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Executive Summary

I present a treatise on the radioactive noble gas, radon, and its economic and health effects. Radon is a col-
orless, tasteless, and odorless noble gas formed through the radioactive decay of naturally occurring uranium
and thorium in soil and rocks. Long-term exposure to radon is considered the second leading cause of lung
cancer among the general population and the primary cause among non-smokers. Acknowledging these risks,
the EPA developed a map of Radon Zones in 1993, which designated each county in the United States as high,
medium, or low risk. This map has remained the most comprehensive depiction of the distribution of indoor
radon potential across the contiguous US for the past 30 years. It has been referenced in state laws, local
laws, and building codes, serving as a catalyst for radon testing and mitigation efforts. Despite the risks high-
lighted by the EPA Map, the average radon testing rate among residential properties from 2005 to 2017 was
only 1.62 percent, resulting in over 21,000 annual lung cancer deaths attributed to radon exposure. The EPA
map serves as a descriptive tool and does not possess predictive capabilities, offering a simplified measure of
radon potential without the ability to extrapolate these potentials to observed indoor radon exposure.

Understanding and accurately estimating the distribution of long-term radon exposure is vital for deter-
mining appropriate mitigation strategies to reduce the burden of radon-attributed lung cancer among the US
population. However, achieving this task for the contiguous US has proven challenging due to limitations in
data, measurement error, selection bias, cost barriers, and issues of external validity. The natural geophysical
process that drives the production and movement of radon gas is inherently complex. Radon gas is generated
from radium, the parent isotope, and then migrates through the geology and soil via diffusion and advection,
ultimately encountering the diffusive barriers of a home.

Chapter 1 addresses these challenges and models the geophysical process that leads to the “production”
of radon gas in the atmosphere. This is accomplished by constructing the most comprehensive dataset to
date. The dataset combines information on underlying geology, the distribution of soil characteristics, terrain
features, uranium, thorium, and other radon accessory-forming minerals, daily weather patterns, outdoor
radon levels, housing characteristics, and indoor radon measurements from over twelve distinct data sources.
Utilizing these data, I develop a model of indoor radon at the household level and create an updated map
predicting long-term radon levels at the census tract level for the contiguous US. These contributions are
novel additions to the body of knowledge on the distribution of indoor radon and represent the first national
map of predicted indoor radon exposure ever created.

Chapter 2 utilizes the predictive model of indoor radon to examine the impact of radon exposure among
a specific subpopulation of US veterans. There are over 18 million veterans residing in the country and
lung cancer stands as the leading cause of death among veterans. While the Department of Veterans Affairs

acknowledges the potential health risks associated with radon exposure and provides guidance on mitigating



exposure for veterans and their families, the effects of radon gas exposure on the veteran population remain
relatively understudied. Chapter 2 aims to address this gap by investigating the prevalence of indoor radon gas
exposure and estimating the effects of long-term cumulative radon exposure on the likelihood of developing
lung cancer and mortality among veterans residing in seven southern states: Alabama, Arkansas, Kentucky,
Louisiana, Mississippi, Oklahoma, and Tennessee.

Lastly, Chapter 3 offers a novel analysis of the impact of short-term radon risk on home sale prices in
Davidson County (Nashville), Tennessee. This chapter contributes to the expanding literature on the eco-
nomic implications of radon exposure, the broader field of market hedonics, and the research on environmen-

tal economics and the capitalization of environmental risks by consumers.



CHAPTER 1

A Model of Radon and A New Radon Map

1.1 Introduction

There are numerous challenges involved in developing a predictive model of indoor radon that can be applied
to the entire housing population across the United States. The primary and deepest source of radon gas lies
within the underlying geology, which comprises various minerals containing uranium and thorium. Ideally, a
model of the data-generating process of indoor radon would incorporate accurate measurements of uranium,
thorium, radium, and the geologic age. However, the current representation of geology across the US is
either relatively generalized or was conducted in a fragmented manner on a state-by-state basis. Geological
representations often employ geological units or indicators for rock lithology.! Thus, the first challenge I
must overcome is constructing a seamless map of rock units and lithology for the contiguous US.

The presence of localized variation in deposits of radon-generating minerals poses a significant challenge.
There is a natural correlation between the average concentration of uranium and the lithology of the rock. For
example, granitoids typically have a mean uranium concentration of 3.3 ppm, with known ranges varying
from 0.4 to 7.8 ppm (International Atomic Energy Agency, 2003). However, an important question arises:
How does the uranium concentration in granite found in the Appalachian Mountains differ from that in
granite located in Minnesota or the Rocky Mountains? This limitation arises from the use of geological
rock formations and lithology as categorical indicators to predict concentrations of indoor radon. It becomes
apparent that local variation cannot be adequately accounted for using such indicators. Hence, the second
challenge revolves around obtaining the distribution of radon-forming minerals across the United States.

Moving forward, let’s suppose that both the geological units and the distribution of radon-forming min-
erals across the contiguous US are observed. The next challenge in modeling the data-generating process
of indoor radon pertains to the soil layer above the underlying geology. Given the extremely long half-lives
of uranium and thorium, the decay of these elements into radon gas has reached an equilibrium or steady
state (Kazkaz and Walsh, 2018). As a result, radon gas is being produced at a nearly constant rate within
the geology and soil. However, this gas must migrate through the soil pores, which may be filled with wa-
ter and other obstructing elements, in order to reach the surface and pose a potential risk of exposure. The
shape, size, structure, and texture of soil particles, combined with the characteristics of the pore space and

environmental conditions, influence the movement of fluids (Nazaroff (1992a), Chen et al. (1995), Klusman

Geological units are typically identified by the prehistoric period during which the rock was formed and its general classification,
such as Quarternary volcanic rocks. On the other hand, lithology refers to the basic physical description of a rock unit and follows a
hierarchical structure: Igneous < Volcanic < Mafic-volcanic < Basalt.



and Jaacks (1987), Pyngrope et al. (2022)). Thus, conditional on the underlying distribution of geology
and radon-forming minerals, the interactions between environmental conditions and soil characteristics will
mediate the flow of radon gas to the surface?.

Let’s proceed with the assumption that we have observed the amount of radon that has reached the surface.
The subsequent challenge in modeling the data-generating process of radon exposure involves considering
the exterior diffusive barriers of the home. These barriers hinder the movement of radon from the outdoor
and underground environments into indoor spaces. They encompass various factors, including basement
indicators, foundation types, exterior wall materials, passive radon resistance measures®, and the potential
implementation of active radon mitigation systems, among others. In an ideal situation, the researcher would
observe surface-level radon, weather, the complete set of building characteristics (including passive radon
resistance and radon mitigation), and long-term indoor radon test results for a representative sample of the
US housing stock. In practice, however, the challenges in modeling indoor radon in the current data envi-
ronment arise from the potential consequences of not observing passive radon resistance or radon mitigation.
Additionally, there may be sample selection biases introduced by conducting radon testing in homes that may
not be representative of the overall US housing stock.

I have successfully overcome all of the aforementioned challenges and have constructed the most com-
prehensive dataset ever created to model the data-generating process of indoor radon. To accomplish this, I
employ machine learning techniques to combine state-level geological maps with a conterminous geological
map of the United States, allowing for the prediction of rock lithology in a seamless distribution. This pre-
dicted geological map, along with soil survey data and long-term weather information, is utilized to predict
the distribution of radon-forming elements and accessory minerals based on a recent geochemistry survey
conducted across the conterminous US.

Furthermore, I integrate the predicted geology maps, soil data, predicted geochemistry, observed daily
weather, and model historical measurements of atmospheric radon.*. Additionally, I develop models to ac-
count for radon test sample selection and endogenous building characteristics by incorporating various factors
such as the EPA Map of Radon Zones, county testing rates, the complete distribution of exogenous housing
characteristics, soil conditions, and other geographical variables. Finally, I combine the predicted values of
atmospheric radon with housing characteristics, predicted endogenous building characteristics, radon testing

propensity scores, and over 1.1 million short-term indoor radon tests.

2 Additionally, there may be impervious obstructions, such as asphalt or concrete, that limit the amount of radon gas that makes it to
the atmosphere.

3Passive radon resistance is a building technique that uses materials or methods that inherently make it more difficult for radon to
enter the home. For example, the placement of a polyurethane sheet under the foundation to work as an impermeable layer.

“I use bismuth-214 as a proxy for radon, a daughter isotope of radon-222, which has an extremely short half-life. More detailed
information regarding this proxy is discussed in Section 1.2



By employing this comprehensive approach, I am able to construct an extensive model of the data-
generating process of short-term indoor radon. This model enables me to predict and map long-term indoor
radon at the census tract level. The combination of various data sources, including geological maps, soil data,
geochemical surveys, weather information, atmospheric radon measurements, housing characteristics, radon
testing rates, and other geographical variables, contributes to the development of the most expansive model
in this field. The predictive map provides insights into the distribution of long-term indoor radon exposure

across different regions and demonstrates significant radon exposure heterogeneity.

1.2 Radioactivity

Indoor radon is a naturally occurring radioactive noble gas that is produced through the decay of radium
isotopes. The longest-lived radium isotope, radium-226, has a half-life of approximately 1600 years, indicat-
ing that radon and radium originate from the decay of uranium and thorium that were deposited during the
formation of the Earth. Figure 1.1 depicts the decay chain for uranium-238.> Radon-222 has a half-life of
about 3.8 days, allowing it to diffuse from the ground into homes before emitting harmful alpha radiation and

generating statically charged daughter particles that also emit alpha radiation.
Figure 1.1: The Radioactive Decay Chain of Uranium-238
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Atomic Number
82 83 84 85 8 87 88 89 90 91 92
Only main decays are shown

Gamma emitters are not indicated Th-234 | o0 |U-238
2414 [€— st
B Tpa-234
117 m B
Pb-214| OL |Po-218 O |Rn-222| O |Ra228| O |[Th230| o [U-234
268m |¢——|305m| €| 382d [ | 1600 a | |7 710 [ | srrcPa
B TBi-214
19.9m .
B Element Names Half-life units
& U - uranium a-years
Pb-210| (0 |Pe-214 Th - thorium d - days
223a € La‘na‘ Ra - radium h - hours
s - 3
Pa - protactinium m - minutes
B Bi-210 Rn - radon s - seconds
50d B Po - polonium
Bi- bismuth
Pb-206 Po-210 Pb - lead
Stable | €5 [138.4

It is worth noting the presence of the bismuth-214 isotope in Figure 1.1, which is part of the direct decay

SFigure 1.16 of Section 1.6 shows the decay chain for thorium-232, which produces radon-220. The short half-life of radon-220,
just 55 seconds, implies that it is unlikely to provide a significant source of indoor radon exposure. Nonetheless, as noted in (Nazaroff,
1992b), studies have found that advection is the primary process by which radon enters the atmosphere through uncovered soil. Since
the advection of radon-222 will be impacted by the amount of radon-220 that contributes to the advective velocities in the ground,
thorium-232 should be included in any model of indoor radon (in other words, thorium-232 shoots out alpha particles, and generates
radon-220 down the decay chain, which in turn increases the advective velocities in the soil that may co-determine the exhalation rates
of radon-222).



chain of radon-222. Bismuth-214 has a short half-life of about 20 minutes, and the two preceding isotopes
(pb-214 and po-218) also have half-lives of less than 30 minutes. Due to the short half-lives of these daughter
isotopes of radon-222, bismuth-214 is an effective measurement for estimating the concentration of radon gas
in the immediate vicinity.® This observation is critical and serves as the primary predictor of indoor radon
levels.

Suppose we observe a deposit of radium-226 in a closed setting. When the observation period begins, the
concentration of radon-222 will instantaneously increase as individual radium-226 nuclei randomly disinte-
grate into radon-222.7 In a closed setting, radon gas will reach a steady state within 5-7 days, during which
new radon-222 is produced from radium-226 at the same rate that current radon-222 decays into polonium-
218 (Lehnert and Kearfott, 2010). However, in the underlying rocks and soil, radon-222 has already reached
a steady state due to the 4.5 billion-year half-life of uranium-238. Therefore, as radon gas escapes from rocks
and soil, it continuously and almost instantaneously produces bismuth-214 along the decay chain, which

8

can be mathematically represented by the Bateman Equation.® To see why this is the case, consider the

generalized form of the Bateman Equation:

=

—1 non —Ait
Xn(l‘) :Xl(O) 7Lk (11)
AT

= i=1j=

=~

where X (0) is the initial concentration of radon-222, ¢ indexes time, and A index the decay constants (for
rn-222, po-218, pb-214, and bi-214). Given a positive amount of initial radon-222 in time period 0, the
amount of bi-214 at time period 1 (say, 10 minutes later) is strictly positive (X,(1)). For example, suppose
radon-222 is constant at ground level at 0.1 becquerels/m>. Then the Bateman equations estimate about 0.002
becquerels of bi-214 would have been produced after 10 minutes in every cubic meter of air. It is important
to note that radon-222 is a gas and subject to flow. Indeed, it is possible for radon-222 nuclei that have yet to
decay to travel a certain distance before bismuth-214 is produced along the decay chain.” This introduces a
potential source of measurement error when using atmospheric bismuth-214 as a proxy for local atmospheric
radon-222 since the bismuth-214 measurements represent a combination of locally generated and transported
radon-222. However, despite this inherent limitation, atmospheric bismuth-214 remains an ideal proxy for

atmospheric radon-222 and offers valuable insights into the data-generating process that brings radon-222

SIn fact, bismuth-214 is one of the isotopes used in gamma-ray counting to determine radon concentrations from indoor activated
charcoal radon tests.

7One gram of radium-226 decays at a rate of approximately 2.2 trillion decays per second. Radioactive measurements are commonly
expressed in picocuries per liter (piC/L) or becquerels per cubic meter (Bg/m?). One piC/L corresponds to 0.037 radioactive disintegra-
tions per second in every liter of air. As a reference, the average human lung capacity is about 6 liters, and one cubic foot of air holds
approximately 28.3 liters.

8The Bateman Equation describes the activities in a decay chain as a function of time and initial concentrations.

%In fact, radon-222 is the heaviest naturally occurring gas. As such, radon-222 at ground level will usually form low, flat clouds
which spread based on their own density and surrounding terrain. At some point, the heavy gas cloud of radon will dilute, and reach a
point where it is no longer heavy as its density becomes close to the surrounding air (Blackmore et al., 1982).



to the surface. This study represents the first attempt to leverage atmospheric bismuth-214 measurements in

order to predict the distribution of indoor radon.

1.3 Empirical Methods

The objective of this paper is to enhance our comprehension of the distribution of indoor radon exposure,
aiming to utilize the predictive model in research applications. As outlined earlier, numerous challenges must
be tackled to develop a comprehensive model of indoor radon concentrations. This section provides a detailed

account of each challenge and the corresponding steps taken to address them.

1.3.1 Part 1: Distribution of Geological Units

The primary sources of geological information are derived from Horton et al. (2017). Although the provided
map represents a seamless spatial database of state-level geological maps, it is important to note that it is
not a fully integrated geologic map, as the units have not been harmonized across state boundaries. The
Horton et al. (2017) geological map includes rock unit lithology, which describes the physical characteristics
of the geological units in a hierarchical structure. Typically, the maps include up to five lithologies for major,
minor, and incidental rock formations within a specific geological unit. As an illustration, a sedimentary
rock might have five lithologies listed as sedimentary, clastic, mudstone, Shale, and black-shale. However,
some geological units may not have such detailed lithology determinations and might only include up to three
lithologies, such as sedimentary, clastic, and then mudstone. The varying precision in lithology categorization
needs to be addressed in order to utilize a generalized map of unit lithologies in predictive models for the
conterminous US.

To tackle this challenge, I leverage the hierarchical relationship of lithology and employ the Honest
Random Forest (Athey et al., 2018) machine learning technique to estimate the distribution of lithologies
for geological units with missing lithology categories. Figure 1.2 showcases a subset of lithology definitions
for sedimentary rocks depicted in the Horton et al. (2017) map. For instance, let’s consider a geological unit
in one state where the 3rd lithology is missing but the presence of the first and second lithologies indicates
sedimentary and carbonate, respectively. In such a case, we can infer that the 3rd lithology might be either
limestone or marlstone. By utilizing information about the distribution of lithology combinations across
the entire US, I impute missing lithology and generate a distribution of lithology indicators for each unique
geological unit depicted in the Horton et al. (2017) map.

The second challenge arises from the fact that the Horton et al. (2017) geological map has not been
reconciled consistently across state boundaries. While this would not pose a problem if the aim was to

construct individual state-level models of indoor radon, it would not lead to a coherent model for the entire



Figure 1.2: A Subset of Geology Lithology

LITH1 LITH2 LITH3 LITH4
Sedimentary Carbonate Limestone Coquina
Sedimentary Carbonate Marlstone
Sedimentary Chemical
Sedimentary Chemical Banded-iron-formation
Sedimentary Chemical Chert
Sedimentary Chemical Diatomite
Sedimentary Chemical Evaporite
Sedimentary Chemical Evaporite Anhydrite
Sedimentary Chemical Evaporite Gypsum
Sedimentary Chemical Evaporite Salt
Sedimentary Chemical Novaculite
Sedimentary Chemical Phosphorite
Sedimentary Coal
Sedimentary Coal Anthracite
Sedimentary Coal Bituminous
Sedimentary Coal Lignite

Notes: This table shows a subset of the Lithology definitions from Horton et al. (2017)

United States. To address this, I utilize another significant source of geological information from King and
Beikman (1974), which provides a seamless map across state boundaries and includes general geological
classifications. In King and Beikman (1974)’s map, geological units are classified as Quarternary Volcanic
Rocks or Miocene and Oligocene eugeosynclinal deposits, for instance.

To create a unified model, I utilize the King and Beikman (1974) map as the base map, which illustrates
the discontinuities of geological units across the United States and state boundaries. Subsequently, I perform
an intersection between the Horton et al. (2017) geological map and the King and Beikman (1974) map using
ArcGIS. This process allows for the assignment of lithology distributions to each distinct map/geological
unit represented in the seamless King and Beikman (1974) map!®. The resulting map serves as the definitive
source of geological information used in the subsequent models. These final maps are available from the

author upon request.

1.3.2 Part 2: Distribution of Radon-Generating Minerals
The second challenge stems from the limited variation in the categorical lithologies presented in the final map
developed in Section 1.3.1. To overcome this limitation, I incorporate the geochemistry survey data obtained

from Smith et al. (2013). This survey encompassed 4,857 sites across the United States, examining the

10The foundation for the imputation procedure is based on the missForest R package (Stekhoven and Buehlmann, 2012). I adapted
the missForest R package to use Honest Random Forests from (Athey et al., 2018), which reduces bias through honest forest splitting
and was significantly faster on the data sources with hundreds of thousands to millions of observations. See (Stekhoven and Buehlmann,
2012) for details on the missForest algorithm and (Athey et al., 2018) for a discussion on Honest Random Forests.



concentrations of 45 major and trace elements that contribute to near-total elemental content. The sampling
was conducted from 2010-2013, focusing on the A and C soil horizons, and utilized a generalized random
tessellation design with a density of 1 site per 1,600 km?. Figure 1.3 illustrates the distribution of these
sampling locations.

Figure 1.3: Geochemistry Sampling Locations
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This map shows the sampling locations for the A and C soil horizons for the geochemistry elemental analysis. Source: (Smith et al.,
2013)

It is worth noting that the sampling density of the geochemistry sites is relatively low. Each sample
provides data for a small point in space, leaving the majority of the total land area of the conterminous US
unsampled. If one were to utilize these observed point values in any model of atmospheric bi-214 or outdoor
radon, it would require matching these points with the relevant outcome variable. However, these points
were randomly selected to be representative of the overall population of elemental concentrations, excluding
any obvious local anomalies such as uranium mine dust deposits. Based on this observation, I rely on a
predictive approach by overlaying these points with the new map of underlying geology lithology, complete
soil characteristics, long-term weather normals, and terrain features.

The soil characteristics are derived from the US General Soil Map (STATSGO?2) sourced from (Soil Sur-

vey Staff, Natural Resources Conservation Service, 2016). This comprehensive dataset provides estimates of



the physical and chemical properties at a 1:250,000 map scale. It includes information on horizon thickness,
specific gravity, hydraulic conductivity, and numerous other variables!!. The weather normals are obtained
from the PRISM Climate Group (PRISM Climate Group, 2014), providing data on temperature, precipita-
tion, dewpoint temperatures, solar radiation, and vapor pressure deficits at a 4km resolution. Additionally,
digital elevation data from Danielson and Gesch (2011) is utilized, and I construct additional terrain features
using the terra R package'?, and a measure of land imperviousness from Dewitz and U.S. Geological Survey
(2021).

In theory, long-term weather patterns interact with the underlying lithology and the physical and chemical
properties of the soil'® to generate the observed concentrations of minerals and elements in the geochemistry
samples. The selected minerals and elements are chosen based on their presence in uranium and thorium
minerals and their classification as common accessory rock-forming minerals (International Atomic Energy
Agency, 2003). To predict each element or mineral, I employ local nonparametric estimation that incorpo-
rates the latitude and longitude of each sampling location, along with the geology, soil, weather, and terrain
features'*. As a result, complete maps of quartz, aluminum, bismuth, calcium, cerium, iron, potassium, mag-
nesium, niobium, phosphorous, lead, titanium, thallium, thorium, uranium, and yttrium for the conterminous

US are generated. These predicted maps are available upon request from the author.

1.3.3 Part 3: Modeling Atmospheric Bismuth-214

The third challenge revolves around the cleaning, leveling, and modeling of atmospheric bi-214 data obtained
from the National Uranium Resource Evaluation (NURE). The NURE program was initiated by the United
States government in the 1970s and 1980s as a comprehensive effort to identify and assess domestic uranium
resources. It was a response to the energy crisis of the time, which underscored the importance of reliable
domestic energy sources. Uranium, a crucial fuel for nuclear power plants, was recognized as a strategic
resource that could help reduce dependence on foreign oil. The program aimed to systematically evaluate the
uranium potential of the United States, covering both conventional and unconventional resources. The U.S.
Geological Survey (USGS) led the program in collaboration with state and local governments, universities,
and private industry, employing various activities such as geologic mapping, mineral resource assessments,
and airborne geophysical surveys. The NURE program encompassed multiple phases, with the initial phase
focusing on reconnaissance-level studies to identify areas with the highest potential for uranium deposits.

Subsequent phases involved more detailed investigations of these areas, including ground-based geophysical

1Some of which had missing values that were imputed using the modified missForest method mentioned above.

121 include elevation, slope, aspect, terrain ruggedness, and flow direction.

13Such as soil particle size, erodibility factor, pH, electrical conductivity, amount of readily exchangeable cations, and a measure of
soil exchangeable hydrogen ions, among others.

14This is accomplished using the Honest Random Forests with local linear corrections (Athey et al., 2018).
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Figure 1.4: NURE Survey Flight Lines of the State of Florida
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Notes: This figure shows the location of the aerial flight line surveys conducted as part of the NURE
program over the State of Florida.

surveys and drilling programs. The surveys generated approximately 36 million measurements of uranium,
thorium, potassium, atmospheric bismuth-214, and magnetic properties, with flight lines covering a sig-
nificant portion of the country. The flight surveys were conducted in “quadrangles”, defined as 2 degrees
longitude by 1 degrees latitude, with flight line spacing between 5 and 10 km. A total of 449 quadrangles
cover the conterminous US. It is important to note that there are gaps in the measurements, particularly in
Texas, and the flight lines only represent about 10 percent of the total land area of the United States. Figure
1.4 illustrates an example of the flight lines over Florida, where noticeable gaps in the measurements can be
observed between the flight lines.

To obtain accurate measurements of uranium, thorium, and potassium in the upper 30 cm of the ground,
the NURE surveys removed background radiation. Further details of the process can be found in (LKB
Resources Inc, 1979), but in essence, the radiometric results are derived from counts per second of gamma
radiation falling within specific energy windows'>. Contractors responsible for the surveys conducted back-
ground corrections to eliminate cosmic and aircraft radiation, Compton scattering, and atmospheric bismuth
interference. For the measurement of atmospheric bi-214, each surveyor typically employed a secondary

radiospectrometer, which was extensively shielded from below with lead to ensure that the measurements

15Each radioactive isotope will release gamma rays with different energy intensities. These intensities are used to determine which
isotope generated a particular measurement of gamma radiation
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exclusively captured gamma radiation from above (LKB Resources Inc, 1979). To the best of my knowl-
edge, these background atmospheric bismuth measurements have been overlooked as a valuable source of
information for assisting in indoor radon mapping.

One apparent reason for the neglect of the bi-214 data is its availability exclusively in the raw NURE data
files, not appearing in the widely-used processed NURE data by (Duval et al., 2005).'® Figure 1.5 illustrates
the distribution of atmospheric bi-214 quantiles in the raw NURE data, clearly showing significant leveling
and measurement errors. Some survey quadrangles lack measurements entirely. Leveling errors occur when
adjacent surveys are conducted using different calibration settings and surveying instruments. The bright
yellow regions, including northern Texas through Nebraska, Pennsylvania/West Virginia, and other parts of

the United States, most likely represent these areas.

Figure 1.5: Atmospheric Bi-214 Measurements from NURE

5o - Counts'sec
® [0.05.0.2)
457N - & [0.2,0.4)
# [0.4,0.5)
40°N - ® [0.50.8)
® [0581)
2N ® [1,1.4)
[1.4,2)
307N~ [2,3.3)
[3.3,10.8)
23N~ [10.8,762)

120°W 110°W 100°W S0W BOFW TOFW

Notes: This Figure shows the 10 quantiles of the raw atmospheric bismuth-214 measurements in radioactive
counts/second in the raw NURE data.

It is worth noting the count/sec range represented by the highest quantile, spanning from 10 to over 700
counts/sec. Approximately 97 percent of the 25.2 million measurements of atmospheric bi-214 fall below
34 counts/sec. If every measurement within a specific quadrangle surpasses 20 counts/sec (for example), it
is highly likely that this quadrangle is “out-of-level” compared to the rest of the population. This observa-
tion is evident from the distinct blocks displayed in Figure 1.5. However, it is essential to consider that the
surveys were conducted under different environmental conditions. As a result, discrete boundaries observed
across survey areas may genuinely reflect accurate measurements of atmospheric bi-214 influenced by vari-

ations in weather conditions. Therefore, the challenge lies in distinguishing between variations attributable

161 downloaded the raw files from the USGS Online Publications directory https://pubs.usgs.gov/of/2009/1129/US/
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to weather fluctuations and those arising from leveling errors across different regions of the United States.
The process that generated these measurements involves the interplay between radon-producing elements,
soil and geological characteristics, and environmental conditions. Conditional on observing these variables,
any remaining differences between measurements are assumed to be leveling and measurement errors.

I integrate the predicted maps of lithology and geochemistry from Sections 1.3.1 and 1.3.2, along with
observed soil characteristics, terrain features, land imperviousness, and daily weather data to model the data-
generating process of daily atmospheric bi-214. The daily weather data used in this model is obtained from
historical measurements at a 6 km resolution, sourced from Livneh et al. (2013), and matched to the NURE
measurements based on survey coordinates and date.

To address leveling and measurement errors, I initially utilize k-means clustering with 5 clusters to iden-
tify surveys that require level adjustments. Each survey is assigned to a cluster based on the most common
cluster assignment of the points within that survey. For instance, if the majority of points belong to cluster 2,
the entire survey is categorized as a cluster 2 survey, indicating that it is "out of level” compared to the rest of
the population. Using this approach, the major cluster is determined as the cluster with the highest number
of points. The major cluster, representing approximately 95 percent of the 25 million measurements when
using 5 clusters, generally exhibits atmospheric bi-214 levels below 35 counts/second.

In order to capture the underlying data-generating process, I utilize a semi-parametric linear modeling
approach. The natural logarithm of bi-214 is modeled as a linear combination of the mean function of
the major cluster, individual mean functions for each “out of level” quadrangle, a correction for flight line

direction, and quadrangle fixed effects for the “out of level” surveys:

In(B;) = m(x)m+ Y'm(x)q + BLD; + 0gI{Quad; = q} + &; (1.2)

where B; represents the Bi-214 in radioactive counts/second, m(x),, represents the function of interest where x
includes daily weather, geology, soil, geochemistry, and terrain features. LD is the flight line direction that is
assumed to generate leveling/measurement error. I apply a Robinson (1988) style semi-parametric approach
to identify m(x),,. Note that I assume that conditional on x, the survey indicators contribute only to leveling
errors. This assumption seems plausible given the local nature of the estimation and the fact that the survey
grids represent exogenous discontinuities in the measurement across survey areas. The estimation procedure

is given by:
1. Use honest random forests of /n(B;) on m(x),, using observations in the major cluster.

2. Use honest random forests to model /n(B;) on m(x), for each separate survey that requires leveling.
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3. For all data, I assume m(x),, ~ m(x) so that E[m(x),|X] = E[m(x)|X], and estimate E[m(x),|X],

E[LD|X], and E[I{Quad; = q}|X] using honest random forests.

4. Run OLS of In(B;) — m(x),, on [m(x), — E[m(x),|X]], [LD; — E[LD;|X]], and
[I{Quad; = q} — E[I{Quad; = q}|X]] to obtain estimates of ¥, B, and o.

5. Use honest random forest of [n(B;) — y'm(x), — BLD; — OyI{Quad; = q} to get a final estimate of

m(x),,.
Figure 1.6: Raw Atmospheric Bi-214 Compared to Their Predicted Values
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This figure presents the orignal observed values of atmospheric bi-214 in the NURE data as a reference in the
top map. The bottom map presents the predicted values after applying the semi-parametric modeling approach
represented by Equation 1.2. The final model is evaluated at the long-term weather normals so that the point
predictions can be compared based on the mean distribution of weather across the US.

~

Figure 1.6 displays the conclusive predicted values from the m(x),, model, assessed using the long-term
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weather normals. The figure illustrates evident geographic variation, with no noticeable arbitrary disconti-
nuities emerging along the survey lines. Furthermore, the final model demonstrates exceptional accuracy in
forecasting adjusted atmospheric bi-214 values beyond the sample, achieving an impressive out-of-sample

R-squared value of 0.81.

1.3.4 Part 4: Indoor Radon

Let’s consider the scenario where we have observed the presence of radon on the surface, specifically as
bi-214. The subsequent challenge is to develop a model that captures the data-generating process for indoor
radon, which is measured through short-term activated charcoal tests. The infiltration of surface radon
into residential structures is influenced by various housing characteristics, some of which may not be directly
observable to the econometrician. To create a comprehensive model for indoor radon applicable to the diverse
housing stock across the contiguous United States, it is essential to address potential endogeneity issues
associated with building characteristics.

For instance, factors such as passive radon resistance and radon mitigation, which are not captured in the
housing data, are likely correlated with indoor radon levels and observable housing attributes like foundation
type. Additionally, since radon tests are not conducted randomly, if the decision to perform a radon test
is associated with unobservable characteristics that can influence the test results, sample selection becomes
another important concern that needs to be addressed. Therefore, the subsequent steps involve constructing
a model for endogenous building characteristics using exogenous variables and accounting for the sample

selection bias inherent in radon testing.

1.3.4.1 Building Endogeneity
The housing data utilized in this project is sourced from The Zillow Group’s ZTRAX database, which is the
largest real estate database in the United States. It encompasses more than 400 million comprehensive public
records from most U.S. counties. The dataset includes various property characteristics such as geographic
location, number of bedrooms, square footage, number of bathrooms, foundation type, number of stories,
roof material type, basement indicator, and more. These property details are primarily obtained from county
property assessment records. For the analysis, only single-family residences are considered, although there
is a plan to extend the analysis to other property types in future work.

One notable strength of the ZTRAX data is its extensive and detailed property records, similar to what
is typically available during a Zillow property search. However, certain property characteristics had missing
values and were imputed using the same imputation procedure employed in the previous sections. The im-

putation process involves generating a predicted distribution for categorical variables and conditional mean
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Table 1.1: ZTRAX 1% Descriptive Statistics

estimates for continuous characteristics. Table 1.1 provides summary statistics for some of the building prop-

erty variables in ZTRAX for a random sample of homes, categorized by EPA zone.

EPA Zone 1 EPA Zone 2 EPA Zone 3
Year Built 1968 1970 1978
Square Footage 2,085 (1,295) 2,090 (1,270) 2,261 (1,327)
Lot Size (Acres) 2.21 (9.83) 1.90 (8.22) 1.69 (7.50)
Number of Baths 2.10 (0.95) 2.14 (0.93) 2.19 (0.91)
Number of Stories 1.44 (0.46) 1.36 (0.43) 1.31 (0.42)
Basement Indicator 0.40 (0.47) 0.23 (0.40) 0.11 (0.28)
Uranium 2.13 (0.58) 1.95 (0.70) 1.48 (0.61)
Thorium 6.67 (1.77) 5.96 (2.47) 4.53 (2.32)
Foundation: Concrete Block 0.11 (0.22) 0.09 (0.17) 0.05 (0.14)
Foundation: Concrete 0.14 (0.30) 0.09 (0.21) 0.07 (0.20)
Foundation: Crawl Space 0.25 (0.27) 0.21 (0.22) 0.16 (0.25)
Foundation: Footing 0.07 (0.17) 0.08 (0.18) 0.08 (0.21)
Foundation: Slab 0.11 (0.15) 0.14 (0.21) 0.34 (0.41)
Exterior Wall: Brick 0.14 (0.31) 0.11 (0.25) 0.12 (0.28)
Exterior Wall: Siding 0.29 (0.44) 0.21 (0.39) 0.14 (0.33)
Exterior Wall: Wood 0.12 (0.28) 0.13 (0.27) 0.08 (0.22)
Exterior Wall: Stucco 0.04 (0.15) 0.08 (0.20) 0.13 (0.30)
Exterior Wall: Combination 0.05 (0.14) 0.07 (0.14) 0.07 (0.17)
Interior Floor: Combination 0.05 (0.11) 0.06 (0.12) 0.06 (0.16)
Interior Floor: Wood 0.12 (0.17 0.12) (0.16) 0.09 (0.18)
Interior Floor: Vinyl 0.05 (0.07) 0.05 (0.08) 0.04 (0.10)
Interior Floor: Carpet 0.25 (0.27) 0.23 (0.28) 0.33 (0.37)
Interior Floor: Concrete 0.08 (0.09) 0.08 (0.09) 0.08 (0.14)
Interior Wall: Drywall 0.43 (0.30) 0.40 (0.31) 0.51 (0.36)
Interior Wall: Wood 0.02 (0.06) 0.03 (0.06) 0.02 (0.07)
Interior Wall: Plaster 0.16 (0.19) 0.13 (0.14) 0.10 (0.17)
Interior Wall: Paneling 0.03 (0.09) 0.03 (0.09) 0.03 (0.11)
N 212,462 268,145 265,492

The building characteristics (foundation, exterior wall, interior walls and floors) that are shown four
or five out of more than 15 possible values for each. This is a 1 percent sample of the buildings in the
ZTRAX single-family home database.

Across the three EPA radon zones, there is a decrease in the number of ZTRAX homes with basements.
This observation aligns with expectations, considering that the EPA zone construction is based on county-
level foundation characteristics. The size of homes is relatively consistent across all EPA zones, with Zone 3
homes averaging 200 square feet larger. Additionally, homes in Zones 2 and 3 tend to be newer compared to
Zone 1 homes. Many other housing characteristics exhibit similar patterns across all three zones. However,
there is a notable difference in the frequency of slab foundations, which is substantially higher in Zone 3. This
finding is consistent with the EPA’s use of slab foundations in the zone delineation. To geocode all properties

in the ZTRAX database, ArcGIS was employed. Figure 1.7 displays the mapped locations of the properties,
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depicted in black. The ZTRAX database covers most of the United States, except for areas with limited
habitation and certain counties in Minnesota. The red points represent the point locations of the indoor radon

tests obtained for this project.

Figure 1.7: Locations of Single-Family Homes and Alpha Energy Radon Tests

This figure shows the geocoded locations of a 10 percent sample of ZTRAX single-family residences,
represented by black points. The red points are the locations of the Alpha Energy indoor radon tests.

In the model of building endogeneity and sample selection, I utilize the EPA Map of Radon Zones,
along with pre-mitigation and post-mitigation county testing rates from the CDC’s National Environmental
Public Health Tracking of indoor radon (CDC, 2018), as the primary “instruments.” It is important to note
that while these variables are not technically instruments in the Two-Stage-Least-Squares approach due to
the use of nonparametric probability forests for estimation, they do serve as valuable predictors of building
characteristics and selection into radon testing.!”

To elaborate further, the decision to build a basement is jointly determined by the designed foundation
type of a home prior to construction. However, the home design is likely influenced by the EPA county
designation, where builders are inclined to follow some of the radon-resistant guidelines outlined on the
EPA website.'® Moreover, given the observed housing characteristics, the assignment of a county as a high-

risk area for indoor radon likely prompted certain homes to install radon mitigation systems. For instance,

17The probability forest models come from Athey et al. (2018) and can be represented by the following equation:

I{X EL I{Yi:)’r}
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b*l

where b indexes the trees of a forest of size B, Lj(x) is the set of observations falling in the same leaf (or terminal node) as x, and

I{Y; = y,} is an indicator function for outcome Y taking the value y,. In the full probability forest, it averages across all indicator

functions for each categorical value, thus generating a predicted distribution.
18https://19january2017snapshot.epa.gov/radon/building-codes-radon-resistant-new-construction-rrnc_html#states
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homes lacking passive radon resistance and featuring a basement are more likely to have installed mitigation
systems. Hence, the joint distribution of basement and foundation type serves as a probable source of building
endogeneity, as these factors correlate with unobserved radon resistance and mitigation. It is worth noting that
the ZTRAX single-family home data underwent imputation, resulting in homes with missing foundation types
having a predicted distribution rather than an indicator for a specific foundation type. Similarly, basements
were also imputed, providing some homes with a probability of having a basement. Thus, the process to
generate predictions of the joint distribution of basement and foundation type follows the following procedure

on a random sample of 200,000 ZTRAX properties:

1. Use k-means clustering, with two clusters, to determine the cut point that assigns a home a basement

based on their basement probability.

2. Using the predicted probability distribution of foundation type for individual observation, draw a ran-

dom foundation type.
3. Construct the joint distribution of the imputed basement and foundation type from the previous steps.

4. Model the joint distribution using Probability Random Forests from (Athey et al., 2018) using long-
term weather, long-term predicted atmospheric bi-214, NURE uranium and thorium, EPA region, the

exogenous building characteristics, the EPA Zone, and testing rates.
5. Repeat this process 10 times

6. Average the 10 predicted distributions to generate the final predicted joint distribution of basement and

foundation type.

7. Apply the final aggregate model to all 74 million single-family residences in Zillow.

1.3.4.2 Indoor Radon under Sample Selection

Suppose that all the building characteristics observed in the data-generating process of indoor radon are ex-
ogenous. Additionally, let’s assume that surface-level radon continues to be observed. The next challenge
is to account for sample selection, which could be influenced by unobservable characteristics. To tackle
this challenge and develop the final model for indoor radon, I obtained indoor radon test results from Alpha
Energy Laboratories. They provided 1.8 million indoor radon tests conducted between 2000 and 2021. Al-
pha Energy is a national radon testing lab based in Texas, and according to internal conversations with the
company, they analyze approximately one-third of all radon tests conducted in the US. To comply with the
confidentiality agreement, individual test results cannot be disclosed. After an initial cleaning process, I ob-

tained 1.6 million usable test results, which were then matched to the ZTRAX population based on address,
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achieving a match rate of 92 percent. The geocoded test locations are displayed in Figure 1.7 as red points,
covering a wide geographical distribution across the US.

Table 1.2 presents some summary statistics of the tests. On average, the test results for each EPA zone
were approximately 6, 4, and 2.4 picocuries per liter (piC/L), respectively. Of particular interest are the
standard deviations of the indoor radon tests. Zone 1 tests exhibit a standard deviation of 7 piC/L, while
even Zone 3 tests show a relatively large standard deviation of 3.2 piC/L. The median year built for the
Alpha Energy properties is remarkably similar across EPA zones, albeit somewhat newer than the ZTRAX
population. This similarity is not surprising considering that radon tests were conducted only over the past 20
years, while ZTRAX represents the entire housing stock population. It is interesting to note the resemblance
in building characteristics between the ZTRAX sample and the matched Alpha properties. The most apparent
difference is the percentage of properties with a basement, which aligns with the understanding that basements

are often associated with higher levels of radon.

Table 1.2: Alpha Energy Descriptive Statistics

Zone 1 Zone 2 Zone 3
Radon Test Result (piC/L) 5.99 (7) 4.08 (5) 2.41 (3.2)
Radon Test Decay Time 5.2(2) 5.29 (2.1) 5.27 (2.1)
Mitigation Test 0.06 (0.24) 0.04 (0.20) 0.02 (0.13)
Air Temperature 282 (10.44) 282 (10.41) 286 (9.90)
Accumulated Precipitation 2.52 (3.75) 2.50 (3.79) 2.75 (4.23)
Year Built 1979 1979 1979
Square Footage 2,419 (1,328) 2,490 (1,419) 2,489 (1,316)
Lot Size (Acres) 2.06 (9.21) 1.87 (7.14) 1.61 (6.57)
Number of Baths 2.43 (0.94) 2.45 (0.94) 2.41 (0.93)
Number of Stories 1.51 (0.46) 1.47 (0.45) 1.47 (0.49)
Basement Indicator 0.51 (0.48) 0.43 (0.47) 0.30 (0.43)
Uranium PPM 2.15 (0.57) 1.87 (0.66) 1.53 (0.63)
Thorium PPM 6.93 (1.77) 5.91 (2.23) 4.71 (2.30)
Foundation: Crawl Space 0.23 (0.24) 0.22 (0.20) 0.21 (0.26)
Foundation: Slab 0.11 (0.14) 0.13 (0.18) 0.22 (0.33)
Exterior Wall: Brick 0.13 (0.30) 0.13 (0.29) 0.14 (0.31)
Exterior Wall: Siding 0.30 (0.44) 0.26 (0.42) 0.19 (0.38)
Exterior Wall: Wood 0.12 (0.28) 0.10 (0.24) 0.07 (0.21)
Exterior Wall: Stucco 0.05 (0.17) 0.08 (0.23) 0.10 (0.28)
N 474,321 281,576 67,850

Notes: Table shows the descriptive statistics for the Alpha Energy radon tests that were matched to
Zillow Single-Family Residences. Standard deviations are in parentheses.

There are some important limitations of the Alpha Energy radon test data. Data prior to 2012 did not
collect the test address independently of the mailing address in a systematic manner. Thus, data prior to

2012 is assumed that the mailing and test addresses are the same. Furthermore, some of the intermediate
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calculations (such as the Lower Limit of Detection or LLD) prior to 2012 weren’t stored in the database
and were recalculated under a new methodology. Thus, the LLD isn’t accurate in the data prior to 2012.
Some test results, about 10 percent, resulted in radon measurements below the LLD. In these cases, the
estimated radon measurements are confidently below the LLD, but are imprecise. At the risk of biasing the
probability distribution of indoor radon, I use the reported results. Of the 1.6 million test results, only about
1100 tests reported an exact O test result. Exact O results represent an error result according to Alpha Energy
Laboratories and were dropped from the analysis.

To adequately capture the complex data-generating process of indoor radon, I employ a non-parametric

local linear approach that accounts for building endogeneity and sample selection:

R =m(x1,x2)+ o (1.4)
X =7(z)+u (1.5)
si=h(z)+v (1.6)

where R} is the observed short-term radon test result, x, represents the joint distribution of basement and
foundation type (which is endogenous), and s; represents the sample selection model (an indicator function
that equals 1 when a radon test is performed). Sample selection is a potential problem if Cov(®,v) # 0. 1
model sample selection as a nonparametric function of various factors, including long-term weather, long-
term predicted atmospheric bi-214, NURE uranium and thorium levels, EPA region, exogenous building
characteristics, EPA Zone, and the CDC county-level testing rate (CDC, 2018). The analysis includes a
random sample of 200,000 observations, consisting of an equal proportion of Alpha properties and non-
matched ZTRAX properties. Following the approach outlined in Das et al. (2003), I replace x, with X, and

include a function of the propensity score in 1.4:

Rf = m(x1.5) + A(5) 7 (17)

=R =g (x1,%,8)+7 (1.8)

where g (x1,%2,8;) = m(x1,%2) + A(§;). It is important to note that this paper does not aim to separately
identify the A (§;) function or explore the factors influencing the decision to conduct a radon test. The primary
objective is to develop a predictive model of indoor radon that controls for sample selection and building
endogeneity, with estimates obtained from g(-). A comprehensive analysis of selection into radon testing is

left for future research.
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Nevertheless, it is worth providing a brief discussion of the sample selection model. I present the distri-
bution of propensity scores among Alpha Energy properties and a random sample of the ZTRAX population.
Figure 1.8 illustrates the density and cumulative density of the propensity scores, demonstrating sufficient
overlap between the two populations. Notably, all predicted propensity scores fall strictly within the range
of 0 and 1. Additionally, the cumulative density plot reveals that only 25 percent of the overall ZTRAX
population has propensity scores below 0.125. Neither ZTRAX nor Alpha Energy properties exhibit sig-
nificant counts of observations near the extremes of 0 or 1. Finally, both the EPA Zone designation and
CDC county-level testing rates exhibit strong predictive power in determining individual selection for radon
testing.'”

Figure 1.8: Propensity Scores Densities and Cumulative Distributions
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This Figure shows the densities and cumulative distributions of the predicted propensity
scores from the sample selection model. Matched Alpha Energy properties are shown in
orange, and a 10 percent random sample of ZTRAX properties is shown in blue.

Next, I present some descriptive results of the final model of indoor radon. First, it is important to note that
although radon mitigation is unobserved in the Zillow data, the Alpha radon tests include information that can
be used to identify if a test is a post-mitigation test. Controlling for this information increases the accuracy of
the model. However, radon mitigation is not observed in the ZTRAX population, so the mitigation variable
is omitted from the predictive model. If the mitigation rate in the Alpha properties is higher than in ZTRAX,

then omitting mitigation from the model and predicting indoor radon for ZTRAX will underestimate true

19Since the estimation procedure is nonparametric, this was observed from a simple measure of “variable importance”, which gener-
ates a weighted count of how many times in the forest a particular variable was chosen to determine a tree split.
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radon exposure. On the other hand, if the mitigation rate is lower in the Alpha properties, then this model
will overestimate true radon exposure.

There are a couple of observations that suggest the model underestimates radon exposure in the ZTRAX
population. Figure 1.9 shows that the out-of-sample predictions of the long-term alpha track test results
underestimate observed cumulative exposures. This is confirmed by the linear projection of the predictions
onto the observed exposures, represented by the blue line in Figure 1.9. The slope coefficient on the linear
projection is 0.98. On average, increasing the predictions by 1 piC/L is associated with a 0.98 increase in
the observed long-term test result. Furthermore, notice the significant portion of the long-term cumulative
test results that appear above a 45-degree line. There is a clear pattern that the observed values towards the
upper end of the cumulative exposure distribution have predictions that are much lower. In addition, it is
important to note that for the short-term test results, more than 53 percent of the 1.1 million predictions are
lower than the corresponding observed test result. This indicates that the majority of the predictions tend to
underestimate the short-term indoor radon levels.

Figure 1.9: Observed Long-Term Alpha-Track Radon Tests against
Long-Term Predictions
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The Figure illustrates the comparison between observed cumulative radon concentra-
tions, obtained from long-term alpha-track radon tests conducted by Alpha Labs, and
their corresponding predictions. The tests measure the total disintegrations over the test-
ing period. To generate the long-term predictions displayed on the x-axis, each test was
associated with the monthly weather data for every month during the test deployment.
It is worth noting that long-term alpha track tests typically span between 90 and 365
days. For each month’s weather values, short-term predictions were generated using the
predictive model, and these individual predictions were then aggregated over the entire
testing period.
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Finally, it is important to note that the predictive accuracy of the short-term model, which was used
to forecast cumulative long-term exposures, exhibits an out-of-sample R-squared value of 0.30 among the
alpha track test results.”’ This indicates that the model explains approximately 30 percent of the variance
in the observed long-term exposures, providing a reasonable level of predictive power. It suggests that the
model captures a substantial portion of the underlying factors influencing radon concentration levels in indoor
environments. However, it also suggests the presence of other factors that are not currently considered in the
model. These unaccounted factors contribute to the remaining variance in long-term exposures, highlighting

the potential for further enhancements and refinements in future iterations of the model.

1.4 Discussion

The preceding sections have discussed the extensive measures undertaken to overcome significant challenges
in order to develop a comprehensive model of indoor radon. This model can be utilized to estimate counterfac-
tual concentrations for the entire single-family housing stock in the United States, as represented in Zillow’s
database. To summarize, the following steps were undertaken. Firstly, a predictive map of rock lithology for
the contiguous United States was generated. This map was combined with geochemical surveys, long-term
weather data, soil characteristics, and terrain features to model the distribution of radon-accessory elements.
Next, the predicted lithology, distribution of radon-accessory elements, soil characteristics, terrain features,
land imperviousness, and other relevant factors were used to model the data-generating process of atmo-
spheric bi-214, a critical proxy variable for outdoor/surface-level radon. Subsequently, endogenous building
characteristics and sample selection were modeled, and these adjustments were combined with the daily pre-
dicted atmospheric bi-214, weather data, and remaining building characteristics to model the data-generating
process of indoor radon.

Each step in this process involved making various assumptions, each with its own set of limitations.
Currently, an important limitation of the final model is its inability to generate confidence and prediction
intervals for predicted indoor radon in the ZTRAX population. Due to the high computational cost associated
with generating predictions at each step, I am unable to provide estimates of uncertainty. This limitation is
particularly significant considering the nonparametric estimation techniques employed, where bootstrapping
the final indoor radon model would be the most straightforward approach. However, to generate monthly
predictions of indoor radon for all 74 million single-family homes, it is necessary to match these homes
with their monthly weather data, predict atmospheric bi-214 for each month, and subsequently predict indoor

radon. With approximately 10.6 billion predictions required for a single year across all 74 million homes,

20The long-term test results were held out of the model of indoor radon completely. The in-sample R-squared for the short-term radon
test results is 0.84
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one can imagine the additional computational burden that would arise from introducing bootstrapped indoor
radon models.

Moreover, at each step, a model is developed and utilized to predict or impute geology, geochemistry,
atmospheric bi-214, building characteristics, and ultimately indoor radon. Consequently, each set of predic-
tions introduces some error into each subsequent model. It is possible that this cumulative error could result
in large confidence and prediction intervals for long-term radon exposures, potentially limiting the usefulness
of a predicted long-term map. Furthermore, these errors could lead to attenuation bias in any application that
relies on indoor radon predictions, such as estimating the hedonic price of radon or assessing causal health
effects.

Fortunately, the precision of the estimates presented in Chapters 2 and 3 and moderate out-of-sample
prediction accuracy among long-term radon tests indicate that the final model of short-term indoor radon

adequately captures the underlying data-generating process.

1.4.1 A New Radon Map and its Implications

The models developed in this chapter represent significant contributions to the field and underscore the chal-
lenges associated with nationwide mapping of indoor radon. Based on the outlined procedures, modeling
assumptions, and data limitations, a New Map of Indoor Radon at the census tract level is presented. Addi-
tionally, square kilometer maps of the State of Tennessee and Davidson County, TN, showcase the detailed
mapping potential of the final model. Finally, radon-attributed lung cancer deaths are re-estimated using the
EPA’s radon dose-response, incorporating the full distribution of predicted indoor radon exposure across the

population of single-family homes.

1.4.1.1 Census Tract Map
Figure 1.10 depicts an updated radon map for the lowest level of single-family homes (top map) at the census
tract level, alongside the original 1993 EPA Map of Radon Zones (bottom map). A notable visual difference
between these maps is the reduced prevalence of Zone 1 areas in the updated version. The new predictive
approach indicates that approximately 10 percent of homes have long-term predicted radon values of 4 piC/L
or higher, contrasting with the EPA’s Zone 1 designations, which represented about 28 percent of homes.
According to the new model, the mean long-term concentration in the first floor of US single-family homes
is 1.8 piC/L, while in the lowest level of these homes, it is 2.2 piC/L.

The predictive map of indoor radon offers a markedly different risk profile compared to the 1993 EPA
map, suggesting that the latter is outdated and potentially misrepresents the long-term distribution of indoor

radon exposure. Several factors likely contribute to the disparities between the predictive and EPA maps.
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First, let’s consider the construction of the 1993 EPA map. The EPA Committee utilized five factors

Figure 1.10: A New Radon Map at the Census Tract and the EPA Map of Radon Zones
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Notes: This figure provides a comparison between the new predictive map of long-term indoor radon and the original
EPA Map of Radon Zones. In the top figure, the "New Zone” is assigned based on the average long-term prediction
at the census tract level. Census tracts with average long-term predictions exceeding 4 piC/L are classified as New
Zone 1, those with average long-term predictions ranging from 2 to 4 piC/L are designated as New Zone 2, and
census tracts with average long-term predictions below 2 piC/L are labeled as New Zone 3. The EPA Zones 1-3 are
defined similarly, except they represent ’probable” screening levels of indoor radon for an area.

known to be significant indicators of radon potential in order to establish the Zone designations for each
county in the US: (1) Indoor radon measurements; (2) Geology; (3) Aerial Radioactivity (NURE equivalent
uranium data); (4) Soil parameters; and (5) Foundation types. The Committee assigned points on a scale
of 3-17 based on their assessment of the individual contribution of each category to radon potential across
approximately 360 distinct geological provinces. Once the total point count was determined, the final zone
designation for each county was assigned based on the geological province(s) it overlapped, with counties
overlapping multiple provinces being assigned based on the majority rule of the total overlapping land area.

It’s worth noting that this method was developed at a time when computational and digital resources were
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still in their nascent stages. An evident limitation is how the EPA Committee assigned points based on the
NURE uranium data, taking the “’visual average” of the NURE points for each geological province. Addition-
ally, the committee relied on uranium in the first 30 cm as represented by the NURE measurements. However,
they failed to account for weather variations that influence the production and movement of radon from the
ground into the atmosphere. The EPA attempted to address this issue by supplementing the analysis with
aggregated soil parameters and local geological survey information (where available), but this approach is
susceptible to the same limitations discussed in Section 1.3. The categorical assignment of rock lithology and
its association with indoor radon cannot accurately capture the spatial variation of radon-forming elements
within geological units.

Furthermore, the EPA map was based on a relatively small sample of approximately 60,000 short-term
radon tests, which provide limited approximations of long-term concentrations. Short-term tests are subject
to significant variations influenced by weather conditions, and activated charcoal tests only capture the last
12-20 hours of exposure.

Lastly, it is essential to consider that new homes have been constructed with radon-resistant features,
and existing homes have undergone remediation measures. The perceived lower risk in Zone 1 areas may
be attributed to successful radon mitigation efforts in those counties. Exploring this possibility would be an
intriguing subject for further research.

An additional intriguing disparity between the predictive and EPA maps emerges in the identification of
counties initially categorized as EPA Zones 2 and 3, but now exhibit long-term predicted indoor radon levels
exceeding 4 piC/L. Remarkably, among the 74 million single-family residences, approximately 2.2 percent of
homes have been inaccurately classified (or about 1.6 million residences). It is unlikely that these households
have recognized their true long-term risk, given that radon testing and mitigation are heavily influenced by the
EPA map and are concentrated in Zone 1. Figure 1.11 depicts these areas and maps the percentage of homes
with long-term predicted indoor radon levels exceeding 4 piC/L, alongside the original 1993 EPA Map for
comparison. Notably, these misclassified regions predominantly concentrate in NV/ID, KS, NE/SD, TN, WI,
and NH. If the predictive model effectively captures long-term radon risks, a vital next step would involve
collaborating with the EPA to efficiently educate individuals residing in these areas about their escalated
radon risk.

Next, the census tract map provides significant policy-relevant information. An analysis of the mean long-
run indoor radon concentrations reveals some significant differences in household income at various levels
of radon exposure. Among all census tracts with median incomes less than the first quartile, those located
in the New Zone 1 (with predicted long-run indoor radon of 4 piC/L or more) have household incomes of

$900 on average less than those located in the New Zone 3 (less than 2 piC/L). This is a descriptive result but
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Figure 1.11: EPA Zone 2 and 3 Counties with the Percentage of Homes with more than 4

piC/L
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Notes: The top figure provides a visual representation of the percentage of homes situated in the EPA Zones 2 and
3, yet possessing predicted long-term indoor radon levels surpassing 4 piC/L in the lowest livable level of the home.
The mapping is delineated by county, allowing for a comprehensive overview. To provide context, the bottom figure
displays the original 1993 EPA map of radon zones, serving as a reference point for comparison.

demonstrates the importance of understanding the heterogeneity in the characteristics of consumers that are
exposed to high levels of indoor radon. Additionally, it begs the question of whether indoor radon is driving
the income differences observed between these census tracts. From a public policy perspective, exploring
and understanding the implications of lower household incomes in high-radon areas compared to low-radon
areas is crucial for addressing any disparities and encouraging equitable outcomes. This is an interesting
future area of research and the models and maps developed in this dissertation can be used as tools in such
an analysis. Figure 1.12 shows the New Zones for census tracts with median incomes less than the 25th
percentile (top map), with the New Zone designations for the census tracts with median incomes greater than

the 75th percentile (bottom map). Future work could target homes that reside in the New Zone 1 depicted
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in the top map, which represent the poorest US residents. Compare this to the bottom map, which represent
relatively wealthier areas. Given that income is most likely a critical factor that drives mitigation and the
ability to avoid indoor radon exposure, understanding the distribution of indoor radon risk highlights the
need for targeted interventions to improve housing conditions, raise awareness about radon risks, and provide

resources for testing and mitigation in economically disadvantaged areas.

Figure 1.12: New Zone Designations among Poor and Wealthy Census Tracts
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Notes: This figure shows the New Zone designations for the poorest and wealthiest census tracts. The top map
shows the New Zone designations based on the long-term predictions for census tracts with median household
incomes less than the 25th percentile of the US distribution from the 2010 Census. The bottom map shows the New
Zone designations for census tracts with median household incomes greater than the 75th percentile.

1.4.1.2 Square Kilometer Maps
As part of the pilot feature, I have generated a predicted long-term map of indoor radon for the State of
Tennessee at a 1 km resolution, as illustrated in Figure 1.13. The map showcases the average long-term radon

levels in the lowest livable level of homes and reveals substantial variation across the entire state.
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The next figure, Figure 1.14, provides a closer look at Davidson County (Nashville, TN) and highlights
the ten quantiles of predicted indoor radon, offering a more detailed understanding of the distribution. The
highest quantile, depicted by the bright yellow square kilometers, represents areas with long-term predicted
radon values ranging from 4 to 13.5 piC/L. Notably, the original EPA map does not provide any insights into
the distribution of indoor radon risk within counties or census tracts, making the new predictive approach
a valuable resource for assessing radon risk at a more localized level. This advancement significantly con-
tributes to the accurate and precise mapping of long-term indoor radon exposure levels across the United
States.

Figure 1.14: Predicted Long-Term Indoor Radon for Davidson County, TN
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The figure presented illustrates the average long-term indoor radon predictions in the lowest level of a
home, averaged by square kilometer in Davidson County, TN.

1.4.1.3 Radon-Attributed Lung Cancer Deaths
Finally, the household predictions can be used to provide updated estimates of radon-attributed lung cancer

deaths by applying the EPA’s linear dose-response model for lung cancer risk due to radon exposure.?! Ad-

2IRefer to the EPA’s table here: https://www.epa.gov/radon/health-risk-radon
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ditionally, assuming that the long-term predictions consistently approximate true exposures,?” I can estimate
the probability of lung cancer originating from each single-family home by applying the parameter estimates
of the linear dose-response to the continuous measures of predicted long-term exposures among all 74 million
single-family homes.

Several implicit assumptions are necessary to accomplish this estimation. First, a proportion of the US
population smokes, and the EPA provides separate linear models for smokers and non-smokers. To reflect
this, I randomly assign 12 percent of all single-family homes to the smoking linear model and the remaining
88 percent to the non-smoking linear model. Next, each home is assigned both a basement and first-floor
prediction, regardless of the basement indicator, which is imputed for a certain proportion of homes. For
simplicity, a home is given a basement value if its predicted value exceeds 0.5. Additionally, to assign
exposure levels, I make assumptions based on the amount of time residents spend in the basement or first
floor. Two exposure mechanisms are considered: the conservative approach uses only first-floor exposure,
while the second approach assumes that 60 percent of the time individuals are exposed to first-floor radon
and 40 percent to basement levels of radon.? Finally, to estimate the radon-attributable fraction, I define the
reference group as 0-2 piC/L of exposure, medium risk as 2-4 piC/L, and high risk as greater than 4 piC/L,
following the EPA’s Zone designations.?*

Based on these assumptions, new estimates of the radon attributable fraction range from 0.24 for 100
percent first-floor exposure to 0.28 for a split time between the basement and first floor. Applying these
estimates to the 127,000 lung cancer deaths in 2023 implies that radon causes between 30,480 and 35,560
yearly lung cancer deaths, representing a substantial 50 percent increase compared to the EPA’s estimates.
To align with the EPA estimates, one must assume a 25 percent lifetime exposure to the first-floor long-term
concentrations, averaging 1.3, 2.4, and 3.3 piC/L in the New Zones 3, 2, and 1, respectively.

The discrepancies between these estimates and the EPA estimates can primarily be attributed to the im-
plicit assumptions made in the EPA approach. In their calculations of the lifetime risks of radon-induced lung
cancer death, the EPA relied on life tables and assumed a constant mean exposure of 1.25 piC/L for the entire
US population, relative to the baseline lung cancer risk for the country (US Environmental Protection Agency,
2003). The mean exposure assumption was based on estimates from a study conducted by Marcinowski et al.
(1994), which sampled 5694 homes across the US. This study found long-term averages of 1.25 piC/L and a
standard deviation of 0.08 piC/L. However, it is important to note that this sample size represents less than

0.008% of the US housing stock, making it unlikely that extrapolating this assumed distribution accurately

22Ryrthermore, as discussed in Section 1.3.4.2, the long-term predictions tend to underestimate observed long-run indoor radon tests,
suggesting a likely underestimation of lung cancer cases as well.

23Basement levels of radon generally are higher than first-floor levels.

24For a discussion of the CDC’s method for estimating the attributable fraction of alcohol, refer to https://www.cdc.gov/alcohol/ardi/
methods.html.
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captures the true extent of exposure. On the contrary, the data from 1.1 million single-family radon tests
reveal significantly higher means (with expected higher standard deviations for short-term tests) compared to
the EPA assumptions, even within EPA Zone 3 areas. Additionally, the long-term radon tests conducted by
Alpha Energy indicate a mean concentration of 5.4 piC/L and a sample standard deviation of 4.5 piC/L.

Furthermore, it is crucial to account for the continuous nature of radon exposure when attempting to
estimate risks, particularly in EPA Zones 2 and 3. Given that there is no level of indoor radon deemed safe
and the dose-response is assumed to be linear, significant cases of lung cancer can result from exposures to
radon levels above 2 piC/L. In fact, under the predicted New Zones, nearly 35 percent of all homes have
indoor radon levels between 2-4 piC/L. Therefore, accurately estimating the true impact of indoor radon
exposure on the prevalence of lung cancer and death in the United States necessitates accounting for the full
distribution of radon exposure. These findings highlight the limitations of relying solely on small samples
and underscore the need to consider a broader and more comprehensive dataset when assessing the risks
associated with radon-induced lung cancer.

Finally, I estimate the cost-effectiveness of targeted remediation at the household level. Assuming a re-
mediation threshold of 2.7 piC/L, remediating homes accurately predicted above this limit could potentially
reduce yearly radon-attributed lung cancer deaths by approximately 8,800, considering the split-time as-
sumption of radon exposure between the basement and first-floor levels. The total costs, assuming $2,000 per
home for testing and remediation for accurately identified homes? and $500 for those inaccurately predicted,
would amount to approximately $3.02 billion. This translates to approximately $354,545 per avoided lung
cancer death. Similarly, at the 4 piC/L remediation level, targeted remediation could save 992 yearly lung
cancer deaths at a cost of $333,000 per death averted. Assuming a 20/80 radon exposure split between the
lowest level and first floor, and a remediation threshold of 3 piC/L, targeted remediation saves 4,010 yearly
lung cancer deaths at a cost of about $400,000 per lung cancer death. These findings suggest potentially

significant increases in the cost-effectiveness of remediation using the predictions from this model.

1.5 Conclusions

Chapter 1 has aimed to address the significant challenges associated with accurately modeling and mapping

indoor radon exposure levels across the United States. Through a series of comprehensive steps and models,

this work has made notable contributions to the field and shed light on the limitations of existing approaches.
The initial focus of this chapter involved generating a complete map of rock lithology for the contiguous

United States. This map, combined with geochemical surveys, long-term weather data, soil characteristics,

25The short-term predictive model accurately identifies 72 percent of the homes with long-term average indoor radon values above
2.7 piC/L in the out-of-sample alpha track tests.
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and terrain features, allowed me to model the distribution of radon-accessory elements. Subsequently, I em-
ployed nonparametric estimation techniques to predict daily atmospheric bi-214, a critical proxy variable for
outdoor/surface-level radon, based on the imputed lithology, predicted radon-accessory element distributions,
soil characteristics, terrain features, land imperviousness, daily weather, and other relevant factors.

To further refine our understanding of indoor radon exposure, I developed models to account for endoge-
nous building characteristics, sample selection, and the daily predicted atmospheric bi-214, weather data,
and remaining building characteristics. This enabled me to model the data-generating process of radon that
migrates indoors.

Throughout this work, it has become evident that the modeling process involves a series of assumptions,
each with its own limitations. However, it is important to note that the current model lacks the ability to
generate confidence and prediction intervals for predicted indoor radon in the population represented in the
ZTRAX database. The computational cost associated with generating predictions at each step has posed
restrictions on providing estimates of uncertainty. Moreover, the use of nonparametric estimation techniques
and the extensive volume of predictions required for all single-family homes across the United States present
additional challenges in terms of computational resources.

Considering the lack of confidence and prediction intervals, it is crucial to acknowledge that the predictive
map, radon-attributable fraction, and cost-effective mitigation estimates presented in this study are still in the
process of development. These estimates are expected to undergo further refinement and enhancement as
additional data and iterations are incorporated, allowing for a more robust assessment of uncertainty.

Nevertheless, the findings have revealed significant differences between a predictive map of long-term
indoor radon and the original 1993 EPA Map of Radon Zones. The prevalence of Zone 1 areas, representing
higher radon levels, has reduced substantially in the predictive map. Approximately 10 percent of homes have
long-term predicted radon values of 4 piC/L or more, compared to about 28 percent represented by the EPA
Zone 1 designations. This indicates that the 1993 EPA map may be outdated and potentially misrepresents
the long-term distribution of indoor radon exposure.

The new map has also highlighted the misclassification of counties originally labeled as EPA Zones 2 and
3, but with long-term predicted indoor radon levels exceeding 4 piC/L. Approximately 2.2 percent of homes
among the 74 million single-family residences have been misclassified, raising concerns about the accurate
identification of long-term radon risks. Given the influence of the EPA map on testing and mitigation efforts,
it is crucial to collaborate with the EPA to educate individuals residing in these areas about their elevated
radon risk.

The development of a predicted long-term indoor radon map for the State of Tennessee at a high-resolution

level has further demonstrated the significant spatial variation in radon levels within counties and across the
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state. By providing information on the distribution of indoor radon risk within small geographical areas, the
predictive approach offers valuable insights that were previously absent from the original EPA map.

Furthermore, this research has provided new estimates of the radon-attributable fraction, indicating that
radon causes between 30,480 to 35,560 yearly lung cancer deaths, representing a 50 percent increase relative
to the EPA’s estimates. These estimates consider different exposure scenarios, and it becomes evident that
assuming a 25 percent lifetime exposure to first-floor long-term concentrations would align radon-attributed
lung cancer deaths with the EPA estimates.

I have also evaluated the cost-effectiveness of targeted remediation at the household level. Based on the
predictions, remediation of homes accurately identified above the WHO 2.7 piC/L threshold would potentially
reduce yearly radon-attributed lung cancer deaths by approximately 8,800. The estimated cost of testing and
remediation for accurately identified homes, along with the associated costs for testing inaccurately predicted
homes, amounts to approximately $3.02 billion. This translates to a cost of about $354,545 per avoided
lung cancer death. Similar exercises conducted at different remediation levels indicate potentially significant
increases in the cost-effectiveness of remediation using the predictions from our model.

In conclusion, this research has contributed to the advancement of accurately and precisely mapping long-
term indoor radon exposure levels across the United States. By addressing the limitations of existing models
and providing more nuanced insights, this research paves the way for improved risk assessment, mitigation
strategies, and public awareness regarding indoor radon exposure. Future studies should focus on refining
the models, incorporating additional data sources, and collaborating with relevant partners to further enhance

our understanding of this important public health concern.
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1.6 Appendix

1.6.1 The EPA Map

The Environmental Protection Agency (EPA) published the Map of Radon Zones in 1993, which is widely
used to provide information about indoor radon risks. The EPA map estimates that one-third of all continental
U.S. counties are high-risk zones for indoor radon. The Map of Radon Zones was developed to assist national,
state, and local governments and organizations in targeting their radon program activities and resources.
Each of the three Zone designations represents an estimate of radon potential in the lowest livable area of a
structure, but it cannot estimate actual exposures to radon.

The EPA Committee used five factors that were known to be important indicators of radon potential to
construct the Zone designations for each county across the US: (1) Indoor radon measurements; (2) Geology;
(3); Aerial Radioactivity (NURE equivalent uranium data); (4) Soil parameters; and (5) Foundation types.
The Committee assigned numerical values based on the assessment of each category’s individual contribution

to radon potential for about 360 separate geological provinces.

Figure 1.15: EPA Index Approach for Radon Mapping

. " - ivalent
LE 1. RADON INDEX MATRIX. "ppm eU" indicates parts per million of equiva
Ir‘:t?ium, as indicated by NURE aerial radiometric data. See text discussion for details.

INCREASING RADON POTENTIAL '
POINT VALUE
FACTOR 1 2 3

INDOOR RADON (average) <2 pCi/L 2 -4 pCGi/L >4 pCi/L
AERIAL RADIOACTIVITY < 1.5 ppm eU 1.5 - 2.5 ppm eU >2.5 ppm eU
GEOLOGY* negative variable positive
SOIL PERMEABILITY low moderate high
ARCHITECTURE TYFE mostly slab mixed mostly basement

* : i i in addition to points
GEOLOGIC FIELD EVIDENCE (GFE) POINTS: GFE points are assigned :
for the "Geology" factor for specific, relevant geologic field studies. See text for details.

logic evidence supporting:  HIGH radon +2 points
Geolog! ppoine MODERATE +1 point
LOW -2 points
No relevant geologic field studies 0 points
SCORING: Probable average screening
) Ra enti ALCE Point range indo lon area
LOW 3-8 points <2 pCilL
MODERATE/VARIABLE 9.11 points 2 -4 pCi/L
HIGH 12-17 points >4 pCi/L

POSSIBLE RANGE OF POINTS =3 to 17

The Committee acknowledges that this extrapolation may hide significant variation within counties. Fig-

ure 1.15 shows the index approach used by the EPA Committee to construct the Zones.
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1.6.2 Figures
Figure 1.16: The Decay Chain of Thorium-232
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Figure 1.17: Counties with Predicted Radon 4 piC/L or More
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Notes: The top figure shows the percentage of homes that are located in the EPA Zones 2 and 3 with
predicted lowest-level indoor radon at 4 piC/L or more. The bottom map shows the 1993 EPA map of
Zones for reference.
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Figure 1.18: EPA Zone 3 Counties Missclassified
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Notes: The top figure shows the percentage of homes that are located in the EPA Zone 3 that are
misclassified under the new map. A home is defined as misclassified if its long-term predicted radon
is not less than 2 piC/L, the definition of EPA Zone 3. The bottom map shows the 1993 EPA map of
Zones for reference.
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Figure 1.19: EPA Zone 2 Counties Missclassified
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Notes: The top figure shows the percentage of homes that are located in the EPA Zone 2 that are
misclassified under the new map. A home is defined as misclassified if its long-term predicted radon
does not fall within 2-4 piC/L, the definition of EPA Zone 2. The bottom map shows the 1993 EPA
map of Zones for reference.
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Figure 1.20: EPA Zone 1 Counties Missclassified
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Notes: The top figure shows the percentage of homes that are located in the EPA Zones 1 that are
misclassified under the new map. A home is defined as misclassified if its long-term predicted radon
is not greater than 4 piC/L, the definition of EPA Zone 1. The bottom map shows the 1993 EPA map
of Zones for reference.
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1.6.3 Tables

Table 1.3: Descriptive Statistics of Predicted Radon

Zone 1 Zone 2 Zone 3 Zone 1* Zone 2* Zone 3*
Lowest-Level Mean 3.28 2.16 1.38 4.86 2.85 1.36
Lowest-Level SD 1.27 0.98 0.49 0.83 0.56 0.29
First-Floor Mean 2.68 1.85 1.27 3.33 2.36 1.33
First-Floor SD 0.83 0.63 0.30 0.77 0.61 0.28
N 2,083,376 2,639,091 2,617,623 722,722 2,464,913 4,152,455

Table reports the descriptive statistics of the radon predictions among a 10 percent sample of the ZTRAX population of single-
family homes. The columns Zone 1 - Zone 3 are the original EPA Zone designations. The columns Zone 1* - Zone 3* are the
new zone designations under the predictive map.

41



*$109JJ9 paxy djelS pue sorgderSowrap 10§ SUI[OJUOD J[IYM ‘SUOTIRUSISIP SUOZ MIN Y} SSOIOL
QUIODUT UT SOJUIRJJIP aFe1oAe juasaidor Loy, esned se pajoidiojur aq 0) JueawW Jou oIk pue ANdIIOSIp 9IB S)NSAI ASAY], ‘[[BIA0 S[) dY) I0J SI[NSAI AY) SMOYS (G)
uwn[o)) ‘3[nIenb pIry) 9y} 9A0QE puE ‘pIIY) PUEB PUOIIS Y} UM ‘PUOIIS PUE JSIY Y} UIIMIAq ‘d[rirenb ISIy oyl MO[oq SQWIOIUT YIIM S)OBI) SNSUID 10§ S[OPOUL
Jexedos Juasardar sUWIN[OD IN0J ISIY YL, [OAJ] JOBI) SNSUSD A} J& SWOIUT UBIPAW A} UO SALIOFILD dUOZ MAN Y} JO UOISSaISax reaut] ofdwis & SMOys SIY], :SOION

10°0>d,., ‘S0°0>d,, c1:0>d,

999°1L L16°LT 916°L1 916°L1 LO6°LT SuoneAIssqQ
SA SAX SOX SIX SA S109JJ9 paxy aje1s
(6vL) (61720 (6LY) (2670 (95°¢)
(rL9) (249Y) (L8€) (152 (Lr'€)
(ToL) (€Tee) (8¢°9) (r0'¢) (68°¢)
w VT TVE'T w+E1VEOT +x£9°981 +x99'178 +x5S 901 [00YS YSTH Juad1od
(Ty9Le) (19'968) (91°081) (6£°821) (80'957)
#+CL' 168 €9evl ++8€ 80% #:x99 CEE #+x76° 098 — [ dU0Z MIN
(Trero) (LS'88%) (seTin (zseL) (Le'1en
«:98961°T «#x06'9€0°€E 0svel 86'¢L +x81°96€— C dU0Z MIN
(10'816) (8%°299°¢) (0£°019) (6StCe) (01°LEY)
«+8€ 166 1¥— sk LL9LY V8 — wE1168°EY wxEV'88TLE w60 019TT ERIS
(©) () (€) @ (M
SJ0R1], SnSud)) [V G/ < sawoouy G/ > sawoduy > qI0¢ YOS > sawoduy > qIcy YIGT > sawoduy

QWIOOUT WINIPIA] JOBI], SNSUID)

JoBI], SNSUQ)) Y} I8 SWOIU] UBIPIJA] UO dUO0Z MaN JO STO :+'1 2Bl

42



CHAPTER 2

An Application of the Radon Model: Evaluating the Health Effects of Long-Term Radon Exposure

among the Veteran Population

2.1 Introduction

This chapter aims to contribute to the existing literature on the health effects of indoor radon exposure by
examining the relationship between cumulative radon exposure and the probability of developing lung cancer
among United States veterans. While extensive research has been conducted to explore the association be-
tween radon exposure and lung cancer in the general population, limited evidence exists regarding the effects
of radon among specific subpopulations, including veterans. Furthermore, lung cancer is the leading cause of
death among veterans. Consequently, this study aims to bridge this gap by investigating the heterogeneous ef-
fects of cumulative radon exposure within this underserved population. By accurately quantifying the causal
effect of residential levels of cumulative indoor radon, this study offers valuable insights into the potential
widespread health implications of radon exposure for the overall veteran population.

While there is a considerable body of literature investigating the impact of radon exposure on lung cancer
within residential settings, this research has faced various challenges. These challenges include limitations
in data availability, measurement errors, utilization of non-random case-control study designs, and concerns
regarding external validity. In an ideal research scenario, indoor radon values would be randomly assigned
to the study population and continuously monitored throughout each participant’s lifetime, allowing for the
utilization of cross-sectional and time-series variation to identify causal effects. However, such an approach
raises ethical concerns. An alternative approach involves leveraging exogenous shocks to long-term indoor
radon levels, but this requires measurements of long-term indoor radon to identify underlying structural
relationships. Overcoming these challenges is further complicated by the hypothesis that residential levels
of indoor radon exposure have relatively small marginal effects on the probability of developing lung cancer,
particularly when compared to factors like smoking or exposure to high levels of occupational hazards. As a
result, precise estimates of these effects necessitate a sufficiently large sample size.

This paper aims to tackle these challenges by leveraging the predictive models developed in Chapter 1.
It combines administrative and claims data from the Veteran Health Administration (VHA) with residence
information obtained from the ZTRAX database and long-term weather data. This unique dataset, along with
the predictions of atmospheric bismuth-214 and indoor radon from Chapter 1, provides a practical approach

for estimating both reduced-form and structural models that examine the relationship between radon risk and
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the probability of developing lung cancer.

Let’s consider the reduced-form relationship between predicted atmospheric bi-214 and the risk of lung
cancer. Regardless of the origin of radon-222, which produces bi-214, a significant association between
atmospheric bi-214 and lung cancer development would suggest that radon-222 progeny contributes to lung
cancer risk. However, it is important to acknowledge the limitations inherent in any reduced-form analysis.
Outdoor levels of bi-214 and radon-222 generally represent low concentrations of exposure to environmental
radiation. Since the primary driver of lung cancer risk from radiation comes from elevated indoor exposures,
it is unlikely that atmospheric (outdoor) bi-214 plays a major role in lung cancer development. This is
particularly relevant considering that most individuals spend the majority of their time indoors. Therefore,
atmospheric bi-214 is likely capturing the effects of elevated indoor concentrations. Furthermore, interpreting
the marginal effects of outdoor bi-214 on lung cancer from a health policy perspective presents challenges:
what actionable measures can be taken to reduce the impact of natural background radiation in the atmosphere
on the development of lung cancer?

By providing both reduced-form and structural estimates, this study effectively addresses the potential
limitations associated with relying solely on a reduced-form analysis. The individual fixed-effects models for
both cumulative predicted atmospheric bi-214 and cumulative predicted indoor radon yield statistically and
economically significant effects on the probability of developing lung cancer within this specific population.
Notably, using natural log transformations of atmospheric bi-214 and indoor radon produces almost identical
marginal effects.

At the mean lung cancer risk, a 10 percent increase in atmospheric bi-214 or indoor radon leads to a 6.2
percent increase in the probability of developing lung cancer. Moreover, increasing cumulative radon by 50
percent results in a substantial 26 percent increase in the probability of lung cancer at the mean level. These
effects are remarkably large, especially when considering the predicted levels of long-term radon exposure.
In fact, the mean yearly indoor radon concentration is only 1.63 piC/L, and the 99th percentile reaches 3.89
piC/L. Even at these relatively low levels, indoor radon exposure demonstrates a significant impact on the
probability of developing lung cancer.

The results of this study yield fascinating insights when exploring the heterogeneous effects of radon
exposure among different subpopulations of veterans. Specifically, separate models are estimated based on
smoking status, combat history, and veterans diagnosed with chronic obstructive pulmonary disease (COPD).
The analysis focuses on estimating the probability of lung cancer and death as a function of cumulative radon
exposure and approximating the fraction of lung cancer deaths attributed to radon exposure.

The findings reveal that veterans diagnosed with COPD face the highest risk of dying from radon-

attributed lung cancer, with 35 percent of lung cancer deaths among COPD-diagnosed veterans attributed
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to radon exposure. Similarly, smokers exhibit high levels, with the radon-attributed fraction (RAF) hovering
around 28 percent. Notably, there is a distinct pattern wherein populations at greater risk or those considered
“sicker” demonstrate larger RAFs compared to their low-risk or "healthier” counterparts. This finding may
appear surprising at first, as one might expect the radon effects relative to death risk to be higher among the
healthier population. However, it is important to consider the levels of radon exposure across the entire cohort
of veterans. Approximately 99 percent of these veterans have yearly predicted levels below 3.89 piC/L, and
75 percent have levels below 1.84 piC/L, well below the suggested remediation threshold of 4 piC/L. Given
these relatively low levels of yearly radon exposure, it is unlikely that cumulative exposure from radon alone
would generate lung cancer deaths among populations that are not already at an increased risk of lung cancer.
Understanding the heterogeneous effects of radon exposure among veterans holds significant public health
implications. By identifying subpopulations with higher susceptibility to radon-induced lung cancer, targeted
interventions and preventive strategies can be developed. Tailoring efforts towards at-risk groups, such as
smokers or individuals with COPD, may prove more effective in reducing the burden of lung cancer. Further-
more, the establishment of different remediation thresholds for these at-risk populations may be necessary.
In conclusion, this paper presents a novel analysis that leverages a unique dataset to estimate the effects of
radon exposure on the probability of lung cancer among veterans. The insights gained from this study enhance
our understanding of radon exposure risks within the veteran population and provide the first estimates of the
causal effects of long-term cumulative radon exposure on the risk of lung cancer at residential levels of
exposure among US veterans. The significant risk of lung cancer observed even at relatively low levels of
radon exposure, compared to the EPA’s suggested remediation threshold of 4 piC/L, suggests the need to
develop a new threshold specifically for veterans, particularly those with COPD or smoking history. Future
research should involve collaboration between the VHA and EPA to reduce veterans’ exposure to indoor

radon and alleviate the burden of lung cancer within this population.

2.2 Background

Despite the risks of radon gas, the economic and health literature on residential radon exposure is limited and
relies on small case-control studies and meta-analyses'. Darby et al. (1998) performed a case-control analysis
in southwest England with 4167 subjects and estimated that the relative risk of lung cancer increased by 0.08
per 100 Bq/m?> (2.7 pCi/L). Field et al. (2000) performed a similar case-control study of female Iowa residents
who occupied their current homes for at least 20 years. The study found noisy estimates, predicting excess

odds ratios of 0.5 for radon exposure at 148 Bq/m>. Darby et al. (2005) analyzed individual data from 13

I'See Lubin et al. (1994),Pavia et al. (2003),Darby et al. (2005),Krewski et al. (2005),Darby et al. (2006),Krewski et al. (2006),Mali-
novsky et al. (2018),Li et al. (2020), and Chen et al. (2021).
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European case-control studies, finding a significant linear dose-response relationship between indoor radon
and lung cancer. They estimate increased relative risks of lung cancer by 0.16 per 100 Bq/m?>, twice the effect
of Darby et al. (1998). A more recent meta-analysis performed by Malinovsky et al. (2018) analyzed the
results of 31 case-control studies from 13 countries and found statistically significant lung cancer risk for
radon concentrations above 92 Bg/m?>.

The Committee on Biological Effects of Ionizing Radiation (BEIR) VI proposed a model relating radon
risk to lung cancer in 1999 using data from 68,000 metal miners from 11 international observational studies.
The BEIR VI found significant lung cancer risks for metal miners but relied on limited regression controls
to extrapolate the miner results to the general population and did not control for other potential confounding
factors. Cao et al. (2017) re-evaluated the estimates from the BEIR VI model while accounting for diesel
engine exhaust exposure, reducing the BEIR VI radon-attributed lung cancer estimates by 9-26 percent. This
study calls into question the EPA’s use of the BEIR VI model to develop the remediation threshold of 148
Bg/m? (equivalent to 4 picocuries per liter and the EPA’s Zone 1 radon designation). Other studies have also
highlighted the uncertainty regarding the effects of residential radon exposure and lung cancer risk. Wilcox
et al. (2008) performed a case-control study in New Jersey involving 561 cases and 740 control subjects, find-
ing no statistically significant effect of indoor radon on lung cancer risk. Sandler et al. (2006) analyzed 1474
lung cancer cases against 1811 telephone-screened controls from Connecticut, Utah, and southern Idaho. The
study’s estimates of the excess relative risks for lung cancer weren’t statistically significantly different from
zero. Another case-control study found no significant risk for lung cancer among non-smoking women in
Germany using 234 female lung cancer patients and 535 population controls (Kreuzer et al., 2002). It is
clear that the literature on residential lung cancer contains contradictory and uncertain evidence regarding the
health effects of indoor radon. Non-random case-control designs combined with small sample sizes lack the

power to detect the effects of indoor radon on health outcomes for the residential population across the US.

2.3 Data

Demographic, socioeconomic, health history, and address data for veterans were obtained from the Cor-
porate Data Warehouse (CDW) hosted by the VA Informatics and Computing Infrastructure (VINCI). The
Institutional Review Board approved the study to include all veterans followed by the Veteran Health Ad-
ministration (VHA) from 2002 to the present. However, address histories were not available in the CDW
database, requiring additional data requests within VINCI. Considering data and computational constraints,
the analysis focused on veterans residing in Alabama, Arkansas, Kentucky, Louisiana, Mississippi, Okla-
homa, and Tennessee. The veteran address files contained information on the date of address updates, with

only the most recent address included. While some address changes may represent confirmations rather than
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actual changes, the assumption was made that the update date indicates when a veteran started living at the
address on file, which determined their inclusion in the analysis. These criteria resulted in a sample of 1.317
million veterans across the seven states.

Data on veterans’ demographics, socioeconomics, health histories, and addresses come from the Cor-
porate Data Warehouse (CDW) hosted by the VA Informatics and Computing Infrastructure (VINCI). The
Institutional Review Board application approved the study to include any veterans that were followed by the
Veteran Health Administration (VHA) in 2002 to the present. The veterans’ address histories are currently
unavailable within the CDW database and require additional data requests inside VINCI. Additionally, data
and computational restrictions would make analyzing the full US veteran population beyond the scope of
this paper. Given these considerations, I limited the analysis to veterans that reside in Alabama, Arkansas,
Kentucky, Louisiana, Mississippi, Oklahoma, and Tennessee.

The veteran address files contain information on the date for which a home address was updated and only
contain the most recent address. An address could be updated if an employee confirmed an address or altered
an address in any way. It is unclear if some address change dates simply reflect an employee confirming a
patient’s address, rather than an actual change of address. Regardless, I assume that the address update date
indicates when a veteran has started living in the address on file, and use this date to determine when a veteran
enters the analysis. These restrictions result in 1.317 million veterans across the seven states.

To match veterans to their residences, the addresses were compared to the Zillow ZTRAX database. The
matching algorithm prioritized minimizing false matches, resulting in a match rate of 71 percent and 936K
matched veterans.?. Restricting the sample further to veterans living in single-family homes yielded a cohort
of slightly over 700K veterans.

Demographic and health indicators were constructed using the administrative and claims data available in
the Corporate Data Warehouse (CDW). The demographic variables included race, age, sex, body mass index,
military service period, combat service, exposure to Agent Orange, exposure to ionizing radiation, prisoner of
war (POW) status, unemployability status, housebound status, military service-connected disability, Medicaid
eligibility, and receipt of VA pension or social security benefits. Ever-smokers were identified based on
ICDY9/10CM diagnosis codes and health factor indicators extracted from electronic health records.

The inpatient and outpatient claims data were utilized to identify the year of lung cancer diagnosis and
determine if veterans received treatment for 16 chronic conditions. These conditions encompassed anemia,
congestive heart failure, coronary artery disease, dementia, diabetes, obesity, hypertension, hypothyroidism,

rheumatoid arthritis, pulmonary fibrosis, asthma, chronic obstructive pulmonary disorder (COPD), drug/al-

2Qther choices for the match restrictions are possible that increase the match rate but decrease the accuracy. Spot-checking 1000
random matched addresses found 4 mismatches under the chosen algorithm. Note that the algorithm requires perfect matches on the
property number, city, and zip code, so mismatches most likely occur within a reasonable distance to the true location
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cohol dependence, drug/alcohol abuse, and alcohol use.

Furthermore, estimates of atmospheric bismuth-214 and indoor radon exposure were generated using the
models developed in Chapter 1 for each month that a veteran resided in the matched property. These monthly
estimates were averaged over each year to create a measure of mean long-term radon exposure. Cumulative
sums of these estimates were calculated for each year that a veteran was observed in the panel.

Table 2.1 presents summary statistics for the unique panel of veterans, while the summary statistics of
the yearly panel of observations are provided in Table 2.2. It is worth noting that the average indoor radon
prediction for this population is relatively low, with an average of approximately 1.6 piC/L. It is important
to emphasize that this value represents the yearly average of short-term predictions. While multiplying these
yearly means by 365 would estimate the total yearly exposure, it is common practice in the literature and EPA
guidelines to present thresholds and findings based on yearly means. On average, veterans are observed for a

period of 5.4 years, accumulating an average cumulative exposure of 8.7 piC/L.

2.4 Empirical Strategy

24.1 Lung Cancer

The objective of this paper is to estimate the health effects of cumulative radon exposure among US veterans.
I model the relationship between lung cancer and cumulative radon exposure using the following regression
equation:

LungCanceri = Blog(Fict) + Xiy Y + O + O + Cer + Ci + €y 2.1

where LungCanceri., is an indicator of lung cancer for individual i, who lives in county c, in year ¢. The coef-

ficient of interest is 3, the marginal effect of cumulative indoor radon exposure (). X;,, is a vector of veteran

ct
characteristics (smoking status, race, Medicaid eligibility, flags for receiving VA disability receiving social
security benefits, if the veteran is considered unemployable, if the veteran is housebound, history of agent
orange and/or ionizing radiation exposure, combat service, military service period, sex, and second-order
polynomials of BMI and age, yearly averages of precipitation, minimum temperature, maximum tempera-
ture, dew point temperature, and vapor pressure deficits).

In order to account for various sources of heterogeneity and control for unobserved factors, this study
incorporates a high dimension of fixed effects. Specifically, county fixed effects (&), year fixed effects (o),
and county-by-year fixed effects () are included in the analysis. The county fixed effects help control for
constant geographic differences that may impact lung cancer rates. The year fixed effects account for yearly

shocks that could affect the development or diagnosis of lung cancer among veterans as a whole. Lastly, the

county-by-year fixed effects flexibly capture location-time-varying shocks, such as changes in VHA policies
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Table 2.1: Veteran Cohort Summary Statistics

Mean Std Dev N
Lung Cancer 0.027 0.162 700,255
Died 0.375 0.484 700,255
Hypertension 0.551 0.497 700,255
Coronary Artery Disease 0.237 0.425 700,255
Anemia 0.204 0.403 700,255
Pulmonary Fibrosis 0.005 0.073 700,255
COPD 0.167 0.373 700,255
Rheumatoid Arthritis 0.027 0.162 700,255
Obesity 0.139 0.346 700,255
Hypothyroidism 0.085 0.279 700,255
Drug/Alcohol Use 0.008 0.086 700,255
Drug/Alcohol Dependence 0.057 0.233 700,255
Drug Abuse 0.168 0.374 700,255
Diabetes 0.275 0.446 700,255
Dementia 0.060 0.237 700,255
Congestive Heart Failure 0.080 0.272 700,255
Asthma 0.037 0.190 700,255
Race - White 0.806 0.395 700,255
Race - Black 0.179 0.383 700,255
Race - Other 0.015 0.122 700,255
Medicaid Eligible 0.009 0.084 700,255
Service Connected Disability 0.537 0.499 700,255
Agent Orange Exposure 0.088 0.283 700,255
Ionizing Radiation Exposure 0.002 0.046 700,255
SW Asia Service 0.024 0.150 700,255
Prisoner of War 0.004 0.048 700,255
Combat Service 0.171 0.350 700,255
Unemployable 0.066 0.248 700,255
VA Disability 0.483 0.499 700,255
PT Disability 0.182 0.381 700,255
Housebound 0.044 0.205 700,255
Receiving VA Pension 0.050 0.214 700,255
Receiving SS Benefit 0.131 0.258 700,255
Service Period - Korean 0.092 0.289 700,255
Service Period - Vietnam 0.354 0.478 700,255
Service Period - WWII 0.102 0.303 700,255
Service Period - Other 0.452 0.498 700,255
Ever-Smoker 0.373 0.483 700,255
BMI 29.230 5.307 700,255

Notes: Table reports summary statistics for the unique cohort of veterans.
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Table 2.2: Veteran Yearly Panel Summary Statistics

Mean Std Dev N
Lung Cancer 0.010 0.098 4,470,821
Died 0.059 0.235 4,470,821
Year 2014 49 4,470,821
Years in Panel 5.406 4.065 4,470,821
Yearly Mean Radon piC/L 1.625 0.656 4,470,821
Yealy Mean Atmospheric Bi214 counts/sec ~ 0.00005  0.00003 4,470,821
Cumulative Radon piC/L 8.736 7.835 4,470,821
Cumulative Bi214 counts/sec 0.0003 0.0003 4,470,821
Precipitaiton 4.033 0.934 4,470,821
Maximum Temperature 22.627 2.223 4,470,821
Minimum Temperature 10.934 2.483 4,470,821
Mean Dew Point Temperature 10.383 2.564 4,470,821
Maximum Vapor Pressure Deficit 15.731 2.300 4,470,821
Minimum Vapor Pressure Deficit 1.005 0.534 4,470,821

Notes: Table reports summary statistics for the yearly panel dataset of the cohort of veterans.

or other local pollutants.

In addition to these fixed effects, individual-specific unobserved heterogeneity (c;) is considered in the
model. Accounting for ¢; is particularly crucial in this research context as it addresses the potential correlation
between unobserved individual characteristics and predicted radon exposure. If the unobserved heterogeneity
(c;) is uncorrelated with the predicted long-term radon (7};) and other confounding factors (such as agent or-
ange exposure, smoking status, race, etc.), pooled OLS and random effects (RE) estimators provide consistent
estimates of B (with random effects being more efficient). However, if ¢; includes previous radon exposure
and there is systematic correlation with 7, pooled OLS and RE estimators would produce inconsistent results.
Similarly, if a veteran’s smoking history is correlated with their childhood second-hand smoke exposure and
an interaction term is estimated between 7, and smoking status, the coefficients on these interaction terms
would be inconsistent without controlling for c;.

Furthermore, controlling for ¢; is essential in any analysis involving cumulative exposure. The average
number of years observed in the panel is 5.4, which is insufficient to capture the full latency period for
developing lung cancer, ranging from 10-30 years (Lipfert and Wyzga, 2019), and potentially up to 55 years
(Hu et al., 1994). Given these timeframes and the low levels of cumulative predicted exposure among this
population, it would not be expected to observe a significant positive coefficient on cumulative radon and lung
cancer risk. In fact, one might even anticipate a negative coefficient for low levels of cumulative exposure
due to the use of low radiation levels in radiation therapy. Indeed, Scott (2011) finds that low levels of radon

exposure inhibit the development of lung cancer. To control for linear unobserved heterogeneity, the fixed-
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effects (within) transformation is applied, which subtracts the means of the variables for each veteran. This
approach helps address the potential biases arising from unobserved time-invariant factors and allows for

more reliable estimation of the relationship between cumulative radon exposure and lung cancer risk.:

ALungCanceri, = BAlog(rie) + AXL, Y+ Ay + Aty + Aeier (2.2)

where Arjssye TEPIESENtS Fissye = Firsyg — Tirsyg Under the fixed-effect (within) transformation. This model relies
on the crucial assumption that ¢; does not interact with observable characteristics and is constant over time.
I leave the analysis that allows ¢; to vary over time or interact with the observable characteristics, such as
random coefficient or correlated random effect models, as future work.

To address the limitations associated with distributional assumptions and incidental parameters in a panel
probit or logit model within an individual fixed effects framework, a linear probability model (LPM) is em-
ployed in this study. By utilizing the LPM as a linear projection, the analysis aims to examine the significance
of long-term radon exposure on the probability of developing lung cancer. The LPM provides straightforward
interpretations and facilitates the estimation of marginal effects.

Furthermore, to account for the sampling uncertainty of the generated regressor 7, nonparametric boot-
strapped coefficient and standard error estimates are presented in all results. Although the panel consists
of 4.5 million observations among 700K unique veterans, the sampling uncertainty is likely to be relatively
small. To address this uncertainty, the unique list of veterans is bootstrapped 100 times, with all yearly ob-
servations for the sampled individuals retained. In cases where a veteran is sampled multiple times, each
set of observations is treated as a separate individual in the analysis. It is important to note that increasing
the number of bootstraps significantly escalates computational costs while providing minimal gains in preci-
sion due to the large sample sizes. Hence, the decision to conduct 100 bootstraps strikes a balance between
computational efficiency and obtaining reliable estimates for the regression coefficients and their standard

€ITOrS.

2.4.2 Additional Models
2.4.2.1 Atmospheric Bi-214

Iinclude an analysis of atmospheric bi-214 and lung cancer risk:

ALungCanceri; = YAlog(Bi214iy) + AXL, Y+ At + A + Aeicr 2.3)
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2.4.2.2 Death
I model the effect of long-term radon exposure on death using the following reduced-form equation, also
utilizing the fixed-effects/within transformation:

ADeath;; = mAlog(ric) + AX],

ict

T +AZ}, T3+ Ay + Ay + A 2.4)

and o’s are the same as above, Z/

!/
where 7., X; it

it is a vector of the chronic conditions (lung and other severe

cancers, hypertension, coronary artery disease, anemia, pulmonary fibrosis, COPD, rheumatoid arthritis,
obesity, hypothyroidism, drub abuse/dependence/use, diabetes, dementia, heart failure), and u;., is the error

term.

2.4.2.3 Relative Risks and Radon Attributed Fraction

This paper differs from the literature composed of case-control studies and meta-analyses in the US by pro-
viding the first analysis of a panel of individuals over time. The results are in the form of marginal effects
and probabilities of lung cancer and death, whereas the epidemiological literature provides odds ratios and
relative risks. However, since the models are linear, it is relatively straightforward to generate results that are

comparable to the epidemiological literature on indoor radon exposure. Relative risks can be defined as:

RR — p(LungCancer = 1|R =r+1,X)

2.5
p(LungCancer = 1|R = r,X) 25

where the numerator of equation 2.5 represents the probability of developing lung cancer from increasing
cumulative radon exposure by 1 piC/L. The denominator represents the baseline probability of lung cancer
risk among this population. I use the regression results to calculate estimates of the RR at the mean. Observe
that the denominator is approximately equal to the dependent variable mean. Then, since in the specification
that uses the natural log of cumulative radon exposure, the p(LungCancer = 1|R = r+1,X) is approximately
equal to Blog[(r+ 1)/r] at the mean. Within each bootstrap sample, I estimate the following as a measure of

relative risks:
g~ PLoslHD/7] 2.6)
Ylung
where ¢ is the mean probability of lung cancer.
In population terms, the radon-attributed fraction (RAF) is defined as the number of lung cancer deaths

attributed to radon exposure. I use a similar approach to estimate the RAF using the following equation:

RAF — p(Lung(.fancer: 1|R=r+1,X)
p(Dled = 1|R: r-+ l,X)

2.7)
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where the numerator is the same as in equation 2.5, and the denominator represents the probability of dying
from increasing radon exposure by one unit. To include estimates of the RAF, consider the following. The
total number of observed lung cancer cases is approximately equal to the predicted probability of lung cancer
multiplied by the total number of observations (N). It follows that the increase in lung cancer cases from
increasing cumulative radon is simply the marginal effect multiplied by N. Similarly, for deaths attributed
to radon exposure: the total increase in deaths attributed to radon exposure is simply the marginal effect
multiplied by N. Thus, one can approximate p(LungCancer = 1|R = r+1,X) & Jjng +ﬁ -log[(F+1)/7]
when using the log specification of cumulative radon. Similarly, one can approximate p(Died = 1|R =
r+1,X) & Vgiea + 1 - log[(F+ 1) /7], where 4.4 is the mean probability of death. Within each bootstrapped

sample, I estimate the following:

 Ftung + B log[(F+1)/7]

A 1
RAF =~ — — -
Vdiea + i1 - log[(F+ 1) /7]

(2.8)

2.5 Results

The analysis initially focuses on the impact of EPA Zone Designations, represented by three indicator vari-
ables, on the probability of lung cancer. Table 2.3 presents these results, with EPA Zone 3 as the reference
category, and each column representing a different combination of State by year fixed effects. It should be
noted that the EPA Zone is a county-level measure, and including county-fixed effects eliminates the pos-
sibility of estimating the parameter for EPA Zone. Similarly, employing individual fixed effects through a
within-transformation also removes the EPA measure from the regression. While these results do not establish
causal relationships, they provide valuable descriptive insights.

Compared to the mean lung cancer risk, veterans residing in EPA Zone 1 counties are approximately
12.5 percent more likely to receive a lung cancer diagnosis, relative to veterans in EPA Zone 3 counties. No
statistically significant difference in lung cancer risk is observed between Zones 2 and 3. Nevertheless, there
are several limitations when utilizing the EPA measure. Unobservable characteristics correlated with the EPA
zone designation at the county level cannot be controlled for in the analysis. Furthermore, interpreting the
results from a public policy perspective poses challenges, as EPA Zone 1 is already designated as a high-risk
zone, and the parameter estimates largely confirm the correlation between higher radon levels and lung cancer
risk among veterans. The estimates do not provide guidance on appropriate mitigation levels or acceptable
exposure thresholds.

Additional issues related to sorting and avoidance behavior may complicate the analysis, underscoring
the importance of leveraging exogenous changes in radon risks. Access to data before and after the release

of the EPA map in 1993 could potentially enable the identification of reduced-form effects of indoor radon

53



Table 2.3: EPA Zone on Lung Cancer Probability among Veterans

Probability of Lung Cancer
@ @ A

EPA Zone 1 0.00120 0.00123 0.00117
(0.00028, 0.00190) (0.00034, 0.00194) (0.00030, 0.00190)

EPA Zone 2 0.00048 0.00050 0.00045
(—=0.00019, 0.00121)  (—0.00015, 0.00123)  (—0.00023, 0.00117)

Mean Dependent

Variable 0.0096 0.0096 0.0096
Radon Mean 8.74 8.74 8.74
Zone 1 Effect

Relative to Mean 12.5% 12.8% 12.2%
Zone 2 Effect

Relative to Mean 5% 5.3% 4.7%
Fixed Effects
Veteran No No No
State by Year Yes No No
State by 2-Year No Yes No
State by 3-Year No No Yes

Notes: Table reports estimates of 2.1, using the EPA Zone designation as the measure of indoor radon. The excluded
category is the EPA Zone 3, the lowest risk designation. Each column includes a different set of State and year fixed
effects, since county fixed effects absorb the variation in the EPA Zone. All regressions include the veteran covariates of
smoking status, race, Medicaid eligibility, flag for receiving VA disability and/or receiving social security benefits, agent
orange exposure, combat service, sex, second-order polynomials of BMI and age, yearly weather (precipitation, min and
max temperatures, min and max dew point temperatures, vapor pressure deficit). Bootstrapped 95 precent confidence
intervals are given in parenthesis.

exposure on the probability of lung cancer. However, it is essential to recognize that estimates based on per-
ceived indoor radon risk alone cannot ascertain the precise levels of radon exposure that cause lung cancer or
capture the marginal effects of continuous exposure. This is where the structural estimates of radon exposure
on lung cancer risk, as offered by the models in Chapter 1, provide a notable contribution.

The analysis proceeds by estimating equations 2.2 and 2.3, incorporating individual veteran fixed effects
(equivalent to the within-transformation). The results are presented in Table 2.4 The parameter estimates for
cumulative atmospheric bi-214 and cumulative indoor radon are remarkably similar: a 10 percent increase
in either measure corresponds to a 6.2 percent increase in the probability of lung cancer. These findings
hold across various specifications and demonstrate both economic and statistical significance at the 1 percent
level. The striking similarity of the estimates obtained from different measures, namely atmospheric bi-214
and indoor radon, provides reassurance regarding the accurate representation of atmospheric radon-222 by

atmospheric bi-214.
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The magnitude of these effects is considerable, particularly when considering that the average yearly in-
door radon concentration is 1.6 piC/L, resulting in an average cumulative exposure of 8.7 piC/L. Importantly,
these effects persist even at levels of exposure below the suggested remediation threshold of 4 piC/L. The
results underscore the significant lung cancer risk posed by radon exposure among the veteran population
examined in this study.

Table 2.4: Bi-214 and Radon on Lung Cancer Probability among Veterans

Probability of Lung Cancer
(1) (2 (3)

Panel A: Cumulative Bi-214

Log Cumulative Bi214 0.00622 0.00646 0.00657
(0.00602, 0.00643)  (0.00627, 0.00668)  (0.00636, 0.00679)

Mean Dependent

Variable 0.0096 0.0096 0.0096
Bi-214 Mean 0.00026 0.00026 0.00026
10% Effect Relative

to Mean 6.2% 6.2% 6.2%
Relative Risk 1.07 1.07 1.07

Panel B: Cumulative Indoor Radon

Log Cumulative Radon 0.00624 0.00648 0.00658
(0.00603, 0.00646)  (0.00629, 0.00671)  (0.00637, 0.00681)

Mean Dependent

Variable 0.0096 0.0096 0.0096
Radon Mean 8.74 8.74 8.74
10% Effect Relative

to Mean 6.2% 6.2% 6.2%
Relative Risk 1.07 1.07 1.07
Fixed Effects
Veteran Yes Yes Yes
County by Year Yes No No
County by 2-Year No Yes No
County by 3-Year No No Yes

Notes: Table reports fixed-effect (within) estimates of equations 2.2 and 2.3. Panel A uses the natural log of cumulative
atmospheric bismuth-214 as the main variable of interest. Panel B uses the natural log of cumulative predicted indoor
radon. Each column includes a different set of County and year fixed effects. All regressions include the veteran covariates
of smoking status, race, Medicaid eligibility, flag for receiving VA disability and/or receiving social security benefits, agent
orange exposure, combat service, sex, second-order polynomials of BMI and age, yearly weather (precipitation, min and
max temperatures, min and max dew point temperatures, vapor pressure deficit). Bootstrapped 95 precent confidence
intervals are given in parenthesis.

Furthermore, the analysis explores the heterogeneous effects of radon exposure. The corresponding tables

are provided in the Appendix and consistently support a coherent narrative. Veterans with higher suscepti-
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bility to lung disease, such as ever-smokers and those diagnosed with COPD, exhibit substantially higher
marginal effects of cumulative radon exposure on lung cancer risk. However, it is noteworthy that the relative
effects compared to the mean cancer risk are relatively consistent across different populations. For instance,
Table 2.6 presents the results after stratifying the analysis for ever-smokers and never-smokers. In both cases,
the effects of radon on lung cancer risk are approximately 6 percent relative to the mean risk. A similar
pattern emerges when comparing veterans with a COPD diagnosis to those without. Conversely, non-combat
veterans display slightly higher marginal effects relative to their mean lung cancer risk compared to combat
veterans, albeit only marginally larger (5.1 percent vs. 6.3 percent). In summary, while the marginal effects
of radon exposure can vary significantly across different populations, they remain relatively consistent when
considering the relative risks in relation to the baseline risk for each respective population.

Moving forward, I present results from estimating the radon-attributed fraction (RAF) using Equation 2.8.
Particularly interesting are the comparisons between ever-smokers and never-smokers, as well as between
veterans with a COPD diagnosis and those without. Table 2.5 displays the results for ever-smokers vs.
never-smokers. The estimated RAF for ever-smoking veterans is approximately 28 percent, while the RAF
for never-smokers is only 8 percent. These findings are significantly different and somewhat unexpected.
One might anticipate that the RAF would be higher for the never-smoking population, considering that their
primary risk factor for lung cancer is radon exposure. However, a plausible explanation for this result is
that the level of indoor radon exposure is relatively low, and therefore does not generate sufficient risk to
cause radon-attributed lung cancer deaths among the never-smokers. It implies that non-smokers are not
experiencing lung cancer deaths at proportions similar to the smoking population, which aligns with the
understanding that radon primarily contributes to death through its impact on comorbidities. A similar pattern
emerges for veterans with COPD: the RAF for veterans diagnosed with COPD is approximately 35 percent,
whereas for those without COPD it is only 8 percent. These results raise an important concern: populations
with a significant risk of lung cancer death are at significantly higher risk of radon exposure, even at relatively
low levels. However, it should be noted that these results assume that the models accurately capture the causal
effects at the mean in both the lung cancer and death specifications.

Nevertheless, the evidence strongly suggests that veterans with COPD and smoking histories face an
elevated risk of indoor radon exposure. Therefore, it is crucial for the VHA to take action by notifying these
veterans and developing appropriate plans to reduce their exposure. Overall, the differential marginal effects
of radon exposure among various subpopulations within the VA underscore the importance of tailored public
health policies, targeted interventions, prevention strategies, awareness campaigns, and research endeavors.
By addressing the specific risks and vulnerabilities of these populations, such as smokers, non-smokers, and

individuals with COPD, health policies can effectively alleviate the burden of lung cancer associated with
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Table 2.5: Radon-Attributed Fraction by Subpopulation

Radon-Attributed Fraction

&)

@)

A

Panel A: Ever-Smoking Veterans

0.282
(0.273, 0.290)

Radon-Attributed Fraction

0.282
(0.273, 0.290)

0.282
(0.273,0.291)

Mean Lung Cancer 0.0186 0.0186 0.0186
Mean Death 0.0615 0.0615 0.0615
Radon Mean 8.34 8.34 8.34
Panel B: Never-Smoking Veterans

Radon-Attributed Fraction 0.078 0.078 0.078

(0.074, 0.081)

(0.074, 0.081)

(0.074, 0.081)

Mean Lung Cancer 0.0048 0.0048 0.0048
Mean Death 0.0573 0.0573 0.0573
Radon Mean 8.95 8.95 8.95
Panel C: Veterans with COPD

Radon-Attributed Fraction 0.356 0.355 0.355

(0.347, 0.365)

(0.346, 0.364)

(0.346, 0.364)

Mean Lung Cancer 0.041 0.041 0.041
Mean Death 0.1056 0.1056 0.1056
Radon Mean 7.73 7.73 7.73
Panel D: Veterans without COPD
Radon-Attributed Fraction 0.078 0.078 0.078
(0.075,0.081)  (0.075,0.081)  (0.075,0.081)
Mean Lung Cancer 0.0043 0.0043 0.0043
Mean Death 0.0507 0.0507 0.0507
Radon Mean 8.91 8.91 8.91
Fixed Effects
Veteran Yes Yes Yes
County by Year Yes No No
County by 2-Year No Yes No
County by 3-Year No No Yes

Notes: Table reports estimates of 2.8 using the parameter estimates from the fixed-effect (within) results of
radon on lung cancer and radon on death. Each panel presents the results among a different set of subpopu-
lations. Panel A subsets the data to only those veterans with a history of smoking. Panel B uses only those
veterans with no history of smoking. Panel C uses veterans with a COPD diagnosis. Panel B subsets the
data to only those veterans with no COPD diagnosis. Each column includes a different set of County and
year fixed effects. All regressions include the veteran covariates of smoking status, race, Medicaid eligibility,
flag for receiving VA disability and/or receiving social security benefits, agent orange exposure, copd service,
sex, second-order polynomials of BMI and age, yearly weather (precipitation, min and max temperatures,
min and max dew point temperatures, vapor pressure deficit). Bootstrapped 95 percent confidence errors are

given in parenthesis.
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radon exposure.

2.6 Conclusion

This chapter has significantly improved our understanding of the health effects of indoor radon exposure
among United States veterans. By leveraging predictive models and unique datasets, I am able to estimate
the effects of long-term cumulative radon exposure on the probability of developing lung cancer, providing
valuable insights into the risks faced by this specific population.

The findings highlight the substantial impact of radon exposure on the probability of developing lung can-
cer among veterans, even at relatively low levels of exposure. A significant association between cumulative
radon exposure and the increased likelihood of lung cancer, particularly among subpopulations at higher risk,
such as ever-smokers and veterans diagnosed with chronic obstructive pulmonary disease (COPD). These
results emphasize the importance of targeted interventions and preventive strategies to reduce the burden of
lung cancer in these vulnerable groups.

Furthermore, the analysis of the radon-attributed fraction (RAF) revealed the proportion of lung cancer
deaths that can be attributed to radon exposure within specific veteran subpopulations. Veterans with COPD
exhibited a particularly high risk, with a substantial fraction of lung cancer deaths (35 percent) attributable to
radon. Similarly, ever-smokers had a RAF of approximately 28 percent. These findings underscore the urgent
need for tailored public health policies and interventions aimed at reducing radon exposure and its associated
health risks among high-risk individuals.

The comprehensive nature of this study allowed us to control for important confounding factors and
individual heterogeneity through fixed-effects models. This approach strengthens the validity of the findings
and provides a robust estimation of the effects of radon exposure on lung cancer risk within the veteran
population. However, the linear assumptions are critical in the interpretation of the results.

While this study has shed light on the health risks associated with radon exposure, further research is
needed to refine estimates and deepen our understanding of the mechanisms underlying these effects. In
particular, future work should investigate potential nonlinear models that allow for interactions between un-
observed heterogeneity or utilize address histories to more accurately capture true caumulative radon exposure.
Collaboration between the Veterans Health Administration (VHA) and the Environmental Protection Agency
(EPA) could facilitate ongoing efforts to develop more effective mitigation strategies, establish appropriate
radon exposure thresholds specifically tailored for veterans, and promote awareness of the risks posed by
radon.

In conclusion, this study provides compelling evidence of the detrimental effects of indoor radon exposure

on the probability of developing lung cancer among United States veterans. The findings emphasize the need
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for targeted interventions, awareness campaigns, and public health policies aimed at reducing radon exposure
and mitigating the burden of lung cancer within the veteran population. By addressing the specific risks
faced by different subpopulations, we can work towards minimizing health disparities associated with radon

exposure and improving the overall well-being of veterans.
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2.7 Appendix

2.7.1 Additional Results

Table 2.6: Radon on Lung Cancer Probability by Smoking History

&)

@

Probability of Lung Cancer

3

Panel A: Ever-smoking Veterans

0.01122
(0.01069, 0.01189)

Log Cumulative Radon

0.01158
(0.01105, 0.01224)

0.01177
(0.01124, 0.01247)

Mean Dependent Variable 0.0186 0.0186 0.0186
Radon Mean 8.34 8.34 8.34
10% Effect Relative to Mean 5.7% 5.7% 5.7%
Relative Risk 1.068 1.068 1.068
Panel B: Never-Smoking Veterans

Log Cumulative Radon 0.00277 0.00300 0.00304

(0.00253, 0.00295)

(0.00275, 0.00320)

(0.00278, 0.00323)

Mean Dependent Variable 0.0048 0.0048 0.0048
Radon Mean 8.95 8.95 8.95
10% Effect Relative to Mean 5.5% 5.5% 5.5%
Relative Risk 1.061 1.061 1.061
Fixed Effects

Veteran Yes Yes Yes
County by Year Yes No No
County by 2-Year No Yes No
County by 3-Year No No Yes

Notes: Table reports estimates of 2.2 using the fixed-effect (within) estimator. Panel A subsets the data to only those veterans
with a history of smoking. Panel B subsets the data to only those veterans with no history of smoking Each column includes a
different set of County and year fixed effects. All regressions include the veteran covariates of smoking status, race, Medicaid
eligibility, flag for receiving VA disability and/or receiving social security benefits, agent orange exposure, combat service, sex,
second-order polynomials of BMI and age, yearly weather (precipitation, min and max temperatures, min and max dew point
temperatures, vapor pressure deficit). Bootstrapped 95 precent confidence intervals are given in parenthesis.
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Table 2.7: Radon on Lung Cancer Probability by COPD Diagnosis

Probability of Lung Cancer

(1) (2) (3)
Panel A: Veterans with COPD
Log Cumulative Radon 0.02153 0.02252 0.02298

(0.01939, 0.02279) (0.02048, 0.02355) (0.02107, 0.02415)

Mean Dependent Variable 0.041 0.041 0.041
Radon Mean 7.73 7.73 7.73
10% Effect Relative to Mean 5% 5% 5%
Relative Risk 1.064 1.064 1.064
Panel B: Veterans without COPD
Log Cumulative Radon 0.00257 0.00269 0.00274

(0.00240, 0.00272)

(0.00253, 0.00284)

(0.00257, 0.00289)

Mean Dependent Variable 0.0043 0.0043 0.0043
Radon Mean 8.91 8.91 8.91
10% Effect Relative to Mean 5.8% 5.8% 5.8%
Relative Risk 1.064 1.064 1.064
Fixed Effects

Veteran Yes Yes Yes
County by Year Yes No No
County by 2-Year No Yes No
County by 3-Year No No Yes

Notes: Table reports estimates of 2.2 using the fixed-effect (within) estimator. Panel A subsets the data to only those veterans that

have a diagnosis of COPD. Panel B subsets the data to only those veterans without a COPD diagnosis. Each column includes a

different set of County and year fixed effects. All regressions include the veteran covariates of smoking status, race, Medicaid
eligibility, flag for receiving VA disability and/or receiving social security benefits, agent orange exposure, combat service, sex,
second-order polynomials of BMI and age, yearly weather (precipitation, min and max temperatures, min and max dew point
temperatures, vapor pressure deficit). Bootstrapped 95 precent confidence intervals are given in parenthesis.
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Table 2.8: Radon on Lung Cancer Probability by Combat History

&)

Probability of Lung Cancer

&)

3

Panel A: Combat Veterans

0.00635
(0.00553, 0.00694)

Log Cumulative Radon

0.00692
(0.00614, 0.00744)

0.00719
(0.00638, 0.00781)

Mean Dependent Variable 0.0119 0.0119 0.0119
Radon Mean 7.87 7.87 7.87
10% Effect Relative to Mean 5.1% 5.1% 5.1%
Relative Risk 1.064 1.064 1.064
Panel B: Non-Combat Veterans

Log Cumulative Radon 0.00613 0.00633 0.00643

(0.00584, 0.00644)

(0.00604, 0.00665)

(0.00615, 0.00675)

Mean Dependent Variable 0.0092 0.0092 0.0092
Radon Mean 8.87 8.87 8.87
10% Effect Relative to Mean 6.3% 6.3% 6.3%
Relative Risk 1.071 1.071 1.071
Fixed Effects

Veteran Yes Yes Yes
County by Year Yes No No
County by 2-Year No Yes No
County by 3-Year No No Yes

Notes: Table reports estimates of 2.2 using the fixed-effect (within) estimator. Panel A subsets the data to only those veterans with
a history of combat Panel B subsets the data to only those veterans with no history of combat. Each column includes a different
set of County and year fixed effects. All regressions include the veteran covariates of smoking status, race, Medicaid eligibility,
flag for receiving VA disability and/or receiving social security benefits, agent orange exposure, combat service, sex, second-order
polynomials of BMI and age, yearly weather (precipitation, min and max temperatures, min and max dew point temperatures,
vapor pressure deficit). Bootstrapped 95 precent confidence intervals are given in parenthesis.
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Table 2.9: Radon-Attributed Fraction by Combat History

Radon-Attributed Fraction

&)

@)

A

Panel A: Combat Veterans

Radon-Attributed Fraction 0.140

(0.134, 0.149)

0.139
(0.134, 0.149)

0.140
(0.134, 0.149)

Mean Lung Cancer 0.0119 0.0119 0.0119
Mean Death 0.0781 0.0781 0.0781
Radon Mean 7.87 7.87 7.87
Panel B: Non-Combat Veterans

Radon-Attributed Fraction 0.155 0.155 0.155

(0.152,0.159)  (0.152,0.159)  (0.152, 0.159)

Mean Lung Cancer 0.0092 0.0092 0.0092
Mean Death 0.0558 0.0558 0.0558
Radon Mean 8.87 8.87 8.87
Fixed Effects

Veteran Yes Yes Yes
County by Year Yes No No
County by 2-Year No Yes No
County by 3-Year No No Yes

Notes: Table reports estimates of 2.8 using the parameter estimates from the fixed-effect (within) results of radon
on lung cancer and radon on death. Panel A subsets the data to only those veterans with a history of combat. Panel
B subsets the data to only those veterans with no history of combat. Each column includes a different set of County
and year fixed effects. All regressions include the veteran covariates of smoking status, race, Medicaid eligibility,
flag for receiving VA disability and/or receiving social security benefits, agent orange exposure, combat service, sex,
second-order polynomials of BMI and age, yearly weather (precipitation, min and max temperatures, min and max
dew point temperatures, vapor pressure deficit). Bootstrapped standard errors are given in parenthesis.
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Table 2.10: Radon on Lung Cancer Probability by EPA Zone

Probability of Lung Cancer

(1) (2) (3)
Panel A: Veterans in EPA Zone 1
Log Cumulative Radon 0.00715 0.00743 0.00760
(0.00647, 0.00794) (0.00679, 0.00825) (0.00695, 0.00845)

Mean Dependent Variable 0.011 0.011 0.011
Radon Mean 12.84 12.84 12.84

10% Effect Relative to Mean 6.2% 6.2% 6.2%
Relative Risk 1.049 1.049 1.049

Panel B: Veterans in EPA Zones 2 and 3

Log Cumulative Radon 0.00598 0.00622 0.00631
(0.00572, 0.00640)  (0.00595, 0.00664)  (0.00604, 0.00672)
Mean Dependent Variable 0.0093 0.0093 0.0093
Radon Mean 7.72 7.72 7.72
10% Effect Relative to Mean 6.2% 6.2% 6.2%
Relative Risk 1.079 1.079 1.079
Fixed Effects
Veteran Yes Yes Yes
County by Year Yes No No
County by 2-Year No Yes No
County by 3-Year No No Yes

Notes: Table reports estimates of 2.2 using the fixed-effect (within) estimator. Panel A subsets the data to only those veterans
living in EPA Zone 1. Panel B subsets the data to only those veterans living in EPA Zones 2 or 3. Each column includes a different
set of County and year fixed effects. All regressions include the veteran covariates of smoking status, race, Medicaid eligibility,
flag for receiving VA disability and/or receiving social security benefits, agent orange exposure, combat service, sex, second-order
polynomials of BMI and age, yearly weather (precipitation, min and max temperatures, min and max dew point temperatures,
vapor pressure deficit). Bootstrapped 95 precent confidence intervals are given in parenthesis.
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CHAPTER 3

The Economics of Radon: A Case Study of Housing Prices and Radon in Nashville, Tenneessee!

3.1 Introduction

This paper aims to contribute to the literature by examining the relationship between radon risks and housing
prices in Davidson County, Tennessee, providing valuable insights into consumer behavior and the economic
costs of environmental exposure. The analysis in this paper builds upon the hedonic price literature, which
explores how various attributes of a property, such as location, size, and amenities, influence housing prices.
While previous studies have extensively examined the impact of housing characteristics and neighborhood
attributes on prices, relatively less attention has been given to the influence of radon on housing prices.
By incorporating radon risks into the hedonic price framework, this study extends the existing literature
and fills a crucial gap in understanding the economic implications of radon exposure. Within the broader
context of the economic costs of environmental exposure, this paper contributes to the understanding of how
individuals value and respond to environmental risks in the housing market. Environmental hazards, such as
air pollution, toxic substances, and natural disasters, have been shown to have significant effects on property
values. The inclusion of radon risks in the analysis expands the scope of environmental exposure research,
focusing specifically on a pervasive indoor pollutant with long-term health consequences. By quantifying
the relationship between radon risks and housing prices, this study provides insights into the economic costs
associated with environmental exposure and enhances our understanding of the tradeoffs that individuals
make in their housing decisions.

To achieve our objectives, this paper utilizes a comprehensive dataset that includes atmospheric bismuth-
214, predicted indoor radon concentrations, and over 165K single-family home transactions from 2001-2018
in Davidson County from the ZTRAX database. By leveraging these data sources, we are able to examine
both the reduced form relationship between atmospheric bi-214 and housing prices, as well as the structural
relationship between predicted indoor radon and housing prices. In particular, to estimate the structural effect
of radon on home prices, we complement the ZTRAX database with the predictive model of indoor radon
levels from Chapter 1. While radon tests are conducted by both potential buyers and sellers, they are often not
observable to the researcher. Furthermore, access to radon tests at the time of a sale is extremely difficult to
come by given the private nature of such tests and data use protections provided by the companies performing
such tests. Indeed, the point of developing the model in Chapter 1 is to overcome this challenge and allow

researchers to estimate the economic effects of radon exposure at scale. In fact, out of the 1.1 million single-

I'This chapter is part of joint work with Dr. Zaragoza-Watkins
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family home radon tests that we received from Alpha Energy Labs that were used in the Chapter 1 model,
only 2,911 were conducted from 2005-2021 in Davidson County by Alpha Energy, and only 285 had a test
during the same year as a sale.” Attempting to identify the expected small price effects of actual radon risk
would require leveraging an exogenous shock® or some other form of arguably exogenous variation in radon
risk. Although not technically a Two-Stage Least Square approach, using the prediction from the Chapter 1
model provides a practical solution to estimate the hedonic price of radon in Davidson County.

By estimating the effect of radon on home sale prices using the ZTRAX database and a predictive model
of indoor radon, this study contributes to the growing body of research on the economic implications of radon
exposure, the broader literature of market hedonics, and the literature of environmental economics and the
capitalization of environmental exposures. We find results at the mean levels of first-floor radon concen-
trations, the price elasticity of indoor radon is about -0.025, indicating that a 10 percent increase in radon
reduces the mean sale price by 0.21%*, or about $477. A 65 percent increase in the mean radon risk, which
would increase radon levels to 4 piC/L, decreases the mean sale price of a home by about $2500, which is
well within the cost to install radon mitigation. Contrary to Pinchbeck et al. (2023), which find no evidence of
a positive implicit price on relatively low radon concentrations, we find evidence of a nonlinear relationship
between radon risk and the price. Using a nonparametric binned measure of indoor radon concentrations,
increasing the risk above the median radon level monotonically decreases the sale price. Conversely, de-
creasing the radon risk below the median radon level monotonically increases the sale price. The results are
robust to many specifications and the price should reflect consumers’ perception of radon risk, incorporate
the avoided cost of radon mitigation, and future costs of repeated tests, mitigation upkeep, and the potential
stigma associated with high radon risk (even in the presence of a mitigation system).

The findings of this study have important implications for policymakers and homeowners alike. Un-
derstanding how radon risks are capitalized in housing prices can inform policy decisions related to radon
mitigation and regulation. Moreover, homeowners can gain valuable insights into the potential impact of
radon on their property values and make informed decisions regarding radon testing and mitigation mea-
sures. Overall, this paper contributes to the literature by examining the relationship between radon risks and
housing prices in Davidson County. By extending the hedonic price framework to include radon exposure
and considering the economic costs of environmental exposure, this study sheds light on consumer behavior

and the impact of radon risks on the housing market in the United States.

20f course, Alpha Energy does not conduct all radon tests, but this demonstrates the difficulty in obtaining radon tests at the time of
a sale and using this data in a research setting.

3 A recent paper Pinchbeck et al. (2023) accepted by the Journal of the Association of Environmental and Resource Economists looks
at the price effect of indoor radon-induced by a change in a radon risk map in England. This study does not observe individual homes’
radon levels but provides “intent-to-treat” estimates of the effect of perceived radon risk on home prices.

4This is similar to Pinchbeck et al. (2023), which find price effects around 0.8% when moving from a no-risk category to a risk
category.
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3.2 Background

The relationship between housing prices and various attributes of a property has long been a topic of interest
in the field of economics. The hedonic price approach, developed by Rosen (1974), has been widely used to
quantify the value that individuals place on different characteristics of a house. By decomposing the price of a
property into its constituent attributes, researchers have been able to understand how factors such as location,
size, amenities, and neighborhood characteristics influence housing prices.

In the context of environmental economics, numerous studies have explored the impact of environmental
factors on property values. For instance, Chay and Greenstone (2005) examined the effect of air pollution
on housing prices in Chicago, finding that increased pollution levels led to decreased property values. This
study provided valuable insights into the economic costs associated with air pollution and highlighted the
importance of environmental considerations in housing market dynamics. Furthermore, Currie et al. (2015)
conducted a seminal study on the economic consequences of exposure to toxic substances emitted by indus-
trial plants. They investigated the relationship between proximity to these industrial sites and infant health
and housing prices in the United States. Their findings revealed that homes near toxic industrial sites ex-
perienced significant price depreciation, indicating the negative externality associated with environmental
exposure to pollutants.

While the hedonic price literature has extensively explored the impact of housing attributes and environ-
mental factors on property values, relatively limited attention has been given to the economic implications of
radon exposure. Radon, a naturally occurring radioactive gas, poses a significant health risk, particularly in
indoor environments. Prolonged exposure to elevated levels of radon is known to increase the risk of lung
cancer, making it a pressing public health concern. This paper aims to fill this gap by providing a compre-
hensive analysis of the economic consequences of radon risks in the Davidson County housing market in
the United States. By incorporating radon risks into the hedonic price framework, this study follows in the
footsteps of previous research that have examined the impact of environmental hazards on housing prices.
The findings of Chay and Greenstone (2005) and Currie et al. (2015) have demonstrated the relevance of
considering environmental factors in housing market dynamics and the associated economic costs. Building
upon this foundation, this paper extends the literature by focusing specifically on the economic implications
of radon exposure and its effects on housing prices in Davidson County.

This work resembles a recently accepted paper in the Journal of the Association of Environmental and
Resource Economists (Pinchbeck et al., 2023) investigates the economic impact of radon in England. Using
a unique dataset combining information on residential property transactions in England and detailed radon

risk maps, the study examines the relationship between changes in radon risk classifications and residential
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property prices. The analysis reveals a significant negative relationship, indicating that an upward reclassifi-
cation of properties into radon-affected areas reduces property prices by approximately 0.8%. Furthermore,
the study finds evidence of sorting, with higher-educated, home-owning, and higher social status residents
decreasing in areas with increased radon risk. This highlights the disproportionate impact of radon risk on
lower socio-economic groups, contributing to environmental injustice. The study also highlights the impor-
tance of information disclosure, as the availability of radon risk information to homebuyers influences market
responses. The estimated economic impact of radon in the studied setting suggests that unmitigated radon
presence would significantly reduce the total market value of residential properties in England. Similar to
(Pinchbeck et al., 2023), the current paper contributes to the literature on indoor air pollution and provides

the first economic analysis of indoor radon risk on housing prices in the United States.

3.3 Data

3.3.1 Housing Transactions

We obtain all the building and transaction data from Zillow’s ZTRAX database, which provides compre-
hensive and valuable real estate data for analysis and research purposes. These databases contain a wealth
of information on property transactions and building characteristics, offering insights into housing markets,
trends, and property valuation.

The ZTRAX transaction database comprises a vast collection of property transaction records. It includes
data on residential property sales, purchases, and transfers across different geographical locations. Each trans-
action record typically includes details such as the property address, sale price, transaction date, buyer and
seller information, and other relevant transaction-specific attributes. In addition to the transaction database,
Zillow’s ZTRAX also provides a building database that contains comprehensive information on various build-
ing attributes. This dataset encompasses both residential and commercial properties and encompasses diverse
features that describe the physical characteristics of the buildings. Examples of building attributes avail-
able in the database include property type (e.g., single-family home, condominium, commercial building),
square footage, number of bedrooms and bathrooms, lot size, year built, architectural style, and other rele-
vant details. This database allows for detailed property analysis, comparisons, and assessments of building
characteristics and trends. The building database is the same used in the sample selection and indoor radon
models in Chapter 1.

Zillow’s ZTRAX databases are updated regularly to incorporate new transactions and building informa-
tion. The data we currently use from the 2018 data extraction, and as such we limit the analysis to 2001-2018.
It is important to note that while Zillow’s ZTRAX databases offer a comprehensive and valuable resource for

real estate analysis, the datasets have their limitations. The data primarily focus on properties listed on Zil-
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low’s platform and may not capture the entirety of the real estate market in a given area. Additionally, data
accuracy and completeness can vary, and it is crucial to consider potential biases and limitations when inter-
preting and drawing conclusions from the data. However, Gindelsky et al. (2020) used the ZTRAX database

and found it consistent with Census results on housing characteristics.

3.3.2 Indoor Radon

The indoor radon measures come from the predictive model presented in Chapter 1. To assign predictions
to the properties located in Davidson County, TN, we estimate first-floor and basement radon concentrations
using the month of the sale to extract the necessary weather values to run the prediction model. Recall, this
model corrects for sample selection bias and potential endogenous building characteristics. We also include
the predicted monthly values of atmospheric bi-214 to estimate the reduced form between outdoor radon and
housing prices. Table 3.1 provides descriptive statistics on the housing transactions and predicted indoor

radon values for this population.

Table 3.1: Housing Transactions Summary Statistics

Statistic Mean Median St. Dev. N

Sale Price ($) 231,822.9 172,000  249,492.3 165,343
Indoor Radon (piC/L) 2.4 2.2 0.9 165,343
Precipitation (mm) 112.9 108.0 56.2 165,343
Mean Temp (C) 16.4 17.6 8.1 165,343
Mean Vapor Deficit (hPa) 8.8 9.1 4.0 165,343
Mean Dew Point Temp (C) 9.4 10.3 8.0 165,343
Total Solar Radiation (mj/m?) 15.2 15.8 5.3 165,343
Transmission Solar Radiation 0.7 0.7 0.1 165,343
Lot Size (acres) 0.5 0.2 1.5 165,343
Lot Size Frontage (ft) 87.6 69.0 69.6 165,343
Lot Size Depth (ft) 176.3 150.0 87.7 165,343
Age 35.2 34.0 28.4 165,343
Year Built 1,974.3 1,975.0 28.1 165,343
Number Of Stories 1.3 1.0 0.4 165,343
Baths 2.1 2.0 0.9 165,343
Square Feet 2,854.3 2,579.0 1,507.8 165,343
Basement Probability 0.2 0.2 0.1 165,343

Notes: Table reports mean, median, and standard deviations for the homes with housing transactions from 2001-
2018. All of the weather variables are monthly averages matched to the housing transaction based on the month of
the sale. Indoor Radon is predicted using the model from Chapter 1 and represents the maximum of the first-floor
radon prediction and expected radon in the basement (expected basement radon is defined as the p(basement) -
basement radon + (1 — p(basement)) - 0.
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3.4 Empirical Strategy
3.4.1 Radon Hedonics
Our objective is to estimate the effect of short-term radon test results on the sale price of a home and
economists have been using the hedonic approach to model the economic value of non-market amenities (and
disamenities). The hedonic model was more rigorously explored by Rosen (1974) and provides the foun-
dation for analyzing differentiated products in a partial equilibrium setting. Hedonic prices are the implicit
prices of varying attributes of a good that consumers can discern from the observed prices of differentiated
goods. Thus, in theory, a negative amenity such as radon should be negatively correlated with the price of a
house. However, one might expect that this price need not be monotonic and will depend on the entire risk
distribution in a given market. For example, one might expect homes with a lower than the median risk to
exhibit positive radon prices, as this represents less risk relative to the available housing stock. The following
hedonic model attempts to recover the implicit price and consumer taste preferences for radon.

The model of consumer demand follows closely to that of Bajari and Benkard (2005) where a house
J € 7 is represented by a vector of observed and unobserved characteristics, [Z;,x1;, y;]. The vector Z;;
contains a vector of exogenous characteristics and x1; is a scalar representing the indoor radon level. In the
housing setting, the vector of exogenous variables may include housing characteristics such as square footage
and the number of bathrooms as well as location-specific amenities. The unobserved component y/; is meant
to capture the fact that some housing characteristics will be unobserved by the economist.

Let t € .7 index the market, which can represent location, time, or even location and time dimensions

simultaneously. Assume the price of house j, in market ¢ is given by:

pj =P (Z1j,x1;,v;) 3.1

where the function P;(-) maps housing characteristics to prices. Consumers are assumed to maximize utility,
which is a function of housing characteristics and the numeraire good, c¢. Note that the identifying feature of
a hedonic model is that utility functions are defined over product characteristics rather than goods (Bajari and
Benkard, 2005). The price of the numeraire is assumed to be normalized to one. Thus, consumer i maximizes

utility subject to a budget constraint:

max ;i (Zyj,x1j,¥j,¢) st pp+c<y (3.2)

ZyjX1j,Yj,C

This paper will assume that the utility function has a known parametric form such that

i (Z1j,x15,¥j,¢) = ui (Z1j,x15,¥j,c:B;) -
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This hedonic model doesn’t assume that the unobserved error component V; is specific to both the choice
and the consumer, following the assumptions of Bajari and Benkard (2005). However, this hedonic model
still assumes individual taste preferences f3; vary across individuals, and are drawn from some population
density f(B). Bajari and Benkard (2005) develop conditions that guarantee the existence of an equilibrium
in the above hedonic model.

Characterizing the equilibrium nature of this model comes from solving the utility maximization problem.

Assuming the budget constraint binds, then the maximization problem can be written as:

max  u; (Z1,x1j,Vj,¢ (vi,Z1j,%17, ¥))) (3.3)

Zyj.X1j,Yj,C

Then the first order condition with respect to x; ; (radon) is:

d

8x1j

Jdu; du; dc
i Z iy iy 5 iaZ B ji» Wj = 3. N 9.
i (Zyj,x1j, Wi e (i Z1 %15, 95))| x1; + Jc oxi,

which equals O at the optimal choice of household radon level x} It

&M,'

8x1j

Ju; dc

e ox . 0

*
le

Xy j
Substituting for the equilibrium quantity ¢* = y; — P; (Zj]-,x’fj, l[/j*) results in:

P, (21,5}

du; du;
wil 2 =0 (3.4)
oxi;j 55 dc 55 dxij
which simplifies to:
dui/ox;| o1 (71,0, w) (3.5)
du;/dc XT~_ oxi;j )
J

In future work, we hope to estimate consumers’ marginal willingness to pay to avoid radon using the
equilibrium condition 3.5. However, for the current paper, we seek to estimate the equilibrium pricing func-
tion 3.1. We follow the majority of the hedonic price literature and assume this function is linear in the log
sale price. Additionally, we let B be a fixed parameter for this paper, and leave the analysis to estimate the

distribution of f; as future work. We use the following equation to estimate the hedonic price of radon:

l()g(pjcmy) = ﬁrjcmy +X;Cmy7+ o+ acy + amy + gjcmy (36)

where p ey is the price of house j in census tract ¢, in month m and in year y. Equilibrium radon is given by
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Tjemy and X ;Cmy is a vector of housing characteristics (square feet, number of baths, lot size, year built or ages,
the number of stories, and indicators for categorical features), and the a’s represent various fixed effects.

We are interested in the implicit price of radon, 8, yet consumers are unlikely to observe the true long-term
radon concentration during a home transaction. Rather, it is likely that a radon test is placed in the lowest
livable level during the home inspection by the home inspection professional.® Thus, consumers are most
likely responding to an individual, short-term radon test, which is performed in a basement if the home has a
basement and in the first floor otherwise. Since these test results are not observable, we rely on the generated
predictions from the model of Chapter 1 to estimate the implicit price of radon for Davidson County. In
particular, we generated both first-floor and basement predictions, regardless of the basement indicator of a
particular home using the model from Chapter 1. Recall, that as part of the model of indoor radon in Chapter
1, I estimated the joint distribution of basements and foundation types using the EPA Zone, county-level
testing rates, long-term atmospheric bi-214, the complete set of exogenous building characteristics, and other
soil/geological characteristics using a representative sample from the entire ZTRAX population of single-
family homes. Thus, the basement indicator in this model is a probability, taken from the predicted joint
distribution of basement and foundation type. Since the basement indicator is a probability, we cannot simply
assign the basement prediction for homes with basements (unless we assign the basement prediction a value
of 1 for some pre-determined threshold, say 0.5). Instead, observe that the basement radon value should take a
value of 0 if a home doesn’t have a basement and rZ otherwise. To construct the basement radon measure, we
simply multiply the basement probability by the basement radon prediction.”. Furthermore, since consumers
most likely only observe the results of a basement test or first-floor test, we use the maximum of the predicted
first-floor radon and the expected basement radon as the measure of indoor radon®.

Our estimates include census tract (), census tract-by-year (¢y), and month-by-year (a,,) fixed effects.
The census tract fixed effects controls for any geographic differences within Davidson County that are fixed
over time. The census tract-by-year fixed effects flexibly control for any time-varying shocks to a census tract
(such as changes in demographic composition over time). Finally, the month-by-year fixed effects control

for seasonal variation across Davidson County. We also employ census tract-by-month-by-year fixed effects

in some specifications, which amounts to over 30,000 total fixed effects. These fixed effects flexibly control

SNote that the Year Built and Age variables are essentially collinear. We include these in separate specifications after creating binned
versions of these to control for the tenure of the housing stock. In our tests, simple linear controls for Age or Year Built do not adequately
capture the price variation due to the tenure of the homes on the market.

®Davidson County is a Zone 1 EPA designation and radon testing is heavily suggested. We expect most single-family housing
transactions do indeed conduct radon tests after an offer has been accepted and it is common practice for these tests to be administered
at the time of the professional home inspection.

"This constructs an expected value of basement radon, with the expectation taken over the exogenous probability that a home has a
basement: The calculation is simply r = p(basement) - r}, + (1 — p(basement)) -0

8 As robustness, we also include separate variables for the first-floor and expected basement radon, as well as specifications with their
interaction. The conclusions remain unchanged. These results are shown in Table 3.5
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for any census tract by sale month shocks to housing prices, and relies on the remaining variation in indoor

radon predictions within the census tract-month-year group.

3.4.2 Reduced Form of Atmospheric Bi-214

Recall that in Chapter 1, I constructed a model of daily atmospheric bi-214 from the NURE data (as a function
of daily weather, geological, soil, and other geographic variables) and that atmospheric bi-214 represents
99.96% of the parent radon-222 isotope (International Atomic Energy Agency, 2003). Thus, one could
imagine using atmospheric Bi-214 as an IV for indoor radon if indoor radon test results were observed around
the time of a housing transaction®. Since we do not observe the test results, however, we rely on the reduced

form of atmospheric bi-214 on housing prices using the following equation:

lOg(pjcmy) = lOg(bi%clfyfly) + Xj/'cmyn + o+ ey + Oy + Ujemy (37)

214

where bif,,

is atmospheric bi-214 at house j, located in census tract ¢, during month m, in year y. The
parameter 7; gives the reduced form relationship between housing prices and outdoor radon, net any housing
characteristics, and the full set of fixed effects captured by the o’s (which are defined identically as those in
Equation 3.6). A statistically and economically meaningful negative relationship between “outdoor radon”
(as bi-214) and the sale price of a home would imply that consumers respond to radon risk. Furthermore, since
random shocks to atmospheric bi-214 are completely unobserved by consumers and arguably exogenous,'”

the parameter estimates of 7; are unlikely to be biased by any endogenous building characteristics or sorting

behavior.

3.5 Results

We first present results of Equation 3.7, the reduced form of atmospheric bi-214 and housing prices, shown in
Table 3.2. Each column of Table 3.2 shows the results from different specifications of fixed effects. Columns
(1) and (2) include census tract-by-year fixed effects. Columns (3) and (4) add census tract-by-month-by-year
fixed effects. Additionally, columns (1) and (3) use 9 bins of housing age and columns (2) and (4) use 17 bins
of housing age!!. The point estimates on the log of atmospheric bi-214 are exceptionally consistent across the
four specifications and statistically and economically significant.!”> The estimated elasticity is about -0.01,

which implies that a 10 percent increase in the counts/second of atmospheric bi-214 is associated with a $230

Technically, the approach in this paper is not strictly 2SLS or an IV approach since radon tests for these homes are unobserved and
the model of indoor radon uses a local linear nonparametric random forest model.

10Chapter 1 of this paper is the only study to use the raw atmospheric bi-214 data from the NURE data for which we are aware.

"'The 9 bins are [0,5), [5,12), [12,20), [20,34), [34,45), [45,53), [53,62), [62,75), and [75,217). The 17 bins are [0,1), [1,5), [5.8),
[8,12), [12,15), [15,20), [20,26), [26,34), [34,40), [40,45), [45,50), [50,53), [53,57), [57,62), [62,67), [67,75), and [75,217) years old

12A1th0ugh, the loss of statistical power is evident in columns (3) and (4), which include over 30,000 additional fixed effects and limit
the variation in atmospheric bi-214 to within a census tract during the sale month in a given year.

73



reduction in the mean sale price of a single-family home. Relative to the average atmospheric bi-214 counts
per second, 0.0000735, doubling the counts per second (an increase equal to about 1 standard deviation) is
associated with an average reduction in the mean sale price by about $1700.

Although the reduced form relationship between outdoor atmospheric bi-214 and housing prices is in-
formative, novel, and indicates that consumers respond to a form of radon risk, it is difficult to interpret
meaningful changes in atmospheric bi-214 that translate into perceived indoor radon risk by the consumer.
Indeed, the purpose of using predicted short-term radon (which uses the atmospheric bi-214 values in the
predictive model) is to address the limitations of a reduced-form analysis. Table 3.3 shows the estimates of
B from Equation 3.6, with the radon measure being the natural log of the maximum between the first-floor
and basement predicted radon. In other words, Table 3.3 gives estimates of the price elasticity of radon,

under various different fixed effect specifications!'3

. First, observe that the point estimates are more than
twice the size of the price elasticity of atmospheric bi-214. The (negative) increase in the price elasticity of
indoor radon demonstrates the potential gains in estimating the structural relationship between radon risk and
housing prices and can more accurately capture any capitalized price effects in the housing market.

The estimates are extremely consistent across the various specifications and all are statistically (at the 95%
confidence level) and economically significant. The results in Column (4) are perhaps the most surprising.
Column (4) presents the estimates when the homes’ ages are grouped by 17 different bins and include year,
month, month-by-year, census tract, census tract-by-year, and census tract-by-year-by-month fixed effects.
This implies that consumers are responding to the random shocks to monthly indoor radon values driven by
the variation in weather, in a given year, within a given census tract. The point estimate in Column (4) is
-0.022, which implies that increasing the mean short-term radon by 10 percent, decreases the mean sale price
by 0.21%, or about $477 dollars. A 65 percent increase relative to the mean radon level (which would increase
mean radon to about 4.0 piC/L), reduces the sale price by $2495. Companies estimate initial installation
costs between $800-$2500 and a 10-year lifetime operating cost of $4800, implying that the estimates are
consistent with the expected costs of radon mitigation'*. There is strong evidence that consumers respond
to indoor radon risks in Davidson County in an economically meaningful way, and this is capitalized in the
housing market.

Next, we present results using a “nonparametric” or binned measure of indoor radon concentrations. To
construct these bins, we separated out the quantiles of radon concentrations into 7 bins, with the center bin
(bin 4) being approximately centered around the median risk in Davidson County'>. We force the omitted

category to be this median bin, with radon values between 2.04 and 2.39 piC/L.

13Both the point estimate and confidence intervals are products of 1000 bootstrapped samples of the housing transaction data.
https://www.radonseal.com/radon/articles/mitigation-costs.htm
15The bin definitions are [0.712,1.45), [1.45,1.76), [1.76,2.04), [2.04,2.39), [2.39,2.85), [2.85,3.39), and [3.39,13.9) piC/L

74


https://www.radonseal.com/radon/articles/mitigation-costs.htm

‘stsayjuared

UI UQAIS AIe SIOLID AIR S[BAIIUI QOUIPYUOD %G paddensioog "s109Jo paxy IeaK AQ [IUOW PUB ‘YIUOW ‘TBIA SP[OUI OS[E SUWN[OD [[Y "WI)ISAS SUUONIPUOD ITE pue
‘wysAs Suneay ‘adAy joor ‘adA) [rem Joux2 ‘ad£) [rem Jouur ‘odAy Jooy Jouur ‘9dA) uonepunoj ‘Afiqeqold Juswdseq ‘93e100) a1enbs ‘swooryieq ‘saL10Is JO
Joquinu ‘az1s 93euoiy 10] ‘9zIs ydap 10] ‘9ZIs 10 :SONSLIAIORIRYD SUISNOY pue ‘uonerpel rejos pue ‘armjeradwa) jurod map ‘armjeradwa) ‘woneidroard Aqiuow 10y
S[OIJUOD IPN[OUT SUWIN[OD [ "SII9JJ2 PXY yuowl-£q-1ea4k-£q-10B1) SNSUSD pue uonnqLIsIp 23e 2y) Jo se[nuenb swoy oy Jo s93e pauulq /[ JO S109JJ2 PAXY sopn[oul
() suwn[o)) "S109JJ9 PIAXY YUOW AQ Teak Aq 18I} SNSUID PUB SWIOY Y} JO SISB pauulq ¢ JO $109JJd Paxy SIpN[Iul () suwnjo)) 's109JJd paxy Ieak-£q-1oe1) SNSUad
pue dwoy 2} Jo saSe pauulq /] JO S199JJ2 PAXY SIPN[OUI () SUWIN[OD) "SIOJJD PAXY Tedk-Aq-JORI) SNSUAD PUE AWOY ) JO SITe Paulllq 6 JO S109J2 Paxy sapnpout (1)

Suwn[oy) "s1991Jo Paxy Jo uonesyrdads JusIaggip e syuasardor uwnjoo yoeq (

1gsouyn) 8o Suisn ‘/ ¢ uonenba wLI0J paonpal Jo saewnsd SO sHodal o[qe], :SAlON

4%
¥€8°0 €80 Y9L°0 L0 parenbs-y
SOX SOX ON ON S100)Jq paxIq Jeag £q
YIUOIA Aq 10BI1], Snsud)
ON ON SOX. S9x S109JJ PoX1] IBax Aq J0el], Snsua))
SOX ON SOx. ON s100)yq pax1] dnoin-eSy owoH /]
ON Sox ON SO $1091Jq pax1q dnoin-o3y awoy 6
90C-$ 0ScT-$ 0€T-$ SvT-$ 90l I[eS UBsN 01
QALBIY 193 %01
Y0726~ 11000~ 100°0- 11000~ 12534 %01
S0-2¢’L S0-2¢’L S02¢’L S0-°¢’L (09s/51UN0D) UBI] [ T-1g souny
€TSIETS €T8IETS €T81ETS €T81€TS UBSJA] A[qRLIEA Juapuada(

(€000 ‘120°0—) (1000 ‘€20'0—)  (100°0— ‘610°0—)  (200°0— “0200—)

600'0— 110°0— 010'0— 110°0— y1¢-1g oueydsouny 5o
(%) (©) (@) (D
0114 Q[es Jo 01

$901IJ SUISNOY UO ] Z-1¢g JO WIO] PAoNpay oY} Jo sajewnisg STO '€ 2IqeL

75



Table 3.4 presents the bootstrapped point estimates and corresponding 95% confidence intervals. Contrary to
Pinchbeck et al. (2023), we find consistent evidence that consumers are willing to pay more for homes that
are below the median radon risk and less for those above the median risk. First, notice that the coefficient
estimates increase monotonically, in absolute value, the further away from the median risk. This pattern is
consistent across all four columns. Second, the effects are both statistically and economically meaningful.
The one exception is column (4), which again isn’t surprising given the saturation of over 30,000 fixed effects.
Nonetheless, there is a clear pattern of willingness to pay more for safer homes and less for riskier homes. For
example, in Column (2), increasing the radon levels away from the median to those in bin 6 (between 2.85
and 3.39 piC/L), reduces the sale price by 1.5%, or about $3500 relative to the mean sale price. On the other
hand, reducing the radon levels to those in bin 2 (between 1.45 and 1.76), increases the sale price of a home
by 0.92%, or $2100. These results make economic sense: conditional on moving to Nashville, consumers
respond to radon risks based on the relative risks within the market in which they intend to purchase a home.
This makes even more sense when you consider the EPA’s assessment that homes with 2-4 piC/L should
consider installing mitigation and those with 4 piC/L or more should fix their home. Any home with a short-
term test result below 2 piC/L may be considered safe by the average consumer, and be willing to pay more
for the safest homes. The converse should be true for values above 2 piC/L. Indeed, these are the exact
patterns represented in the point estimates: the further away from the median risk, the larger the absolute
price effect.

The price of a home is set by the seller and local market conditions and if the radon test is performed
after the home goes under contract and reveals low radon, then the seller can’t increase the sale price after
accepting a bid. Additionally, it might be argued that the seller may be unaware that their home has low levels
of radon. However, these seem unlikely for a couple of reasons. When the current seller previously purchased
the home, they most likely conducted a radon test and so have some information regarding their indoor radon.
Second, if it is a new construction, then it is in the best interest of the builders to conduct radon tests. If the
seller knows that their home has low radon then they can increase the sale price by a marginal percentage as
Nashville is an EPA Radon Zone 1 designation. If a seller conducts the test and the results returned are high,
then they are obligated to disclose this known risk to any buyer by Tennessee law. This might seem like a
poor choice from the seller’s perspective. However, since Nashville is an EPA Zone 1, prospective buyers
that win the bid for the home will most likely conduct a radon test during the home inspection and confirm
what the seller already found. Thus, it makes sense for sellers to also perform radon tests before putting a
home on the market, and adjust the sale price accordingly. Overall, in both a reduced form of atmospheric
bi-214 and predicted indoor radon, there is strong evidence that radon matters to consumers and that these

costs are being capitalized within the Davidson County housing market.
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3.6 Conclusion

This study examines the relationship between radon risks and housing prices in Davidson County. By em-
ploying a comprehensive analysis that incorporates atmospheric bi-214 measurements, predicted indoor radon
concentrations, and various fixed effects specifications, we shed light on the extent to which consumers re-
spond to radon risks and the resulting impact on housing prices.

The findings of this study provide robust evidence that consumers in Davidson County are sensitive to
radon risks and that these risks are capitalized in the housing market. Through the analysis of atmospheric
bi-214 data, we establish a reduced-form relationship between outdoor radon levels and housing prices. The
consistent estimates across different fixed effects specifications suggest that a 10 percent increase in atmo-
spheric bi-214 counts per second is associated with a substantial reduction in the mean sale price of single-
family homes. This implies that consumers respond to radon risk, even after controlling for various fixed
effects capturing temporal and spatial variations. Moreover, the analysis of predicted indoor radon concen-
trations reveals even stronger price effects. We estimate the price elasticity of radon, which consistently
demonstrates a negative association between indoor radon levels and housing prices. The estimates indicate
that a 10 percent increase in short-term radon levels is associated with a significant decrease in the mean
sale price of homes. These findings underscore the economic significance of radon risks and suggest that
consumers are willing to pay a premium for homes with lower radon levels.

Furthermore, the study explores the relationship between different quantiles of radon concentrations and
housing prices. The results highlight a clear pattern of consumer preferences, with buyers willing to pay more
for homes with radon levels below the median risk and less for those above the median risk. This pattern
holds across various fixed effects specifications and is both statistically and economically meaningful. These
findings align with the EPA’s recommendations and demonstrate that buyers take into account relative radon
risks within the housing market when making purchasing decisions.

Addressing potential concerns regarding the setting of home prices by sellers and the timing of radon
tests, we argue that sellers are likely to have knowledge of indoor radon levels based on previous tests or new
construction regulations. Sellers can adjust the sale price based on radon test results, and buyers are likely
to conduct radon tests during home inspections. This indicates a rational behavior among buyers and sellers,
where information regarding radon risks is considered in the housing market.

Overall, this paper provides strong evidence of the significance of radon risks in the housing market of
Davidson County. The results underscore the economic impact of radon on housing prices and demonstrate
that consumers respond to radon risks in a meaningful way. By considering atmospheric bi-214 measure-

ments, predicted indoor radon concentrations, and various fixed effects specifications, this study contributes
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a novel understanding of the relationship between radon risks and housing prices in the United States.

80



€80 €80 Y9L°0 L0 parenbs-y

SOX SOX ON ON S100)JH poxI] Jedx Aq
YIUOIN Aq JOeI], SNSua))
SOX SOx. SOx S9x S109JJ PoXL] JBaX Aq JoeI], SNSua))
SOX ON SOx. ON $109J paxr] dnoin-o3y owoy £
ON SOx ON SOX $1091J pax1 dnoin-o3y owoH ¢
€T8IETS €TSI1ETS €T81€TS €T8IETS UL d[qeLIEA Juspuada(

(#00°0 ‘€10°0—) (€00°0 ‘¥10°0—)
#00°0— 900°0— uopey Juswaseq 307
X uopey 100[ 1s] S0

(S10°0—‘0v0'0—)  (LI00— ‘€¥0'0—)  (020'0— ‘Th0'0—)  ($20'0— ‘SH0'0—)

LT0'0— 620°0— 1€0°0— $€0°0— (1/01d) uopey Juswaseq 507
(800°0— ‘€€0'0—)  (600°0— ¥€0'0—)  (L00'0— ‘1€0°0—)  (800°0— ‘TEO'0—)
0200~ T°00— 610°0— 020'0— (1/01d) uopey 100 18] 30T
() (€ @ (D
(e011d 9[ES)30]

uopey] Juowaseq pue J00[-1SIL] YIIm uopey Jo Ajonseq 9o1d Sursnoy 2y} Jo sayewnsg SO :S'€ 9[qel,

xipuaddy  L°¢

81



References

Athey, S., Tibshirani, J., and Wager, S. (2018). Generalized random forests.

Bajari, P. and Benkard, L. (2005). Demand estimation with heterogeneous consumers and unobserved product
characteristics: A hedonic approach. Journal of Political Economy, 113(6):1239-1276.

Blackmore, D., Herman, M., and Woodward, J. (1982). Heavy gas dispersion models. Journal of Hazardous
Materials, 6:107-128.

Cao, X. et al. (2017). Radon-induced lung cancer deaths may be overestimated due to failure to account for
confounding exposure to diesel engine exhaust in beir vi miner studies. PLoS ONE, 12(9).

CDC (2018). Cdc national environmental public health tracking network. Accessed From:
https://ephtracking.cdc.gov/DataExplorer.

Chay, K. Y. and Greenstone, M. (2005). Does air quality matter? evidence from the housing market. Journal
of Political Economy, 113(2):376-424. Accessed 10 June 2023.

Chen, C., Thomas, D., and Green, R. (1995). Modeling of radon transport in unsaturated soil. Journal of
Geophysical Research, 100(B8):15517-15525.

Chen, E. S., Egger, S., Hughes, S., Miiller, N., Schindler, C., Rochat, T., and et al. (2021). Systematic review
and meta-analysis of residential radon and lung cancer in never-smokers. European Respiratory Review,
30(162):200230.

Currie, J., Davis, L., Greenstone, M., and Walker, R. (2015). Environmental health risks and housing values:
Evidence from 1,600 toxic plant openings and closings. American Economic Review, 105(2):678-709.

Danielson, J. and Gesch, D. (2011). Global multi-resolution terrain elevation data 2010 (gmted2010). US
Geological Survey Open-File Report 2011-1073.

Darby, S., Hill, C., and Auvinen, A. (1998). Risk of lung cancer associated with residential radon exposure
in south-west england: a case-control study. British Journal of Cancer, 78(3):394-408.

Darby, S., Hill, C., Auvinen, A., Barros-Dios, J. M., Baysson, H., Bochicchio, F., and et al. (2005). Radon
in homes and risk of lung cancer: Collaborative analysis of individual data from 13 european case-control
studies. BMJ, 330(7485):223-226.

Darby, S., Hill, C., Auvinen, A., Barros-Dios, J. M., Baysson, H., Bochicchio, F,, and et al. (2006). Residen-
tial radon and lung cancer: detailed results of a collaborative analysis of individual data on 7148 subjects
with lung cancer and 14208 subjects without lung cancer from 13 epidemiologic studies in europe. Scan-
dinavian Journal of Work, Environment & Health, 32(Suppl 1):1-83.

Das, M., Newey, W., and Vella, F. (2003). Nonparametric estimation of sample selection models. Review of
Economic Studies, 70:33-58.

Dewitz, J. and U.S. Geological Survey (2021). National land cover database (nlcd) 2019 products. U.S.
Geological Survey data release.

Duval, J., Carson, J., Holman, P., and Darnley, A. (2005). Terrestrial radioactivity and gamma-ray exposure
in the united states and canada. US Geological Survey Open-File Report 2005-1413.

Field, R. W. et al. (2000). Indoor radon and lung cancer: re-analyses of pooled data from studies in europe.
Health Physics, 79(6):636-642.

Gindelsky, M., Moulton, J. G., and Wentland, S. A. (2020). Valuing Housing Services in the Era of Big Data:
A User Cost Approach Leveraging Zillow Microdata, pages 339-370. University of Chicago Press.

82



Horton, J., Juan, C. S., and Stoeser, D. (2017). The state geologic map compilation (sgmc) geodatabase of
conterminous united states. US Geological Survey Data Series 1052.

Hu, J., Liu, Y., and Yu, Y. (1994). Estimation of latency period of lung cancer. Zhonghua Zhong Liu Za Zhi,
16(1):18-21.

International Atomic Energy Agency (2003). Guidelines for radioelement mapping using gamma ray spec-
trometry data.

Kazkaz, K. and Walsh, N. (2018). Combining stochastics and analytics for a fast monte carlo decay chain
generator. arXiv preprint arXiv:1104.2834v1.

King, P. and Beikman, H. (1974). The geologic map of the united states. US Geological Survey Professional
Paper 901.

Klusman, R. and Jaacks, J. (1987). Environmental influences upon mercury, radon, and helium concentration
in soil gases at a site near denver, colorado. Journal of Geochemical Exploration, 27:259-280.

Kreuzer, M., Heinrich, J., Kreienbrock, L., Rosario, A. S., Gerken, M., and Wichmann, H.-E. (2002). Risk
factors for lung cancer among nonsmoking women. International Journal of Cancer, 100(6):706-713.

Krewski, D., Lubin, J. H., Zielinski, J. M., Alavanja, M., Catalan, V. S., Field, R. W., and et al. (2005).
Residential radon and risk of lung cancer: A combined analysis of 7 north american case-control studies.
Epidemiology, 16(2):137-145.

Krewski, D., Lubin, J. H., Zielinski, J. M., Alavanja, M., Catalan, V. S., Field, R. W., and et al. (2006). A
combined analysis of north american case-control studies of residential radon and lung cancer. Journal of
Toxicology and Environmental Health Part A, 69(7):533-597.

Lehnert, A. and Kearfott, K. (2010). An equilibrium-based model for measuring environmental radon using
charcoal canisters. Health Phys, 99(2):S154-S163.

Li, C., Wang, C., Yu, J., Fan, Y., Liu, D., Zhou, W., and Shi, T. (2020). Residential radon and histological
types of lung cancer: A meta-analysis of case-control studies. International Journal of Environmental
Research and Public Health, 17(5):1457.

Lipfert, F. W. and Wyzga, R. E. (2019). Longitudinal relationships between lung cancer mortality rates,
smoking, and ambient air quality: a comprehensive review and analysis. Critical Reviews in Toxicology,
49(9):790-818.

Livneh, B., Rosenberg, E., Lin, C., Nijssen, B., Mishra, V., Andreadis, K., Maurer, E., and Lettenmaier, D.
(2013). A long-term hydrologically based dataset of land surface fluxes and states for the conterminous
united states: Update and extensions. J. Climate, 26.

LKB Resources Inc (1979). Nure aerial gamma-ray and magnetic reconnaissance survey: Ne washington
area. Prepared for the Department of Energy.

Lubin, J. H. et al. (1994). Radon and lung cancer risk: A joint analysis of 11 underground miner studies.
Journal of the National Cancer Institute, 86(22):1739-1750.

Malinovsky, G., Yarmoshenko, 1., and Vasilyev, A. (2018). Meta-analysis of case-control studies on the
relationship between lung cancer and indoor radon exposure. Radiation and Environmental Biophysics,
58(1):39-47.

Marcinowski, F., Lucas, R. M., and Yeager, W. M. (1994). National and regional distribution of airborne
radon concentrations in u.s. homes. Health Physics, 66(6):699-706.

Nazaroff, W. (1992a). Radon transport from soil to air. Reviews of Geophysics, 30(2):137-160.
Nazaroff, W. W. (1992b). Radon transport from soil to air. Review of Geophysics, 30(2):137-160.

&3



Pavia, M., Bianco, A., Pileggi, C., and Angelillo, I. F. (2003). Meta-analysis of residential exposure to radon
gas and lung cancer. Bulletin of the World Health Organization, 81(10):732-738.

Pinchbeck, E., Roth, S., Szumilo, N., and Vanino, E. (2023). The price of indoor air pollution: Evidence from
risk maps and the housing market. Journal of the Association of Environmental and Resource Economists.

PRISM Climate Group (2014). Oregon State University.

Pyngrope, A., Saxena, A., Khardewsaw, A., Sharma, Y., and Sahoo, B. (2022). Effect of soil’s porosity and
moisture content on radon and thoron exhalation rates. Journal of Radioanalytical and Nuclear Chemistry,
331:1975-1984.

Robinson, P. M. (1988). Root-n-consistent semiparametric regression. Econometrica, 56(4):931-954.

Rosen, S. (1974). Hedonic prices and implicit markets: Product differentiation in pure competition. Journal
of Political Economy, 82(1):34-55.

Sandler, D., Weinberg, C., Shore, D., Archer, V., Stone, M., Lyon, J., Rothney-Kozlak, L., Shepherd, M., and
Stolwijk, J. (2006). Indoor radon and lung cancer risk in connecticut and utah. Journal of Toxicology and
Environmental Health Part A, 69(7):633-654.

Scott, B. R. (2011). Residential radon appears to prevent lung cancer. Dose Response, 9(4):444-464. Epub
2011 Oct 14.

Smith, D., Cannon, W., Woodruff, L., Solano, F., Kilburn, J., and Fey, D. (2013). Geochemical and miner-
alogical data for soils of the conterminous united states. US Geological Survey Data Series 801.

Soil Survey Staff, Natural Resources Conservation Service (2016). Digital general soil map of u.s.: General
soil map (statsgo2). U.S. Department of Agriculture, Natural Resources Conservation Service.

Stekhoven, D. and Buehlmann, P. (2012). Missforest - nonparametric missing value imputation for mixed-
type data. Bioinformatics, 28(1):112-118.

US Environmental Protection Agency (2003). Epa assessment of risks from radon in homes. Technical report,
Air and Radiation, US EPA.

Wilcox, H., Al-Zoughool, M., Garner, M., Jiang, H., Klotz, J., Krewski, D., Nicholson, W., Schoenberg,
J., Villeneuve, P., and Zielinski, J. (2008). Case-control study of radon and lung cancer in new jersey.
Radiation Protection Dosimetry, 128(2):169-179.

84



	LIST OF TABLES
	LIST OF FIGURES
	1 A Model of Radon and A New Radon Map
	1.1 Introduction
	1.2 Radioactivity
	1.3 Empirical Methods
	1.3.1 Part 1: Distribution of Geological Units
	1.3.2 Part 2: Distribution of Radon-Generating Minerals
	1.3.3 Part 3: Modeling Atmospheric Bismuth-214
	1.3.4 Part 4: Indoor Radon
	1.3.4.1 Building Endogeneity
	1.3.4.2 Indoor Radon under Sample Selection


	1.4 Discussion
	1.4.1 A New Radon Map and its Implications
	1.4.1.1 Census Tract Map
	1.4.1.2 Square Kilometer Maps
	1.4.1.3 Radon-Attributed Lung Cancer Deaths


	1.5 Conclusions
	1.6 Appendix
	1.6.1 The EPA Map
	1.6.2 Figures
	1.6.3 Tables


	2 An Application of the Radon Model: Evaluating the Health Effects of Long-Term Radon Exposure among the Veteran Population
	2.1 Introduction
	2.2 Background
	2.3 Data
	2.4 Empirical Strategy
	2.4.1 Lung Cancer
	2.4.2 Additional Models
	2.4.2.1 Atmospheric Bi-214
	2.4.2.2 Death
	2.4.2.3 Relative Risks and Radon Attributed Fraction


	2.5 Results
	2.6 Conclusion
	2.7 Appendix
	2.7.1 Additional Results


	3 The Economics of Radon: A Case Study of Housing Prices and Radon in Nashville, Tenneessee
	3.1 Introduction
	3.2 Background
	3.3 Data
	3.3.1 Housing Transactions
	3.3.2 Indoor Radon

	3.4 Empirical Strategy
	3.4.1 Radon Hedonics
	3.4.2 Reduced Form of Atmospheric Bi-214

	3.5 Results
	3.6 Conclusion
	3.7 Appendix

	 References 

