emissions projected by the year 2035, due largely to population growth and aging.
However, there remain unexploited opportunities to optimize health co-benefits of
greenhouse gas reduction by reducing population exposure to NRAP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

. In Southern California, mortality from coronary heart disease attributable to
near-roadway air pollution exposure accounts for yearly economic costs of
$3.8 — $11.5 hillion.

. Near-roadway-attributable hospitalization for heart disease accounts for costs
estimated to be $48.6 million.

. The burden and cost of near-roadway air pollution-attributable heart disease
are projected by 2035 to increase markedly under current transportation plans,
due largely to an aging population.
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Table 1

Value and Costs of CHD Outcomes Per Pollution-attributable Case

Value in Thousands of 2014 USD

Outcome (95% CI)
Age 45-64 Age 65+

Fatal case of CHD
Value of a statistical life@ 8,800,000 (900,000, 23,200,000) 8,800,000 (900,000, 23,200,000)

Hospitalization for nonfatal case of CHD

Direct costs
Inpatient hospitalizationb' * 23,881 25,348

Medical care in year following discharge * 16,084 16,084
Indirect costs
Lost income, age 45649 2,392 (2,391, 2,393) NA

Opportunity costs® *

Complete activity restricted 3971 7687
Minor restricted activity 2287 2287
Total cost of hospitalization” * 48,615 51,406

a\/alue of a statistical life is from the US EPA.1L
bAge—specific estimates are from the Healthcare Cost and Utilization Project database. 12
c . .

These are the weighted average of one-year cost estimates. 16

Lost income is the difference between what would have been earned in the absence of hospitalization and the total payments received from short

term disability insurance.1?

e . . . . -
For cases 65, there are 16.55 hours/day of leisure time lost during complete activity restriction. For cases 45-64, there are 8.55 hours/day of
leisure time lost because 8 hours/day are accounted for in lost wages.

f . - .
Sum of the direct, indirect and opportunity costs.

*
Standard errors not available.
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Current and Projected Costs of Hospitalization for CHD Attributable to Elemental Carbon

2008 2035
Number of A 2; Number of 2;
ggregate Cost<in Aggregate Cost“ in
Cases 1 Millions of 2014 Dollars Cases (25% Millions of 2014 Dollars
(95% ClI) (95% C1)3 cn (95% C1)3
Direct Costs
Inpatient
Hospitalization?
45-64 372 (129, 606) 8.9 (3.1, 14.5) 444 (154, 687) 10.6 (3.7, 16.4)
65* 548 (191, 894) 13.9 (4.8,22.7) 656 (226, 1,013) 16.6 (5.7, 25.7)
All ages 920 (320, 1,500) 22.8(7.9,37.1) 1,100 (380, 1,700) 27.2(9.4,42.0)

Medical care in year following discharge?

920 (320, 1,500)

14.8 (5.1, 24.1)

1,100 (380, 1,700)

17.7 (6.1, 27.3)

Indirect Costs

Lost income, age 45-64°¢ 372 (129, 606) 0.9(0.3,1.4) 444 (154, 687) 1.1(0.4,1.6)
Opportunity Costs

Age 45-64 372 (129, 606) 2.3(0.8,3.8) 444 (154, 687) 2.8(1.,4.3)

Age 65* 548 (191, 894) 55(1.9,8.9) 656 (226, 1,013) 6.5(2.3,10.1)
Total Cost 46.3 (16.1, 75.4) 55.3 (19.1, 85.5)

1 . .
Number of cases and 95% confidence interval (CI) are from Ghosh, et al9

2 . - ] .
These estimates are the number of cases multiplied by cost (from Table 1) of each outcome (95% confidence intervals [CI]).

3 L . .
The uncertainty interval for the aggregate cost treats cost as a constant and the count estimate as a random variable
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