Statistical Chart Examples - Benzene at Meadowfill Landfill
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Statistical Chart Examples - Chloride at Wetzel County Landfill
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Statistical Chart Examples - Arsenic at Short Creek Landfill
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Appendix H

Radioactivity Associated with Marcellus Shale Exploration and Disposal of Related

Material (Compiled by Marshall University Center for Environmental, Geotechnical and
Applied Sciences)
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Submitted by:
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Abstract

During the West Virginia 2014 legislative session, House Bill 4411 and Senate Bill 474 were
passed. This legislation charged the WVDEP to undertake horizontal drilling waste disposal
studies. Part of this study included the study of the “Hazardous characteristics of leachate
collected from solid waste facilities receiving drill cuttings and drilling waste, including, at a
minimum, the presence of heavy metals, petroleum related chemicals, barium, chlorides, radium
and radon”. This portion of the study addresses the radioactive concerns of leachate of landfills
that accept drill cuttings. During the study, samples were tested for Gross alpha, Gross beta,
Radium-226, Radium-228, Strontium-90 and Radon.

Four landfills with the highest monthly tonnages for drill cuttings were selected for
evaluation. For comparison purposes, two additional landfills were selected that have
not historically received drill cutting materials. The waste water treatment systems that
service these facilities were also evaluated as part of this study. Each of these
locations had samples taken twice. Once during the fall/winter 2014 and once during
the spring 2015.

For further comparison and evaluation, drill cuttings were collected and analyzed for the
same parameters. Two sets of drill cuttings from vertical drilling operations were
collected, one during the air drilling segment, the second during the mud drilling
segment. Three representative sets of drill cuttings from horizontal drilling activities
within the Marcellus Shale formation were collected.

For comparison purposes, comparison levels were set by using West Virginia (WV)
Water Quality Standards (WQS) and other sources. Both landfills that accept drill
cuttings and landfills that don’t had results that exceeded the comparison levels
established by the study. Only one sample for a Publicly Owned Treatment Works
(POTW)/Onsite Treatment Facility exceeded a comparison level and that was for a
POTW that services a landfill that does not accept drill cuttings. All horizontal drill
cutting samples exceeded the combined radium comparison level. None of the vertical
drill cuttings exceeded the comparison levels. The following conclusions have been
made concerning the radioactive concerns of drill cuttings being deposited at landfills in
West Virginia:

1. Radioactive compounds are present in landfill leachate above WQS.

2. Radioactive compound levels in landfill leachate are at similar levels at both landfills
that accept drill cuttings, and landfills that don’t accept drill cuttings.

3. Radioactive compounds were not recorded at any of the POTW’s associated with
landfills that accept drill cuttings above the WQS.

4, Drill cuttings from the Marcellus Shale formation contain radioactive compounds at

levels higher than the overlying strata, and are likely contributing to radioactive
compounds present in landfill leachate. However, radioactive compounds are found
at landfills that don’t accept drill cuttings, therefore it can be expected that radioactive
compounds present in landfill leachate, at landfills that accept drill cuttings, are also
the result of other materials being accepted in the landfill.



5. Radon in landfill leachate is present, however, no WQS or drinking water standard
has been set. Radon levels recorded are significantly below proposed federal
drinking water standards.

Introduction/Background

During the West Virginia 2014 legislative session, House Bill 4411 and Senate Bill 474 were
passed, updating requirements for legal disposal of drill cuttings and associated drilling waste
from natural gas well sites. This waste disposal is regulated by the West Virginia Department of
Environmental Protection (WVDEP). This legislation charged the WVDEP to undertake
horizontal drilling waste disposal studies, which included four specific topics. A fifth specific
topic was added by the legislature after passage of the Bill. This report addresses the
radioactive aspects of study topic one. Study topic one asks the WVDEP to study the
“Hazardous characteristics of leachate collected from solid waste facilities receiving drill cuttings
and drilling waste, including, at a minimum, the presence of heavy metals, petroleum related
chemicals, barium, chlorides, radium and radon”. This report addresses the radioactive
concerns associated with the legislative request and WVDEP study.

Radioactivity

Radioactivity is defined as “the phenomenon, exhibited by and being a property of certain
elements, of spontaneously emitting radiation resulting from changes in the nuclei of atoms of
the element” (Definition of Radioactivity, 2015). Radioactivity permeates the environment.
Depending on the specific locations, radiation levels vary.

Naturally Occurring Radioactive Material (NORM) are present throughout the environment.
Individuals come in contact with NORM in various activities. With respect to natural gas drilling
operations, the production of Technologically Enhanced NORM (TENORM) occurs. TENORM
is produced when drilling operations bring to the surface NORM that naturally occurs in material
such as Marcellus shale (United States Environmental Protection Agency, 2015).

Radioactive units

There are different units of measure for radiation depending on what aspect is being measured.
The Centers for Disease Control and Prevention (CDC) give the following definitions for
measuring radiation:

Measuring Emitted Radiation

“When the amount of radiation being emitted or given off is discussed, the unit of measure used
is the conventional unit Curie (Ci) or the International System (SI) unit Becquerel (BQ).

A radioactive atom gives off or emits radioactivity because the nucleus has too many particles,
too much energy, or too much mass to be stable. The nucleus breaks down, or disintegrates, in
an attempt to reach a nonradioactive (stable) state. As the nucleus disintegrates, energy is
released in the form of radiation.



The Ci or Bq is used to express the number of disintegrations of radioactive atoms in a
radioactive material over a period of time. For example, one Ci is equal to 37 billion (37 X 109)
disintegrations per second. The Ci is being replaced by the Bg. Since one Bq is equal to one
disintegration per second, one Ci is equal to 37 billion (37 X 109) Bq.

Ci or Bg may be used to refer to the amount of radioactive materials released into the
environment. For example, during the Chernobyl power plant accident that took place in the
former Soviet Union, an estimated total of 81 million Ci of radioactive cesium (a type of
radioactive material) was released.” (Centers for Disease Control and Prevention, 2014)

Measuring Radiation Dose

“When a person is exposed to radiation, energy is deposited in the tissues of the body. The
amount of energy deposited per unit of weight of human tissue is called the absorbed dose.
Absorbed dose is measured using the conventional Radiation Absorbed Dose (rad) or the SI
Gray (Gy).

The rad was the conventional unit of measurement, but it has been replaced by the Gy. One Gy
is equal to 100 rad.” (Centers for Disease Control and Prevention, 2014)

Measuring Biological Risk

“A person's biological risk (that is, the risk that a person will suffer health effects from an
exposure to radiation) is measured using the conventional unit Roentgen Equivalent Man (rem)
or the Sl unit Sievert (Sv).

To determine a person's biological risk, scientists have assigned a number to each type of
ionizing radiation (alpha and beta particles, gamma rays, and x-rays) depending on that type's
ability to transfer energy to the cells of the body. This number is known as the Quality Factor

Q).

When a person is exposed to radiation, scientists can multiply the dose in rad by the quality
factor for the type of radiation present and estimate a person's biological risk in rems. Thus, risk
inrem=rad X Q.

The rem has been replaced by the Sv. One Sv is equal to 100 rem.” (Centers for Disease
Control and Prevention, 2014)

Measuring Radiation Exposure

The traditional unit for measuring radiation exposure is the Roentgen (R). It is an expression of
the amount of x- and gamma-ray measurements. (Shapiro, 2002)



Comparison of Marcellus shale to other shale units and associated geologic layers regarding
NORM levels

Marcellus shale is a Middle Devonian shale in the Appalachian basin. It extends east-west from
eastern New York to central Ohio and north-south from north-central New York to northern
Tennessee. Its thickness ranges up to 700 feet, with the thickest areas on the east and thinnest
areas on the west. (United States Geological Survey, 2013)

“Black shale, such as the Marcellus, often contains trace levels of 228U, 235U, 4°K, and 232Th in
higher concentrations than found in less organic-rich grey shales, sandstone, or limestone. This
is because: 1) 228U and 235U preferentially bond to organic matter, like algae that die and settle
to the bottom of the ocean; and 2) 4°K and 23?Th preferentially bond to clays, which compose
much of the sediment at the ocean floor. Ultimately, because “black shales” contain more
organic matter and clays, they are generally more radioactive than other shales or sedimentary
rocks.” (Museum of the Earth, 2011)

The decay sequence for Uranium-238 (U 238) and Thorium-232(Th 232) is shown figure 1. As
the figure shows, U 238 and Th 232 are the parent radioactive elements that the other
radioactive elements derive from. Radioactivity within the Marcellus shale is considered
consistent throughout the extent of the shale. (Resnikoff, Alexandrova, & Travers, 2010, p. 5)

Figure 1: Radioactive Decay in Thorium and Uranium Series (World Nuclear Association, 2015)



As isotopes of radium are formed within the Marcellus shale, they can form salts. Radium and
these salts are soluble in water (United States Environmental Protection Agency, 2012). As
liquids are used in the drilling process, this dissolved radium is brought to the surface. If liquids
(i.e. drilling mud) are recycled in the drilling process, which is often the case, the concentration
of dissolved radium increases.

Identification of elements associated with NORM, and the properties of such elements

The following radioactive elements were sampled for during this study: Radium-226, Radium-
228, Strontium-90 and Radon. The properties associated with these elements are listed below:

Radium (Radium-226 / Radium-228):

“Radium is a naturally radioactive, silvery-white metal when freshly cut. It blackens on exposure
to air.

Purified radium and some radium compounds glow in the dark (luminesce). The radiation
emitted by radium can also cause certain materials, called "phosphors" to emit light. Mixtures of
radium salts and appropriate phosphors were widely used for clock dials and gauges before the
risks of radium exposure were understood.

Metallic radium is highly chemically reactive. It forms compounds that are very similar to barium
compounds, making separation of the two elements difficult.

The various isotopes of radium originate from the radioactive decay of uranium or thorium.
Radium-226 is found in the uranium-238 decay series, and radium-228 and -224 are found in
the thorium-232 decay series.

Radium-226, the most common isotope, is an alpha emitter, with accompanying gamma
radiation, and has a half-life of about 1600 years. Radium-228, is principally a beta emitter and
has a half-life of 5.76 years. Radium-224, an alpha emitter, has a half-life of 3.66 days. Radium
decays to form isotopes of the radioactive gas radon, which is not chemically reactive. Stable
lead is the final product of this lengthy radioactive decay series.” (United States Environmental
Protection Agency, 2012)

Strontium-90:

“Non-radioactive strontium and its radioactive isotopes have the same physical properties.
Strontium is a soft metal similar to lead. Strontium is chemically very reactive, and is only found
in compounds in nature.

When freshly cut, it has a silvery luster, but rapidly reacts with air and turns yellow. Finely cut
strontium will burst into flame in air. Because of these qualities, it is generally stored in
kerosene.

Strontium-90 emits a beta particle with, no gamma radiation, as it decays to yttrium-90 (also a
beta-emitter). Strontium-90 has a half-life of 29.1 years. It behaves chemically much like



calcium, and therefore tends to concentrate in the bones and teeth.” (United States
Environmental Protection Agency, 2012)

Strontium-90 does not occur naturally but is the by-product of the fission of uranium and
plutonium in nuclear reactors and in nuclear weapons. (United States Environmental Protection
Agency, 2012)

Radon:

“Radon is a noble gas, which means it is basically inert (does not combine with other
chemicals). Radon is a heavy gas and tends to collect in basements or other low places in
housing. It has no color, odor, or taste. Radon-222 is produced by the decay of radium, has a
half-life of 3.8 days, and emits an alpha particle as it decays to polonium-218, and eventually to
stable lead. Radon-220, is the decay product of thorium — it is sometimes called thoron, has a
half-life of 54.5 seconds and emits an alpha patrticle in its decay to polonium-216.” (United
States Environmental Protection Agency, 2013)

In addition the four radioactive elements, Gross alpha and Gross beta test were performed on
the samples collected. These tests measure the amount of alpha and beta particles. The tests
themselves do not identify what radioactive elements emitted the alpha or beta particles, only
that they are present. These test can be looked at as a screening method.

Hazardous characteristics of radioactive elements studied

According to the United States Environmental Protection Agency (US EPA), the hazardous
characteristics of the radioactive elements sampled for are as follows:

Radium-226/228

“Radium emits several different kinds of radiation, in particular, alpha particles and gamma rays.
Alpha particles are generally only harmful if emitted inside the body. However, both internal and
external exposure to gamma radiation is harmful. Gamma rays can penetrate the body, so
gamma emitters like radium can result in exposures even when the source is a distance away.

Long-term exposure to radium increases the risk of developing several diseases. Inhaled or
ingested radium increases the risk of developing such diseases as lymphoma, bone cancer, and
diseases that affect the formation of blood, such as leukemia and aplastic anemia. These
effects usually take years to develop. External exposure to radium's gamma radiation increases
the risk of cancer to varying degrees in all tissues and organs.

However, the greatest health risk from radium is from exposure to its radioactive decay product
radon. It is common in many soils and can collect in homes and other buildings.” (United States
Environmental Protection Agency, 2012)



Strontium-90

“Strontium-90 is chemically similar to calcium, and tends to deposit in bone and blood-forming
tissue (bone marrow). Thus, strontium-90 is referred to as a "bone seeker." Internal exposure to
Sr-90 is linked to bone cancer, cancer of the soft tissue near the bone, and leukemia.

Risk of cancer increases with increased exposure to Sr-90. The risk depends on the
concentration of Sr-90 in the environment, and on the exposure conditions.” (United States
Environmental Protection Agency, 2012)

Radon

“Almost all risk from radon comes from breathing air containing radon and its decay products.
The health risk of ingesting (swallowing) radon, in water for example, is much smaller than the
risk of inhaling radon and its decay products.

When radon is inhaled, the alpha particles from its radioactive decay directly strike sensitive
lung tissue causing damage that can lead to lung cancer. However, since radon is a gas, most
of it is exhaled. The radiation dose comes largely from radon's decay products. They enter the
lungs on dust particles that lodge in the airways of the lungs. These radionuclides decay quickly,
exposing lung tissue to damage and producing other radionuclides that continue damaging the
lung tissue.

There is no safe level of radon any exposure poses some risk of cancer. The National Academy
of Sciences (NAS) studied and reported on the causes of lung cancer in two 1999 reports. They
concluded that radon in indoor air is the second leading cause of lung cancer in the U.S. after
cigarette smoking.

The NAS estimated that 15,000-22,000 Americans die every year from radon-related lung
cancer. When people who smoke are exposed to radon as well, the risk of developing lung
cancer is significantly higher than the risk of smoking alone.

The NAS also estimated that radon in drinking water causes an additional 180 cancer deaths
per year. However, almost 90% of those deaths were from lung cancer caused by inhaling
radon released to the indoor air from water. Only about 10% of the deaths were from cancers of
internal organs, mostly the stomach, caused by ingesting radon in water.” (United States
Environmental Protection Agency, 2013)

This study sampled for radon levels in the landfill leachate and discharge from POTWs/Onsite
Treatment Works. Drill cuttings were not sampled for Radon, since they are solids. Radon air
samples were not taken because it was not within the scope of this study.

Radioactivity effects of drill cuttings being collected/disposed in one location

Landfills that accept drill cuttings are required to sample for radioactive materials once a month.
They sample for Gross alpha, Gross beta, Radium-226, Radium-228 and Strontium-90.
Marshall University’s College of Information Technology and Engineering (CITE) analyzed these



sample results to determine if any statistical trends could be determined. Based on the quality
of the data and their analysis, they concluded:

- No radioactive constituent showed evidence of accelerated increase over time
- Radioactive constituents showed steady levels or normal up-down fluctuations over time

The following radioactive constituents showed slight positive trends:

- Northwestern Landfill: Gross beta
- Short Creek Landfill: Gross beta
- Wetzel County Landfill: Radium-226

The following is general analysis of the sampling:

- Gross alpha - 89% of the time below comparison level of 15 pCil/l

- Gross beta — 98% of the time below comparison level of 1000 pCi/l

- Combined Radium-226/228 — 59% of the time below comparison level of 5 pCi/l
- Strontium-90 — 99% of the time was below comparison level of 8 pCi/l

Evaluation of radioactive monitoring required at landfills accepting drill cuttings

When drill cuttings from horizontal wells arrives at a landfill, the following monitoring and
sampling requirements are currently in place:

Remote monitors: In 2014, the Solid Waste Management Act — WV Code 22-15-8 required
monitoring of drill cuttings as they enter the landfill using remote radiation sensors. WV DEP
established the rules in 33CSR1. In section 5.6.d.4 it states: “If a load of drilling cuttings or
associated drilling waste is confirmed to be less than ten microroentgens per hour (10 puR/hr.)
above average local background level, the waste may be disposed of in the facility. If the load
of waste is confirmed to be equal to or greater than 10 pR/hr. above average local background
level, the combined concentration of Radium-226 and Radium-228 must be determined. The
combined concentration must be analyzed by a State approved method. If the combined
concentration in the waste is less than five picocuries per gram (5pCi/gr.) above average local
background level, the waste may be disposed in the facility. If the values are greater than
5pCil/gr. above average local background level, the load must be rejected.”

Monthly Sampling of Leachate: WV DEP has required landfills that collect drill cuttings to
sample and test for Gross Alpha, Gross Beta, Radium-226, Radium-228 and Strontium-90 on a
monthly schedule. This data has been collected and stored by WV DEP. This sampling
requirement does not have limits that would trigger cleanup or enforcement actions. Landfills
are not required to sample for radioactive compounds or gross alpha or gross beta at their
groundwater monitoring wells.

Publically Owned Treatment Works (POTW) or Onsite Treatment: POTWSs or onsite treatment
facilities are not required to monitor or report the discharge of radioactive elements or gross



alpha or gross beta as part of their National Pollutant Discharge Elimination System (NPDES)
permit.

Standards for perspective and comparison

Water Quality Standards (WQS) for radioactive parameters (liquids): In order to provide
perspective and comparison for the liquids associated with leachate and POTW/Onsite
Treatment Works discharges, the West Virginia WQS, West Virginia Code 47CSR2 is provided
for applicable radioactive parameters. This standard establishes allowable limits of particular
compounds allowed to be discharged directly into WV streams. The standard for Radium-226
and Radium-228 is 5 pCi/l combined. The standard for Strontium-90 is 10 pCi/l dissolved,
except for the Ohio River main stream, which is 8pCi/l total. Since all but one of the discharges
sampled in this study discharge directly to the Ohio River, the 8pCi/l value was used. Gross
total alpha is 15pCi/l and gross beta is 1000 pCi/l.

There is not a WQS for Radon. However, US EPA proposed a regulation on November 2, 1999
in the Federal Register (64 FR 59246) to set levels for Radon in water and establish
enforcement. As part of this proposed rule, water systems at or below 300 pCi/l would not be
required to treat for Radon. (United States Environmental Protection Agency, 2014) For
purposes of this study, the 300 pCi/l was used for comparison purposes.

Standards for radioactive parameters (solids): In order to provide perspective and comparison
of the solids associated with drill cuttings, the following levels have been used. For combined
Radium-226 and Radium-228 a level of 5 pCi/g is used for comparison. The level has been
established as part of the screening method within WV Code 22-15-8, Solid Waste Management
Act, for drill cuttings entering a landfill. It must be noted that, within the context of the Act, this
screening level is only initiated if the load of drill waste triggers the remote radiation sensors,
which are set at 10 uR/hr. The 5 pcCi/g level is in line with cleanup standards set by the US
EPA at CERCLA (Superfund) sites (40 CFR Part 192).

WV does not have a standard for Strontium-90. However, at the Brookhaven National
Laboratory in New York, the cleanup levels were established for residential land use at 15 pCi/g.
This level was established based on impacts to groundwater at the site (The Interstate
Technology and Regulatory Council: Radionuclides Team, 2002). For comparison purposes, a
level of 15pCi/g will be used.

No standards are established for soils for Gross Alpha and Gross Beta.

Sampling completed during the project

The four landfills with the highest monthly tonnages for drill cuttings were selected for
evaluation. For comparison purposes, two additional landfills were selected that have not
historically received drill cutting materials. The waste water treatment systems that service
these facilities were also evaluated as part of this study. The six landfills and associated
information are provided on the following table:



Landfill / Location

Short Creek Landfill /
Wheeling

Wetzel County
Landfill / New
Martinsville
Northwestern Landfill
/ Parkersburg

Meadowfill Landfill /
Bridgeport
Charleston Landfill /
Charleston

Raleigh County
Landfill / Beckley

Waste Water
Treatment Facility /
Discharge Stream
Wheeling POTW /
Ohio River

On-site Waste Water
Treatment Facility /
Ohio River
Parkersburg POTW /
Ohio River

Bridgeport POTW /
Simpson Creek
Charleston POTW /
Kanawha River

North Beckley POTW
/ Cranberry Creek

Drill Cutting
Disposal
Information

Drill cuttings mixed
with municipal solid
waste

Drill cuttings mixed
with municipal solid
waste

Drill cuttings mixed
with municipal solid
waste

Drill cuttings placed
in separate cell
Does not currently
accept drill cutting
materials

Does not currently
accept drill cutting
materials

Leachate
Characteristics

Leachate collected
separately from
active disposal cell
and closed cell*

All leachate passes
through on-site
treatment facility
Leachate collected
from active disposal
cell

Leachate collected
from separate cell?
Leachate collected
from active disposal
cell

Leachate collected
from active disposal
cell

1 Active cell includes drill cuttings; closed cell did not historically receive drill cuttings

2 Leachate not subject to municipal solid waste contact

Below are the results from sampling taken during this study. Highlighted results exceed the WV

WQS.
Gross Alpha
Landfill Leachate Fall/Winter 2014/15 Spring 2015 Associated POTW
Meadowfill 5.36 + 2.21 (2.86) 3.52 + 1.77 (2.50) Bridgeport
Northwestern -10.7 + 33.1 (65.8) 12.8 +4.34 (4.52) Parkersburg
Short Creek 9.15 + 22.3 (42.5) 5.55 + 4.06 (6.62) Wheeling
Wetzel County 6.26 +4.40 (7.32) 18.4 +15.9 (27.3) On-Site

Charleston Landfill

Raleigh County Landfill

Short Creek Closed Cell

Units are pCi/L Act + Unc (MDC)

WQS: 15 pCill

7.55+3.25 (2.94)

6.06 + 4.65 (7.86)

4.35+12.8 (24.3)

7.14 £3.00 (4.11)

2.61 +1.37 (1.96)

3.16 + 2.43 (4.07)

Charleston

North Beckley

Fall/Winter 2014/15

0.156 + 1.40 (2.99)
-1.44 + 1.48 (3.25)
0.877 +1.34 (2.48)

3.56 + 4.38 (7.93)

1.35+1.46 (2.88)

-0.900 + 1.34 (2.97)

Spring 2015

-0.496 + 1.31 (2.86)
0.426 + 0.648 (1.20)
0.428 +1.05 (2.01)

9.03 + 5.85 (9.21)

0.928 + 1.39 (2.97)

-0.722 + 1.04 (2.18)



Gross Beta

Landfill Leachate

Fall/Winter 2014/15

Spring 2015

Associated POTW

Fall/Winter 2014/15

Spring 2015

Meadowfill

Northwestern

136 * 73.2 (120)

1,174 + 214 (24.3)

Short Creek

265 £ 52.0 (21.9)

Wetzel County

34.3 £ 7.65 (6.10)

Charleston Landfill

124 + 23.0 (5.19)

280 £ 55.7 (29.3) | Bridgeport 5.38 £ 1.63 (2.07) 6.09 + 1.73 (2.08)
776 + 141 (16.0) | Parkersburg 8.74 £ 2.48 (2.97) 479+ 1.42 (1.81)
154 £ 30.0 (12.8) | Wheeling 7.04 £ 1.46 (0.900) 3.90 + 1.10 (1.31)
56.2%13.7 (13.6) | On-Site 38.0%8.84 (7.18) 28.3 £ 6.61 (5.75)
775144 (2.86) | Charleston 5.37 £ 1.50 (1.44) 264 % 151 (1.87)

Raleigh County Landfill

81.4 % 15.2 (3.43)

121 £ 22.6 (5.34)

North Beckley

467 £ 1.03 (0.811)

8.47 % 2.23 (2.60)

Short Creek Closed Cell

114 + 22.0 (8.04)

54.6 % 11.1 (7.01)

Units are pCi/L Act + Unc (MDC)

WQS: 1000pCi/l

Radium-226

Landfill Leachate

Fall/Winter 2014/15

Spring 2015

Associated POTW

Fall/Winter 2014/15

Spring 2015

Meadowfill 3.23+£2.14 (0.973) 1.26 +0.833 Bridgeport 1.67 + 1.72 (0.906) 0.742 +1.13 (0.670)
(0.378)

Northwestern 11.1 +3.36 (0.613) 5.05+2.10 Parkersburg 0.342 + 0.319 (0.420) 0.310 + 0.708 (0.420)
(0.570)

Short Creek 4.70 + 2.61 (0.979) 1.67 +1.54 Wheeling 0.290 + 0.349 (0.533) 0.210 * 0.320 (0.515)
(0.907)

Wetzel County 5.47 +2.48 (0.741) 1.18+1.01 On-Site 3.87 £2.47 (2.57) 0.582 +0.809 (1.16)
(1.22)

Charleston Landfill 2.83 +1.99 (0.958) 1.24 +0.999 Charleston 0.102 + 0.464 (0.943) 1.83 +1.28 (0.618)
(0.558)

Raleigh County Landfill 2.25 +1.30 (0.507) 10.6 £ 10.7 North Beckley 0.483 +0.738 (0.437) 1.09 + 0.831 (0.967)
(14.0)

Short Creek Closed Cell 5.01 + 2.45 (0.798) 2.61+1.28
(0.416)

Units are pCi/L Act + Unc (MDC)

WQS: 5 pCi/l (combined with
228)




Radium-228

Landfill Leachate Fall/Winter 2014/15 Spring 2015 Associated POTW Fall/Winter 2014/15 Spring 2015

Meadowfill 1.41+1.34(2.66) 1.18 +0.553 Bridgeport 0.381 +0.389 (0.787) 0.519 + 0.440 (0.885)
(0.923)

Northwestern 6.33 + 1.44 (1.18) 3.27+0.868 Parkersburg 0.543  0.514 (1.02) -0.291 + 0.380 (0.969)
(0.921)

Short Creek 4.35+2.92 (5.39) 2.37 £ 1.81 (3.56) Wheeling 0.203 + 0.369 (0.798) 0.163 + 0.383 (0.849)

Wetzel County 0.751 +2.39 (5.23) 1.45+0.529 On-Site -0.835 +1.31 (3.09) 0.503 +0.401 (0.791)
(0.771)

Charleston Landfill 1.79+0.881 (1.43) 1.94+0.933 Charleston 0.0796 + 0.344 (0.759) 0.704 + 0.440 (0.806)
(1.49)

Raleigh County Landfill

0.906 + 0.797 (1.59)

10.2 + 10.6 (20.9)

North Beckley

0.139 * 0.490 (1.08)

1.12 + 0.603 (1.06)

Short Creek Closed Cell

2.17 +2.29 (4.51)

1.30 £ 0.582
(0.959)

Units are pCi/L Act + Unc (MDC)

WQS: 5 pCi/l (combined with
226)

Strontium-90

Landfill Leachate Fall/Winter 2014/15 Spring 2015 Associated POTW Fall/Winter 2014/15 Spring 2015

Meadowfill 0.775 + 0.617 (1.05) -0.131 +0.651 Bridgeport 0.0520 + 0.429 (0.775) -0.0720 + 0.579 (1.01)
(1.14)

Northwestern 0.566 + 0.815 (1.37) 0.0440 + 0.747 Parkersburg -0.549 + 0.901 (1.58) -0.00400 + 0.866 (1.58)
(1.29)

Short Creek -0.753 + 0.596 (1.11) -0.0800 £ 1.45 Wheeling 0.241 +0.648 (1.16) 0.386 + 0.862 (1.54)
(2.66)

Wetzel County -0.107 + 0.857 (1.48) 1.09 +1.08 (1.94) | On-Site -0.757 + 0.831 (1.46) 5.78 + 1.49 (1.78)

Charleston Landfill 1.34+0.748 (1.22) 0.760 + 1.20 Charleston 0.881 + 0.781 (1.60) 0.704 + 0.440 (0.806)
(2.13)

Raleigh County Landfill 3.64 +£0.917 (1.05) -0.275+0.764 North Beckley 41.7 +6.78 (1.15) -0.322 + 0.796 (1.39)
(1.33)

Short Creek Closed Cell 0.188 + 0.555 (0.998) -1.01+0.921
(1.73)

Units are pCi/L Act + Unc (MDC)

WQS: 8 pCi/l (Ohio River)




Radon

Landfill Leachate Fall/Winter 2014/15 Spring 2015 Associated POTW Fall/Winter 2014/15 Spring 2015

Meadowfill 38.7 +47.4 (78.6) 41.3+299 Bridgeport 27.1+47.2(79.3) 19.7 £28.1 (47.1)
(47.0)

Northwestern -45.3 + 41.3 (74.6) 34.0+295 Parkersburg -45.4 +41.2 (74.4) -0.7 £27.1 (47.6)
(47.5)

Short Creek -87.5 +63.9 (117) -340+28.1 Wheeling 1.1 +66.3 (116) -3.7 +28.9 (50.8)
(51.0)

Wetzel County 4.8 +39.8 (69.0) 33.3+34.9(57.3) On-Site -41.8 + 38.4 (69.4) -25.4 + 31.9 (57.5)

Charleston Landfill -14.5 + 40.1 (69.6) 28.4 +25.2 (40.8) Charleston 35.3+41.2(68.3) 11.9 + 24.0 (40.8)

Raleigh County Landfill -18.8 £ 25.4 (45.9) -37.8+24.2 North Beckley 4.0 +26.2 (45.4) -7.9 +24.8 (43.9)
(44.1)

Short Creek Closed Cell

-63.6 + 64.0 (117)

-2.8 +£29.0 (50.9)

Units are pCi/L Act + Unc (MDC)

EPA Proposed: 300 pCi/l

Drill cuttings were sampled from five wells while drilling operations were being conducted. Two
sets of drill cuttings from vertical drilling operations were collected, one during the air drilling
segment, the second during the mud drilling segment. Three representative sets of drill cuttings
from horizontal drilling activities within the Marcellus Shale formation were collected. The five
drilling locations used for this study are depicted on the map provided. Information on each well
sampled is provided on the following table:

Well I.D. / Well Pad  API Number Sampling Depths
(approximate)

6,856 ft.

Drilling Details

Morton 1H 47-017-06559 Horizontal drilling
within Marcellus

Shale, mud drilled
Horizontal drilling
within Marcellus

Shale, mud drilled
Horizontal drilling
within Marcellus

Shale, mud drilled
Vertical air drilling

Vertical mud drilling

McGee Unit 2H 47-017-06622 6,506 ft.

Wentz 1H 47-017-06476 8,119 ft.

47-017-06658
47-017-06562

650 to 990 ft.
3,000 to 6,000 ft.

Sheep Run 2H
Bierstadt 2H



Drill Cuttings Sampled Wells

Below are the results of sampling taken of drill cuttings at well sites. Highlighted results exceed

the comparison levels.

Sample results of drill cuttings at drill sites, horizontal section.

Drill Cutting Samples Horizontal Gross Alpha

McGee Unit 2H API 4701706622  40.8 + 11.7 (9.16)

Morton 1H API 4701706559 30.4 +9.49 (8.90)

Wentz 1H API 4701706476 26.3 +8.93 (9.28)

Units are pCi/g Act + Unc (MDC)

Gross Beta

23.2 4 6.17 (5.63)

31.2+7.10 (4.78)

34.8 +7.78 (4.58)

Radium-226

6.397 + 0.815 (0.298)

8.189 +1.195 (0.281)

4.442 +0.708 (0.213)

Radium-228

0.458 + 0.254 (0.739)

0.794 + 0.469 (0.746)

1.230 +0.329 (0.289)

Strontium-90

0.0610 * 0.541 (1.25)

0.0740 + 0.565 (1.30)

0.151 +0.152 (0.321)



Sample results of drill cuttings at drill sites, vertical section.

Drill Cutting Samples Vertical

Gross Alpha

Gross Beta

Radium-226

Radium-228

Strontium-90

Bierstadt 2H 4701706562 (Mud)

17.8  8.09 (11.0)

18.5 + 4.92 (4.70)

1.996  0.427 (0.217)

2.112 £ 0.472 (0.234)

0.0130 + 0.0794 (0.195)

Sheep Run 2H API 4701706658
(Air)

13.1 % 6.97 (10.8)

158 +4.79 (5.57)

1.408 +0.288 (0.182)

1.993 +0.432 (0.160)

-0.0531 + 0.0918 (0.254)

Units are pCi/g Act + Unc (MDC)




Conclusions and Recommendations

Conclusions

1.

2.

Radioactive compounds are present in landfill leachate above WQS.

Radioactive compound levels in landfill leachate are at similar levels at both landfills
that accept drill cuttings, and landfills that don’t accept drill cuttings.

Radioactive compounds were not recorded at any of the POTW's associated with
landfills that accept drill cuttings above the WQS.

Drill cuttings from the Marcellus Shale formation contain radioactive compounds at
levels higher than the overlying strata, and are likely contributing to radioactive
compounds present in landfill leachate. However, radioactive compounds are found
at landfills that don’t accept drill cuttings, therefore it can be expected that radioactive
compounds present in landfill leachate, at landfills that accept drill cuttings, are also
the result of other materials being accepted in the landfill.

Radon in landfill leachate is present, however, no WQS or drinking water standard
has been set. Radon levels recorded are significantly below proposed federal
drinking water standards.

Recommendations

1.

Monitoring for radiological compounds in landfill leachate should continue, as it
cannot be determined if continued disposal of drill cuttings will over time increase
radiological compound levels. Frequency of monitoring should be reduced, as no
trends have been observed that suggest radiological compounds have increased at a
significant rate during the short-term time period of drill cuttings being accepted into
landfills. While a slight increase in gross beta and radium 226 has been observed,
these slight increases can be tracked as part of continued monitoring.

Strontium-90 should not be monitored, as it has not been shown to be a radiological
compound of concern for landfill leachate where drill cuttings are being accepted.

Periodic monitoring of landfill groundwater monitoring wells for radiological
parameters should be considered, to monitor long-term radiological compounds that
may impact groundwater in the immediate vicinity.

As part of the renewal process for NPDES permitting at POTW's or waste water
treatment facilities associated with landfills that accept drill cuttings, testing of
radiological compounds should be considered to ensure levels are not approaching
the WQS.
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Evaluation of the Feasibility of a Gas Industry Owned and Operated Dedicated Drill
Cuttings Landfill

Abstract

This analysis was conducted in response to a question posed by the WV Legislature regarding the
feasibility of establishing separate disposal locations for drill cuttings which are funded, constructed,
owned and/or operated by the oil and gas industry in West Virginia. This analysis is an estimate of the
physical space required for future drill cuttings disposal as well as the cost of developing that space at
current per well rates of disposal. Results place the minimum amount of needed landfill capacity at 125
acres, with a cost of $40 million for construction plus another $40 million for closure costs. Data analysis
also indicates that the primary receiving landfills are currently using approximately one percent of
permitted acreage for drill cuttings disposal annually. In addition, the approximate minimum average
distance drill cuttings are currently transported from the well site to a landfill is 22.3 miles. If new
industry-operated landfills were substituted for existing ones at least two new fills would be needed to
allow well operators access to disposal locations where average transit distances are not increased.
Having more than two new central landfills, or adding additional fills, could reduce the average
transport distance if optimally sited.
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Introduction

Regulation of Horizontal Well Drill Cuttings Disposal

The West Virginia Department of Environmental Protection (WVDEP) regulates horizontal gas well
operations via the Natural Gas Horizontal Well Control Act - W. Va. Code § 22-6A — also known as the
“Horizontal Well Act”. This regulation led to the term “6A wells” to describe horizontal wells that fall
under this law. The Horizontal Well Act requires that “all drill cuttings and associated drilling mud
generated from horizontal well sites shall be disposed of in an approved solid waste facility, or if the
surface owner consents, the drill cuttings and associated drilling mud may be managed on-site in a
manner approved by the secretary (§22-6A-8).”

As defined by the WVDEP, a “6A well is any natural gas well drilled using a horizontal drilling method,
and which disturbs three acres or more of surface, excluding pipelines, gathering lines and roads, or
utilizes more than two hundred ten thousand gallons of water (5,000 bbls) in any thirty day period”
(§22-6A-3). Conventional vertical wells drilled to the Marcellus formation are thus excluded from this
definition.

This analysis focuses on drill cuttings produced from completion of wells in the Marcellus formation,
although wells drilled in the Utica and other shale formations are also 6A wells. There are also shallow
horizontal wells in West Virginia that do not fall under the regulation. These shallower wells target other
formations above the Marcellus and are often located outside of the active Marcellus fairway of drilling
activity.

Alternative Disposal Options

In terms of disposal priorities, landfill disposal ranks lowest on the West Virginia Solid Waste
Management Board’s (WV SWMB) waste management hierarchy. Source reduction and reuse are
considered to be better options. According to the WV SWMB’s 2015 Management Report the solid
waste management hierarchy is: source reduction, reuse, recycling, and landfilling.

Non-6A gas wells are allowed to utilize on-site pits for disposal for drill cuttings. While a 6A well
operator is also allowed to use on-site disposal of drill cuttings with landowner approval, as of mid- 2015
no operator had requested to do so under this rule. Clearly, landfill disposal of cuttings from 6A wells is
considered more feasible than getting permitted for on-site disposal. Although there are no specific
guidelines in State code specifying how on-site disposal compliance would be different for a 6A well, the
allowance that “if the surface owner consents, the drill cuttings and associated drilling mud may be
managed on-site in a manner approved by the secretary” represents uncertainty in practice. Drill
cuttings from Ohio and Pennsylvania are sometimes disposed of in landfills in West Virginia. WV-based
gas operators also utilize landfills in Ohio and Pennsylvania for disposal of cuttings when location is
more favorable.

Background
This analysis was required as part of an amendment to Act 15 of WV State Code, the Solid Waste
Management Act (§22-15-8). Item (3) of (j) instructs the WVDEP to submit a report examining “the
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technical and economic feasibility and benefits of establishing additional and/or separate disposal
locations which are funded, constructed, owned and/or operated by the oil and gas industry.”

The question of “technical and economic feasibility” is based on an estimate of the physical space that
would be required for future drill cuttings disposal as well as the cost of developing that space. This
necessitates producing an estimate of the number of future well completions that would produce drill
cuttings for disposal.

The essential question is the feasibility of vertically integrating drill cuttings disposal into oil and gas
industry operations. Vertical integration is “a means of coordinating the different stages of an industry
chain when bilateral trading is not beneficial.”? In other words, if it is more cost efficient to internalize
an activity then a business can take on that function. Otherwise, the business will choose to outsource
the activity. Vertical integration can raise costs by requiring additional specialization to perform the
new task or function?, in this case waste disposal. Vertical integration is costly and risky to implement.
As such, it is in a business’ best interest to pursue only if doing so will substantially reduce uncertainty or
costs in the existing market arrangement, or provide some additional benefit or profit.>

Data and Methodology

This analysis develops a range of values for possible future well completions. These two values are
combined with data and information from landfills that accept drill cuttings to develop an estimate of
the amount of landfill capacity that would be needed if cuttings were produced and disposed of at
current rates throughout the entire Marcellus build-out period. The cost of building new landfill capacity
is also estimated, to represent the magnitude of investment that would be required.

Data for the analyses derive from the West Virginia Geological and Economic Survey, the West Virginia
Department of Environmental Protection, the U.S. Energy Information Administration, the West Virginia
Solid Waste Management Board, U.S. Bureau of Labor Statistics Occupational Employment Statistics for
2014, the Ohio Environmental Protection Agency, the Pennsylvania Department of Environmental
Protection, and estimates from a 2005 MSM Management Report.

Production of Drill Cuttings from Gas Wells

The tonnage of cuttings produced from a gas well is a function of the diameter of the borehole, the
length of the borehole, the weight of the rock being drilled and the presence of drilling mud. As the
vertical section of a well increases in depth the diameter of the borehole gets smaller, with the
horizontal section of a well having the smallest diameter.

1 Stuckey, J. and D. White (1993). “When and When not to Vertically Integrate”. The McKinsey Quarterly, No. 3.
http://www.mckinsey.com/insights/strategy/when_and_when_not_to_vertically_integrate

2 Grossman, G. and E. Helpman (2001). “Integration vs. Outsource in Industry Equilibrium” CESifo Working Paper,
No. 460. http://www.econstor.eu/bitstream/10419/75839/1/cesifo_wp460.pdf

3 Stuckey and White (1993).


http://www.econstor.eu/bitstream/10419/75839/1/cesifo_wp460.pdf
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For Marcellus wells, a portion of the larger top-hole section of a well is often drilled using air. As drilling

progresses, drilling mud is added. The tonnage of cuttings thus produced depends on an operator’s

engineering decision for borehole diameter in both sections of a well and at what depth in the vertical

section drilling mud is added.

Industry sources frequently cite 1,500 tons of drill cuttings as the volume of production from a typical

Marcellus well.* In practice, volumes range from around 800 tons® to more than 1,500 tons per well

depending on the depth of the well and the length of the horizontal section.

The length of the horizontal section of 6A well completed in West Virginia has increased steadily since

these wells were first drilled in 2007. This is illustrated in the following table. The implied, or

approximate, horizontal length of each 6A well was calculated by subtracting total vertical depth from

total measured depth.

Table 1: Completed Marcellus Wells in West Virginia

Year # of Completed Average Total Average Total Implied Average
Horizontal Marcellus | Measured Depth | Vertical Depth Horizontal Length
Wells (ft.) (ft.) (ft.)
2007 3 7,879 6,032 1,847
2008 11 9,235 6,633 2,602
2009 61 10,856 7,058 3,797
2010 132 11,748 7,075 4,673
2011 220 12,154 6,988 5,166
2012 304 12,752 6,889 5,863
2013 271 13,432 6,992 6,441
2014* Data not complete 14,163 6,883 7,280

Source: West Virginia Geological and Economic Survey.

Completed 6A wells, also known as deviated wells, are concentrated in the north and west sections of

the Marcellus Shale Drilling Fairway. The following graphic illustrates the location of these wells, as well

as the vertical Marcellus wells drilled prior to the move to horizontal drilling.

4 Clean Earth (n.d.). "Recycling & Reuse of Marcellus Shale Drill Cuttings."
5 Maloney, K and David Yoxtheimer (2012). “Production and Disposal of Waste materials from Gas and Oil

Extraction from the Marcellus Shale Play in Pennsylvania,” Environmental Practice, 14 (4).
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Figure 1: Drilled Marcellus Shale area in West Virginia

Source: WVGES.

The following table describes the location of completed Marcellus wells in West Virginia by county. The
data show that two-thirds of horizontal wells drilled (and 80% of gas production) through 2013 are

concentrated in four counties in and below the Northern Panhandle — Harrison, Wetzel, Doddridge and
Marshall.
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Table 2: Completed Marcellus Wells in West Virginia - Largest 10 Counties by Production, 2007 to 2013

Number of Completed Total Gas
County Horizontal Wells, Production Reported,
2007-2013 2007-2013 (mcf)

Harrison 177 327,084,457
Wetzel 173 221,123,200
Doddridge 150 168,938,241
Marshall 176 161,510,319
Upshur 48 43,021,218
Marion 39 40,072,535
Taylor 37 37,786,106
Tyler 26 29,277,705
Ohio 52 23,134,071
Ritchie 22 17,572,154
Other Counties® 102 39,897,427

Factors influencing future Marcellus and Utica Well Drilling

The rate of future horizontal gas well completion impacts future production of drill cuttings that would
be disposed of in West Virginia landfill. Several factors influence the rate of well completion, and make
projection of future completions uncertain. These include:

1. Price of natural gas. The price of natural gas has been low nationwide, and many pricing points
in the Marcellus region have frequently traded below the Henry Hub benchmark. This
suppresses interest in completing new wells.

2. Geography. Marcellus gas production economics are somewhat better in southwestern
Pennsylvania and West Virginia due to the presence of plant liquids. Where infrastructure is
available, producers are able to market propane and ethane in addition to pipeline gas.

3. Infrastructure. Pipeline capacity and midstream services continue to expand for gas and ethane
in the southwest Marcellus region, although additional infrastructure is still needed in this area.
As this access to market increases drilling activity may eventually trend upward.

4. Well spacing. The trend toward longer horizontal well sections means fewer wells are drilled per
cubic foot of production.” In the Marcellus region, new well gas production per rig has increased
every year since 2007, although the rate of increase has slowed in the last couple of years.® This
trend is expected to continue, but the magnitude will depend in part on state-level legislation
such as pooling laws that would induce more acreage to be developed.

6 Other counties with at least one completed horizontal well and reported production are (in order of production)
Monongalia, Barbour, Preston, Brooke, Lewis, Lincoln, Jackson, Logan, McDowell, Gilmer and Mason.

7 It is possible that the tonnage of drill cuttings produced per cubic foot of gas production is also lower, but this
theory needs to be tested and quantified.

8 Energy Information Administration, Marcellus Region Drilling Productivity Report, May 2015.
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In the short-term, the rate of completions is expected to slow in response to low prices, which is an
indicator of over-supply of gas in the region. A picture of some recent Marcellus area prices versus the
Henry Hub benchmark spot price is shown in the following figure. Some Marcellus gas producers are
receiving prices that are considerably below what is currently the national benchmark for natural gas.
Price depends on well location and the price hub at which they are located. The figure below shows
some recent prices for Zone 4 Marcellus gas, a hub in northeast Pennsylvania, and Dominion South, a
hub in southwest Pennsylvania. Both regions have frequently been trading at one-half of the Henry Hub
price, a situation that does not promote expansion of drilling activity.

Figure 2: Recent Marcellus Area vs. Henry Hub Gas Prices (S/mmBtu)

Select Marcellus Area Vs. Henry Hub Gas Prices
$4.00

$3.50
$3.00
$2.50
$2.00
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$1.00
$0.50

S-
12/3/2014 1/3/2015 2/3/2015 3/3/2015 4/3/2015 5/3/2015

Henry Hub Spot Zone 4 Marcellus Dominion South

Source: Energy Information Administration, Natural Gas Weekly, 2014 and 2015.

The increasing amount of time from initial well permitting to completion is one possible response being
observed to lower gas prices. The average time from permitting date to well completion rose more than
20 percent, from about nine months in 2010 to around 11 months in 2013.° Partial data for 2014
indicate that this time may still be increasing, possibly indicating an interest in postponing completion
with the hope of seeing market conditions improve.

% Gas well data reported to the WVDEP and WVGES.
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Figure 3: Months from Permitting to Completion for WV Horizontal Marcellus Wells
18
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2007 2008 2009 2010 2011 2012 2013 2014
*Includes partial data for 2014.

Marcellus Shale Build-Out Scenarios

Projections of two expert organizations for well build-out of the Marcellus Shale in West Virginia were
evaluated to obtain an expectation of the number of wells that might be drilled in the state in the
future. The West Virginia Geological and Economic Survey (WVGES) estimates that there are about
26,000 potential gas wells left to be drilled in Marcellus Shale Active Fairway as of 2015.1° In 2010, the
National Energy Technology Laboratory (NETL) estimated that there were 30,500 wells available for
development. 1

CBER chose to utilize the lower WVGES projection to represent a more conservative approach,
consistent with the current economic environment of low natural gas prices. The WVGES analysis is
based on the developed vs. undeveloped acreage of the Marcellus Shale Deviated Drilling Fairway. The
fairway represents approximately 2.7 million acres, with 123,486 acres drilled part-way through 2014.
Assuming that 20 to 60 percent of the 26,000 potential gas wells will be technically and economically
feasible, the future number of feasible well completions over the next 20 to 50 or more years ranges
from roughly 5,000 to 15,000 in the Marcellus Shale in West Virginia. In terms of wells subject to drill
cuttings disposal regulation this figure could be higher if the Utica and other shale formations are
tapped in West Virginia or the Marcellus is more heavily developed within or outside of what is currently
the activity fairway.

10 Hohn, Michael and Jessica Moore, 2015. “Methodology For Estimation Of Total Build-Out Scenario For The
Marcellus Shale Active Fairway,” WVGES.

11 NETL, 2010. “Projecting the Economic Impact of Marcellus Shale Gas Development in West Virginia: A
Preliminary Analysis Using Publicly Available Data.”
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Disposal of Drill Cuttings at West Virginia Landfills

Gas well operators pay tipping fees to landfills to cover the costs of drill cuttings disposal, which vary by
the liquid content of the cuttings. Because drill cuttings are inherently wet, solidification material must
be added prior to landfill disposal. This may occur at the well site or at the landfill. This added material is
typically either fly ash from power plants, lime or sawdust, which increases the tonnage that is disposed
of in a landfill. 2 When including solidification material, the average combined weight of cuttings
material disposed of per well is approximately 2,100 tons. The methodology for this estimation is
explained later in the report.

The West Virginia Solid Waste Management Board (WVSWMD) tracks the amount of drill cuttings
disposed of in each of seven “wastesheds” within the state. At current acceptance rates drill cuttings
have comprised as much as 45% of total waste deposited in landfills in Wasteshed A.** The drill cuttings
share of total waste accepted by wasteshed is shown in the following table for the year 2013. As
expected, cuttings are a larger share for Wastesheds A, B and C due to location in or near the Marcellus
production area.

Table 3: Drilling Mud Share of Wastestream Composition by West Virginia Wasteshed in 2013

Wasteshed® | Share of Total Waste | Serving Landfill(s)
A 44.7% Wetzel County, Short Creek, Brooke County
B 6.1% Tucker County, S & S Grading, Meadowfill
C 22.4% Northwestern
E 0.0% LCS
F 0.3% Greenbrier County, Pocahontas County, Nicholas County
G 0.0% Raleigh County, HAM, Copper Ridge, Mercer County
H 1.6% Charleston, Disposal Services, Sycamore

Source: West Virginia Solid Waste Management Plan 2015.

The following figure depicts the location of landfills receiving drill cuttings as well as the approximate
location of horizontal Marcellus wells completed in 2010 through 2013.

12 Information provided in a site tour of Meadowfill landfill.
13 WVSWMB (2015). “West Virginia Solid Waste Management Plan 2015.”
14 There is no Wasteshed D listed in the report.
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Figure 4: Map of Completed Marcellus Wells and Primary Landfills Receiving Drill Cuttings

10
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Sources of Drill Cuttings

The majority of drill cuttings disposed of in WV landfills, 82 percent to 86 percent in recent years, are
from gas wells drilled in the state. Cuttings are also accepted from wells in Ohio and Pennsylvania, with
tonnages varying by month.

Figure 5: Monthly Drill Cuttings Disposal in WV Landfills, Tons in 2013 & 2014
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Source: Monthly Tonnage Reports filed with the WVDEP.

Most out-of-state cuttings come from two counties in eastern Ohio, Monroe and Noble Counties.?® This
is likely due to the proximity of Wetzel County and Northwestern landfills to those counties. Both of
these counties have completed wells in both the Utica and Marcellus Shale, so it is likely that some Utica
Shale cuttings have been deposited in West Virginia landfills. The table on the next page contains the
tonnages for 2013 and 2014.

15 Monthly Tonnage Reports filed with the WVDEP.
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Table 4: In-State vs. Out-of-State Drill Cuttings Tonnage by Source

Tonnage by Source % of Total
2013 2014 2013 2014
West Virginia 574,195 560,021 82% 86%
Doddridge Co. 140,492 214,498 20% 32%
Wetzel Co. 150,070 115,085 21% 17%
Harrison Co. 132,291 69,421 18% 10%
Marshall Co. 33,529 37,742 5% 6%
Other WV 117,813 123,275 16% 19%
Out-of-State
Ohio 130,755 93,704 18% 14%
Monroe Co. 59,565 55,459 8% 8%
Noble Co. 38,058 17,087 5% 3%
Trumbull Co. 16,454 2,187 2% 0%
Other Ohio 16,678 18,970 2% 3%
Pennsylvania 10,291 10,354 1% 2%

Motivation for supply of out-of-state tonnage

The proximity of the Northwestern and Wetzel County landfills to eastern Ohio drilling sites makes them
attractive for disposal to producers in that area. Gas producers in Ohio and Pennsylvania are not
required to dispose of all drill cuttings in landfills. For both states, landfill disposal is only required for
cuttings that are contaminated with certain pollutants.

In Ohio, cuttings disposal depends on the phase of drilling. “Cuttings generated during the phase of
drilling that involves air, water, clay or other inert materials are considered earthen material and are not
regulated as a solid waste. Drill cuttings coming into contact with refined oil-based substances or other
sources of contaminants that are sent off-site for disposal are classified as a solid waste under Ohio
Environmental Protection Agency (Ohio EPA) regulations. Drill cuttings that have come into contact with

refined oil-based substances may be disposed of at a licensed solid waste landfill.” 1

Pennsylvania law allows on-site pit disposal or land application of drill cuttings from above the casing
seat as long as the cuttings “are not contaminated with pollutional material, including brines, drilling
muds, stimulation fluids, well servicing fluids, oil, production fluids or drilling fluids other than tophole
water, fresh water or gases,” in addition to other conditions.”

16 Ohio EPA Fact Sheet: Drill Cuttings from Oil and Gas Exploration in the Marcellus and Utica Shale Regions of
Ohio, January 2014.
17 pA §78.61.
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The Wetzel County landfill has the lowest tipping fees of any landfill in West Virginia, potentially placing
that facility in a favorable competitive position for receipt of drill cuttings.*®

Table 5: Accepted Drill Cuttings Waste for WV Landfills by Source State (Tons)

Tipping Fee 2013 Drill Cuttings Tonnage 2014 Drill Cuttings Tonnage

Landfill $/ton wv OH PA wv OH PA
BROOKE/VALERO $37.00 6,921 4,948 884 1,112 5,252 372
SHORT CREEK $32.50 45,215 17,991 5,523 20,128 2,423 3,550
WETZEL CO. $31.25 206,879 53,743 -] 182,671 56,582 358
MEADOWEFILL $45.35 304,973 136 3,582 295,257 198 6,074
NORTHWESTERN $42.05 10,207 53,937 302 60,853 29,248 -

* S&S not shown because that fill is no longer accepting drill cuttings.

West Virginia gas operators have indicated in permits filed with the WVDEP that they may utilize
landfills located in Ohio and Pennsylvania. These fills include Apex Environmental, American 02-12954
and County Wide fills in Ohio and Westmoreland Waste, Carbon Limestone, Arden, Pine Grove, Yukon
and Bulger landfills in Pennsylvania. Most of these landfills are located near the northern panhandle of
West Virginia, and thus compete with the Brooke County and Short Creek landfills. The Meadowfill,
Wetzel County and Northwestern fills are located further from competing disposal service providers.

Landfill Capacity Usage

Under special legislation, landfills in the state are allowed to exceed their monthly tonnage limits to
accept drill cuttings, as long as it is not located within a karst region as determined by the WVGES and a
certificate of need was obtained by March 8, 2014.%° This allowance requires the landfill to place the
cuttings in a separate cell dedicated solely to the disposal of drill cuttings and drilling waste. Further, the
legislation explicitly states that “no solid waste facility may exclude or refuse to take municipal solid
waste in the quantity up to and including its permitted tonnage limit while the facility is allowed to
lawfully receive drill cuttings or drilling waste above its permitted tonnage limits.”

The following table shows the tonnages accepted at the six West Virginia landfills that received drill
cuttings in 2013 and 2014. Annual permitted tonnage is the maximum total tonnage allowed to be
accepted for each fill, as put in place by the Secretary of the WVDEP.%° Drill cuttings are considered to

18 WVSWMB 2015.
19 Wv §22-15-8.
20\WV §22-15-8.

13



Evaluation of the Feasibility of a Gas Industry Owned and Operated Dedicated Drill Cuttings Landfill

be “special waste.”?! 22 The Meadowfill landfill receives the largest volume of drill cuttings, likely due to

its favorable location near the Harrison and Doddridge County wells and lack of other fills in the area.

Table 6: WV Landfills Accepting Drill Cuttings Waste — Annual Tonnage??

Annual 2013 Tonnage Totals 2014 Tonnage Totals
Landfill Permitted Drill Solid Total Drill Solid Total
Tonnage?® | Cuttings Waste Cuttings | Waste

BROOKE/VALERO 240,000 12,753 53,097 65,850 6,736 88,478 95,214
SHORT CREEK 360,000 68,729 | 295,438 364,167 26,102 | 290,129 316,230
WETZEL CO. 119,988 | 260,622 74,281 334,903 | 239,611 73,682 313,293
MEADOWFILL 360,000 | 308,692 | 166,198 474,890 | 300,830 | 198,193 499,023
S&S 119,988 5,664 62,604 68,268 360 68,144 68,504
NORTHWESTERN 360,000 64,446 | 223,082 287,528 | 90,101 | 215,562 305,663

Total [ 1,559,976 | 720,906 | 874,700 | 1,595,606 | 663,740 | 934,189 | 1,598,628

The Meadowfill landfill has operated a dedicated cell for disposal of drill cuttings since 2013. Both the
Northwestern and Wetzel County fills have plans to open dedicated drill cutting cells in 2015.2° These
three landfills are using approximately one percent of permitted acreage per year for drill cuttings

disposal on average. Total acreage at the landfills exceed permitted acreage, so as additional acreage is

permitted for disposal this share could change.

Table 7: Landfills with Dedicated Drill Cutting Cells — Acreage Permitted and Used?

Annual Avg Tonnage | % of Tonnage . Acres for Cuttings
. .. Permitted
Landfill Tonnage Accepted Limit Accepted Acreage per year/% of
Limit 2013/2014 in 2013/2014 g Permitted Acreage
Wetzel County 119,988 324,098 270% 190 acres 2 acres/1.1%%
Meadowfill 360,000 486,957 135% 178 acres 1.7 acres/0.9%%
Northwestern 360,000 296,596 82% 133 acres 1.3 acres /1.0%2°
2L 1bid.

22 The makeup of special waste for the state of WV is 4.98% industrial waste, 1.49% industrial sludge, 8.76%
construction and demolition waste, 3.89% petroleum contaminated soil, 3.30% other special waste, 2.87%
miscellaneous waste and 19.47% drilling mud.

23 Monthly Tonnage Reports filed with the WVDEP.

24 Monthly permitted tonnage X 12.

25 WVSWMB (2015).

26 \WV Solid Waste Management Plan 2015.

27 Based on projected use of 4-acre drill cuttings cell over two years.

28 Based on use of 4.2-acre drill cuttings cell over two and a half years.

29 Based on projected use of 4-acre drill cuttings cell over three years.
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Feasibility Analysis of a Gas Industry Owned and Operated Landfill
Landfill management at fills permitted by the WVDEP occurs under the direction of a specialized waste
management firm. When given the choice, a gas operator would simply contract such services to a
waste management specialist, as evidenced by the lack of landfills owned and operated by the gas
industry. The most salient benefit of establishing a separate landfill sited specifically to receive drill
cuttings would be preservation of existing disposal capacity of existing fills for future waste disposal.

Key Considerations and Assumptions

To evaluate the feasibility of developing a new landfill it is necessary to evaluate the size of a landfill(s)
required to hold the volume of drill cuttings expected to be produced. Several steps were taken in
producing this volume estimate. Factors required to be considered include:

1. Marcellus Shale Build-out scenarios — The extent of development of the Marcellus Shale in West
Virginia is the primary factor impacting the amount of drill cuttings that will be generated. As
discussed earlier in this report, two expert organizations have similar projections:

a. WVGES - 26,000 wells in Marcellus Shale Active Fairway
b. NETL-30,500 wells available for development

2. Number of feasible wells — As the entire Marcellus resource is not technically and economically
feasible to develop, only a portion of the resource will be drilled and produce drill cuttings.

3. Annual rates of well completion — The number of wells drilled per year provides an expectation
of the number of years drill cuttings will be produced. This information is not explicitly modeled
in this analysis, but the number of wells drilled per year is generally not expected to exceed the
230 to 260 completions per year seen from 2010 to 2013.

4. Years to full build out — This is based on the number of wells completed per year and the
number of feasible wells. This variable is used to provide estimates of total landfill operating
costs over what could be the life of the waste facilities. The ultimate value depends on whether
Utica is tapped in WV or the Marcellus is more heavily developed.

5. Tons of drill cuttings per well — This factor is used to calculate the estimate of the total volume
of drill cuttings that will potentially be supplied for landfill disposal. As discussed earlier in the
report the tonnage of drill cuttings produced per well is:

a. 1,000 to 1,500 tons/well - at well site
b. Approx. 2,100 tons/well - at landfill with added solidification material

6. Total Tonnage of Drill Cuttings Produced - This volume depends on the level of well build-out, as
well as the amount of cuttings received from out-of-state. This analysis evaluates supply of
cuttings from Ohio and Pennsylvania in the same proportion as received in recent years,
although it is possible that out-of-state cuttings would fall to zero with a centrally located
landfill(s) in West Virginia that are too far from the wells in those states to be competitive.

7. Landfill space rate of usage — This rate is applied to the total tonnage expected to be produced
to obtain the required acreage of landfill space.

8. Landfill acreage required — This factor determines the size of the landfill(s) required to be built
to hold produced drill cuttings and is based on the 150,000 tons/acre factor.
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The following table summarizes the assumptions resulting from analysis of the above described factors.
These estimates of Marcellus well build out and resulting production of drill cuttings were then used to
develop estimates of the cost to build a landfill capable of holding the cuttings.

Table 8: Landyfill Feasibility Analysis — Summary of Assumptions*

Factor Low Scenario | High Scenario
Portion of Feasible Wells Drilled — selected to represent low and high 20% 60%
outcomes
Number of Completed Wells - share of 26,000 possible total, rounded 5,000 wells 15,000 wells
for simplicity
Tons of In-State Drill Cuttings — based on 2,100 tons of cuttings and 11 million 32 million

added material/well

Tons of Out-of-State Drill Cuttings — based on same proportion as
received in recent years (25% in 2013 and 19% in 2014)

2 to 3 million

4 to 6 million

Years to Full Build Out - based on annual well completions of less than
250 per year

20 to 30 years

50+ years

Landfill Space Rate of Usage - based on current or planned acreage
usage data from the Meadowfill, Northwestern and Wetzel County
landfills combined with received tonnage for each fill in 2013 and
2014.

150,000 tons

150,000 tons

Acres of Landfill Capacity — based on 150,000 tons/acre. The low
scenario assumes the landfill(s) would be oversized by about 50% to
account for uncertainty in volume.

125 acres

250 acres

*Figures are rounded for simplicity.
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Landfill Costs

Construction of a new landfill is a highly capital intensive process. Outlays are site specific and the final
design and costs of a particular landfill will depend on terrain, soil type, climatic factors, site restrictions
and regulatory factors. Environmental factors such as the type of waste disposed, preprocessing and
potential for groundwater contamination are also taken into consideration when constructing a new
landfill. Total landfill construction outlays include life cycle costs, or costs incurred from the time the
landfill is conceived through the post closure period. Among these include: preconstruction/planning,
engineering, legal, licensing, and land acquisition; excavation; construction; operating; closure; and post-
closure®°.

Estimates were based on data obtained from a report completed by MSM Management, a journal for
municipal solid waste professionals. Construction expenditures have been broken down into the
following “groups” for each of the two scenarios of the analysis: pre-construction; construction;
excavation and support facility construction (i.e. office buildings, fencing, roads and etc.). Data were

t31

obtained from a 2005 MSM Management report>' and costs were estimated using current dollars.

Construction and Operating Expenditures

Based on the required categories, as outlined below, the total capital required to construct a 125-acre
and 250-acre landfill are $40,212,487 and $77,954,974 respectively. Under both scenarios excavation is
the most costly process in landfill construction. This includes establishing and constructing perimeter
berms, creation of the clay liner as well as building the leachate collection system which includes various
piping, collection sumps and a storage system; all at a cost per acre of $229,019. It should be noted that
the excavation estimates are much higher than the construction estimates, which consists of clearing,
grubbing, surveying, soil removal and blasting ($72,920 per acre). Annual operating costs are estimated
to be $600,000 for each facility regardless of size as the rate of waste acceptance is assumed to be the
same. It is the length of operating time that is more variable, depending on build out of the Marcellus
resource. Line by line estimates for each process are outlined in the following tables.

30 Eilrich, F., Gerald A. Doeksen and Herb Van Fleet. “An Economic Analysis of Landfill Costs to Demonstrate the
Economies of Size and Determine the Feasibility of a Community Owned Landfill in Rural Oklahoma”. February
2003. http://ageconsearch.umn.edu/bitstream/35091/1/sp03ei01.pdf

31 puffy, Daniel. “Landfill Economics: Part | Siting”. MSW Management. May/June 2005. “Landfill Economics: Part II
Getting Down to Business”. MSW Management. July/August 2005. “Landfill Economics: Part Ill Closing Up Shop”.
MSW Management. September/October 2005.
http://distributedenergy.com/MSW/Editorial/Landfill_Economics_Part_|_Siting_1535.aspx
http://foresternetwork.com/daily/waste/landfill-management/landfill-economics-part-ii-getting-down-to-
business-part-i/
http://www.mswmanagement.com/MSW/Editorial/Landfill_Economics_Part_Ill_Closing_Up_Shop_1504.aspx
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Table 9: Estimated Total Landyfill Construction Costs

Scenario 1 (125 acres) | Scenario 2 (250 acres)
Pre-Construction $700,000 $700,000
Construction $9,115,052 $18,230,104
Excavation $28,627,435 $57,254,870
Support Facility Construction $1,770,000 $1,770,000
Total $40,212,487 $77,954,974

Table 10: Land(fill Pre-construction Processes and Estimates

Scenario 1 (125 acres) | Scenario 2 (250 acres)
Hydrogeological Plans/Site Investigation (Total) $500,000 $500,000
Engineering Design Permit $200,000 $200,000
Total Pre-Construction* $700,000 $700,000

*Total pre-construction costs do not include land purchase due to the uncertainty of land location and prices.

Table 11: Landfill Construction Processes and Estimates

Scenario 1 (125 acres) | Scenario 2 (250 acres)

Clearing and Grubbing ($1,000 to $4,000 per acre) $375,000 $750,000
Grade Surveying (55,000 to $8,000 per acre) $875,000 $1,750,000
Soil Excavation ($2 to S6 per bank cubic yard) $1,210,008 $2,420,016
Structural Soil Berms ($6 to $10 per cubic yard) $2,016,680 $4,033,360
Blasting (S1 per bank cubic yard) $201,668 $403,336
Soil Backfill (510 to $22 per bank cubic yard) $4,436,696 $8,873,392

Total Construction $9,115,052 $18,230,104

Table 12: Landfill Excavation Processes and Estimates

Scenario 1 (125 acres)

Scenario 2 (250 acres)

Perimeter Berm ($10,000 to $16,000 per acre) $2,000,000 $4,000,000
Clay Liner (510 to $20 per cubic yard) $4,033,360 $8,066,720
Geomembrane ($0.50 to $0.75 per sq ft/smooth; $0.20 $3,185,325 $6,370,650
per sq ft/textured)
Protective Geotextile (50.75 to $1.00 per square foot) $5,445,000 $10,890,000
Leachate Collection Pipes ($4 to $8 unit price per foot) $220,000 $440,000
Aggregate Filler/Collection Pipes (3 ft. height, $20 to $25 $687,500 $1,375,000
per linear foot)
Leachate Collection Sump ($1,500 to $2,000 per acre) $250,000 $500,000
Above Ground Leachate Storage Tank (prorated cost per $125,000 $250,000
acre $1,500 to $2,000)
Leachate Sump and Riser (prorated cost per acre $800 to $150,000 $300,000
$1,200)
HDPE Force Mains (prorated cost $200 to $250 per acre) $31,250 $62,500
Quality Assurance/Quality Control (575,000 to $100,000 $12,500,000 $25,000,000
per acre)

Total Excavation $28,627,435 $57,254,870
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Table 13: Landfill Support Facility Construction Estimates

Scenario 1 (125 acres)

Scenario 2 (250 acres)

Offices, Maintenance Buildings, Shacks and Tool $1,000,000 $1,000,000

Sheds

Fencing and Signage $130,000 $130,000

Truck Scales and Computer Systems $150,000 $150,000

Wheel Wash Facilities $250,000 $250,000

Access Roads $240,000 $240,000
Total Support Facility Costs $1,770,000 $1,770,000

Table 14: Estimated Landfill Operating Costs

Scenario 1 (125 acres)

Scenario 2 (250 acres)

Operations (Equipment, Staff, Facilities and $500,000 $500,000

General Maintenance)

Leachate Collection and Treatment (Discharge cost $10,000 $10,000

of $0.02 per gallon)

Environmental Sampling and Monitoring $30,000 $30,000

Engineering Services (Consulting and In-house) $60,000 $60,000
Annual Operating Costs $600,000 $600,000

Landfill closure

Federal regulations regarding landfill closure require the landfill to monitor, inspect and maintain the

landfill and its protective systems for at least 30 years following closure. Not only does this include

security and maintenance of the site, but also leachate collection system operation, groundwater

monitoring and inspection or repair on an as needed basis*2.

All owners and/or operators are required to provide financial assurance for the closing of the landfill.

These entities are required to demonstrate that they will be able to pay for required closure and post-

closure activities and any corrective actions that may become necessary due to contamination or issues

surrounding the landfill®3. Closure and post-closure care expenditure estimates are prepared prior to the

opening of the facility and must be adjusted annually during the life of the facility to account for

inflation. Financial assurance mechanisms as outlined in 40 CFR §258.74 can include the establishment

of a trust fund, a surety bond or a letter of credit. Other options such as financial tests or corporate and

local government guarantees are available for the facility.

These closure estimate include amounts related to the construction of the closure infrastructure, site

security and maintenance costs and environmental monitoring and were obtained from a 2005 MSM

32 Maryland Department of the Environment. “Estimated Costs of Landfill Closure Fact Sheet”.
http://www.mde.state.md.us/assets/document/factsheets/landfill_cl.pdf
33 United States Environmental Protection Agency. “Financial Assurance for Municipal Solid Waste Landfills”.
October 1, 2014. http://www.epa.gov/osw/nonhaz/municipal/landfill/financial/famsw.htm
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Management report34. Outlays were estimated at a yearly amount as well as a 30 year total using
current dollars.

Based on these estimates, as outlined below, the closure and post-closure costs (landfill site security and
maintenance and environmental monitoring) of a 125-acre and 250-acre landfill are $45,649,500 and
$90,537,000 respectively. Of the total estimate, closure of the landfill represents the largest component.
At a cost per acre of $325,000 this process includes final surveying, gas management system
implementation and the required caps, seals in addition to soiling and seeding. Site security,
maintenance and environmental monitoring are performed yearly over the 30 year closure period and
are significantly lower than closure costs.

Table 15: Estimated Total Landfill Closure Costs

Scenario 1 (125 acres) | Scenario 2 (250 acres)
Closure $40,625,000 $81,250,000
Site Security and Maintenance $4,448,500 $8,711,000
Environmental Monitoring $576,000 $576,000
Total $45,649,500 $90,537,000

Table 16: Landfill Closure Processes and Estimates

Scenario 1 (125 acres) | Scenario 2 (250 acres)

Final Grade Surveying ($3,000 to $6,000 per acre) $625,000 $1,250,000
Gas Management Layer ($24,000 to $32,000 per $4,000,000 $8,000,000
acre)
Clay Cap Construction ($26,000 to $51,000 per acre) $6,375,000 $12,750,000
Composite Cap System ($18,000 to $23,000 per $2,875,000 $5,750,000
acre)
Geomembrane Cap ($33,000 to $44,000 per acre) $5,500,000 $11,000,000
Soil Cover (513,000 to $26,000 per acre) $3,250,000 $6,500,000
Seeding, Mulch and Fertilizer (51,000 to $2,000 per $250,000 $500,000
acre)
Gas Management System ($29,000 to $35,000 per $4,375,000 $8,750,000
acre)
Water Runoff Control System ($5,000 to $7,000 per $875,000 $1,750,000
acre)
Total Overhead and Quality Control ($75,000 to $12,500,000 $25,000,000
$100,000 per acre)

Total Closure Costs $40,625,000 $81,250,000

34 Duffy, Daniel. “Landfill Economics: Part | Siting”. MSW Management. May/June 2005. “Landfill Economics: Part II
Getting Down to Business”. MSW Management. July/August 2005. “Landfill Economics: Part Ill Closing Up Shop”.

MSW Management. September/October 2005.

http://distributedenergy.com/MSW/Editorial/Landfill_Economics_Part_|_Siting_1535.aspx
http://foresternetwork.com/daily/waste/landfill-management/landfill-economics-part-ii-getting-down-to-

business-part-i/

http://www.mswmanagement.com/MSW/Editorial/Landfill_Economics_Part_Ill_Closing_Up_Shop_1504.aspx
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Table 17: Land(fill Site Security and Maintenance Estimates

Scenario 1 (125 acres) Scenario 2 (250 acres)
Yearly 30 Year Yearly 30 Year
Total Total
Entrance Gate Maintenance $200 $6,000 $200 $6,000
Security $6,000 $180,000 $6,000 $180,000
Cover Maintenance (59,000 to $17,000 per acre) | $70,833 | $2,125,000 | $141,666 | $4,250,000
Leachate System Maintenance ($13,500 to $71,250 | $2,137,500 | $142,500 | $4,275,000
$17,100 per acre)
Total Security and Maintenance | $148,283 | $4,448,500 | $290,366 | $8,711,000

Table 18: Environmental Monitoring Estimates

Scenario 1 (125 acres) Scenario 2 (250 acres)
Yearly 30 Year Yearly 30 Year
Total Total

Groundwater Monitoring $4,000 $120,000 $4,000 $120,000
Surface Water Monitoring $3,000 $90,000 $3,000 $90,000
Leachate Monitoring $3,000 $90,000 $3,000 $90,000
Landfill Gas Monitoring $1,200 $36,000 $1,200 $36,000.
Statistical Analysis $8,000 $240,000 $8,000 $240,000
Total Environmental Monitoring | $19,200 $576,000 $19,200 $576,000

The costs associated with landfill construction and closure would be staggered over time. Sections of the
landfill would be prepared for disposal as needed over time, which would reduce the amount of the
investment needed up-front.

Existing Landfill Expenditure Comparison

These estimated landfill expenditures are similar to previously constructed landfills. For example, in
1990 a 23 acre landfill in Escambia County, Florida required a little over $S6 million dollars for
completion®. In 1993, The Georgia Environmental Protection Division approved a plan to expand a
landfill in Athens-Clark County. The project consisted of two phases and was designed to meet standards
regarding water and methane monitoring systems, an underdrain system, geomembrane liners and a
leachate collection system. The 11 acre phase |, stage 1 project cost approximately $5.2 million®®. In

35 Escambia County, Florida Department of Public Works. “Saufley Field Road C&D Landfill Closure & Stormwater
Improvements”. Application for the SWANA 2014 Landfill Remediation Excellence Award Application. 2014.
http://swana.org/portals/0/awards/2014/Landfill%20Remediation/Escambia%20County%20LandfillRemediation.p
df

36 Athens-Clark County Municipal Solid Waste Division. “Athens-Clark County Landfill Fact Sheet”. January 2012.
https://athensclarkecounty.com/DocumentCenter/View/10871
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Macon County, North Carolina in 2014 the estimated amount to expand the county landfill by 22.9 acres

was $65,054,700 over the life of the landfill.3”

Industry Specialization

For the gas industry to undertake waste management activities would be adding a new area of expertise

not currently prevalent among workers within the industry. As mentioned previously, acquiring the

necessary skills and expertise can be costly.3® One illustration of the potential costs involved is

comparing prevalent occupations currently present in Qil and Gas Extraction (NAICS 211), Support
Activities for Mining (NAICS 213) and Remediation and Other Waste Management Services (NAICS
5629). For example, while Oil and Gas Extraction, Support Activities for Mining, and Remediation and

Other Waste Management Services all employ individuals in the Construction and Extraction

Occupations, the specific titles and associated skills and competencies vary across each industry, as

noted in the table below.

Table 19: Industry Occupations within Gas vs. Waste Management Industries (Total Employment)

. rt Remediation an
Occupation Oil and G as :;?\z:ies eOt::raW‘;stae ‘
Extraction . . .
for Mining | Management Services
Construction and Extraction Occupations* 730 4500 260
First-Line Supervisors of Construction Trades and 130 440 40
Extraction Workers
Hazardous Materials Removal Workers - - 110#**
Septic Tank Servicers and Sewer Pipe Cleaners - - 110
Operating Engineers and Other Construction 30 440 )
Equipment Operators
Plumbers, Pipefitters, and Steamfitters 40 -
Service Unit Operators, Qil, Gas, and Mining 170 830 -
Roustabouts, Oil and Gas 330 680 -
Construction Laborers - 110 -
Electricians - 90 -
Derrick Operators, Oil and Gas - 250 -
Rotary Drill Operators, Oil and Gas - 590 -
Earth Drillers, Except Oil and Gas - 260 -
Explosives Workers, Ordnance Handling Experts, and ) )
Blasters 90
Helpers--Extraction Workers - 540 -

Source: US BLS Occupational Employment Statistics for West Virginia, May 2014
*Numbers for individual occupations may not add to total; ** Censored value, estimated calculated

37 Raby, Brittney. “Landfill Expansion: $1.5 million for 22.9 acres”. The Macon County News. October 23, 2015.
http://www.maconnews.com/news/7321-landfill-expansion-15-million-for-229-acres
38 Grossman, G. and E. Helpman (2001). “Integration vs. Outsource in Industry Equilibrium” CESifo Working Paper,
No. 460. http://www.econstor.eu/bitstream/10419/75839/1/cesifo_wp460.pdf
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Of particular note, nearly half of the employees in the Remediation and Other Waste Management
Services industry are Hazardous Materials Removal Workers, which are not present in the Extraction and
Support Activities industries in West Virginia. If specialized skills are required for proper operation and
maintenance of a landfill, the operating company would have to hire these specialized employees.

Transport Analysis

A move to require disposal of drill cuttings in gas industry-owned and operated landfills would change
the location of disposal and thus the distance cuttings must be transported. Gas well operators dispose
of produced drill cuttings in three primary landfills - Meadowfill, Northwestern, and Wetzel County —
with smaller volumes deposited at the Short Creek/North Fork and Brooke County fills. As shown earlier
in the report (see “Map of Completed Marcellus Wells and Primary Landfills Receiving Drill Cuttings”)
the Meadowfill and Wetzel County and are located quite centrally to the active Marcellus fairway. These
two landfills receive the largest shares of cuttings, possibly due to tipping fees differentials as well as
lack of disposal locations in the southern part of the Marcellus fairway.

As part of the feasibility study, to characterize considerations related to transport costs, the Center for
Environmental, Geotechnical and Applied Sciences (CEGAS) at Marshall University conducted a transport
analysis of the distance travelled from well sites to landfills. This analysis provides a means of evaluating
the significance of landfill proximity to current and future well sites. This analysis assumes that
operators select a landfill that allows them to minimize the distance the cuttings must be transported.
Based on the approximate location of gas wells completed in 2010 through 2013, and assuming these
wells chose the closest landfill for disposal, the average distance transported to the nearest landfill
would have been 22.3 miles. This calculation was based on geographic information system (GIS) analysis
of road distance based on available routes.

CEGAS utilized ESRI GIS software to analyze the distance from completed gas wells to existing landfills
that accept drill cuttings (it does not show the actual landfill that a particular well site used to dispose of
their drill cuttings) and to find distance to one or two theoretical central or centroid landfills. The details
of this distance analysis are described below. It should be noted that the distance analysis only takes
into account the distance from a particular well to a landfill. This analysis shows the shortest path from a
particular well to a landfill, but does not take into account the type of road, speed limits or condition of
roads. The analysis was conducted to show one or two theoretical central or centroid landfills, based
only on the location of completed wells, and a best fit centroid and associated distances to that
centroid. Since the analysis did not take into account available property, geologic conditions, regulatory
issues and political situations, it is not intended to be a recommendation for a landfill site.

The following table shows the variation in average distance traveled, using this distance minimization
approach, if gas wells were required to utilize one versus two new centrally located landfills built to hold
drill cuttings.
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Table 20: Average Distance Travelled — Gas Well to Landfill

From Existing Marcellus From Future Marcellus Wells to  From Future Marcellus Wells
Wells to Closest Landfill — One Central Landfill - to Two Central Landfills —
Approximate Actual Distance Hypothetical Distance Hypothetical Distance
22.3 miles 34.3 miles 24.4

In reality, gas wells were not required to dispose of drill cuttings in landfills until 2012, and not all wells
use the closest landfill due to contractual relationships with hauling companies or landfill tipping fee
differentials. In other words, drilling companies are likely seeking to minimize total costs of drilling and
disposal, of which distance to landfill is but one component. It is thus highly likely that the average travel
distance may exceed those shown in the table. Nonetheless, the analysis demonstrates the geographic
dispersion of completed Marcellus wells, and provides reasonable approximation of future dispersion.
Applying these same locations shows that an increase in transport distance would likely occur with an
industry owned and operated disposal system that only resulted in one or two new landfills. A system of
disposal that offered three or more landfill choices could reduce the average distance travelled
compared to current options.

The following describes the GIS analysis process used to calculate the transport distances shown in the
table above.

Distance Analysis

Cost (Distance) Raster. The first step in a GIS distance analysis is to create a Cost Raster. In this analysis,
the cost is distance. The following cost surface model was developed to represent factors or
combination of factors that affect travel across an area. The process takes 4 to 5 minutes to calculate
results. The inputs are a geodatabase workspace and the road area. The ESRI road network was used.
The output of the analysis is a cost raster for use as an input for the least-cost path analysis.

Figure 6: Cost Raster for Distance Analysis
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Least-Cost Path. The following model was developed to give the least-cost path from the wells to the
landfill following the road network indicated. The process takes around 15 to 20 hours depending the
area of analysis. The output is a feature class. This process gives distance from a source to a destination
as a series of segments (not a single vector).

Figure 7: Least-Cost Path for Distance Analysis

To determine the shortest distance from well to landfill, the following analysis was completed, using
ESRI Network Analysis. Using this method, a unique distance from the source to the destination was
calculated — in this analysis, from the gas wells to the nearest landfill. The process takes 2 or 3 hours.

Figure 8: ESRI Network Analysis
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Central Location Analyses

Using the ESRI Network Analysis extension, a network data set was built and analysis objects such as
routes, wells, and a list of candidates was added. Working with the Location-Allocation tool, the place
(centroid) for the wells was determined and the distance from this centroid to each well was calculated.

Summary

Current practice in West Virginia is to accept drill cuttings at landfills, both from in-state and out-of-state
operations. While on-site disposal with landowner permission is technically also allowed, currently
drilling operators do not utilize this option. To provide insight into the feasibility of a consolidated, gas-
operator owned and operated landfill facility, data on drill cuttings volume, well completions, landfill
capacity and construction costs were analyzed. The analysis provides a range of costs for constructing
and operating a landfill.

The analysis indicates that over the next 20 to 30 years, anticipated build out may generate from 14
million to 38 million tons of drill cuttings across West Virginia, Ohio and Pennsylvania for disposal in
West Virginia landfills. Total capital and construction costs for a consolidated landfill are estimated to
be about $40 million to $78 million, depending on acreage. Annual operating costs for the landfill range
from $12 million to more than $30 million, with closure costs ranging from $40 to $81 million.

A precise estimate of the required investment in a dedicated landfill is not possible due to high potential
variability of future well completions. Due to this uncertainty, the analysis relies on a large range of
possible acreage required. A more thorough engineering and market analysis would be required prior to
developing plans to construct such a facility.

Other uncertainties include the time required to site and construct a landfill. As it would take at least
five years to site and construct a landfill*® permitted to receive drill cuttings, the current disposal system
would need to remain in place. The timeframe of landfill management for disposal and post-closure
monitoring is also important as this monitoring will extend for years beyond the Marcellus build-out.
The difficulties inherent when siting a new landfill are also not evaluated, but may be non-trivial as
community resistance or receptiveness to the siting of a new facility is unknown.

In order to be economically feasible, gas operators would need access to the necessary capital for
construction, and revenues from operating the landfill would need to be sufficient to recover costs.
Revenues will be determined by tipping fees charged and intensity of usage. It is possible that future
demand for disposal may be different because of a new, specialty landfill(s) located in North Central
West Virginia. Questions which remain to be answered and are not considered in this analysis include:

e Would cuttings from out-of-state locations be allowed at the new fill(s)?

39 puffy, Daniel. “Landfill Economics: Part | Siting”. MSW Management. May/June 2005.
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e  Would West Virginia-located gas operators be required to use the new fill(s) or can they choose
to use disposal services in other states or existing landfills in WV if those are geographically
closer to their well site?

e If out-of-state disposal remains an option, will the centralized fill(s) be competitive?

e Would it be more or less feasible to site multiple small fills vs. one or two large fills?

Conclusions and Recommendations

Overall, the analysis indicates that building and maintaining a consolidated facility will incur substantial
costs to gas operators. Further, several factors influence whether resulting revenues will be sufficient to
cover these costs. These factors include not only the number of well completions and volume of cuttings
produced, but also the market setting in which this landfill or landfills would operate. Additionally,
waste management is outside of the gas industry’s expertise and doing business in the waste industry
might require reclassification in terms of a primary industry of operation.

The large capital and construction costs associated with a new landfill(s) of the size required here may
require gas operators to divert resources that would otherwise be used for drilling into the construction
and operation of the landfill. Making such an investment is only feasible if it substantially reduces risk to
the company, provides some additional source of revenues to offset costs of the investment, or
otherwise provides some market advantage. That many gas operators currently utilize contract hauling
for drill cuttings, for example, indicates that outsourcing is less costly and less risky under current
market structure and conditions.

Analysis of the distance that drill cuttings are transported to landfills shows that an increase in transport
distance would likely occur with an industry owned and operated disposal system that only resulted in
one or two new landfills, unless existing landfills are allowed to continue to receive cuttings. Increased
travel time and distance travelled are potential outcomes of proposed mandates that should be
considered when evaluating feasibility.

The primary specific conclusions of the study are:

e Siting and constructing a new landfill will take at least five years, possibly longer. In the meantime,
gas operators will have to rely on existing landfills for disposal.

e At current rates of disposal, the minimum cost of investment estimated to be needed (for 125 acres
of landfill capacity) is $40 million for construction plus another $40 million for closure costs.

e The primary receiving landfills (Meadowfill, Wetzel and Northwestern) are using approximately one
percent of permitted acreage for drill cuttings disposal annually.

e The approximate minimum average distance drill cuttings are currently transported from the well
site to a landfill is 22.3 miles.

e At least two new industry-operated landfills would need to be constructed to allow well operators
access to disposal locations where average transit distances do not exceed current distances. Having
only one centrally located landfill could increase the average distance travelled from the gas well to
the landfill by 12 miles or more. Having more than two new central landfills could reduce the
average distance travelled, if optimally sited.
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The analysis also recommends further study to help determine whether the current per well rate of drill
cuttings disposal can be lowered, reducing pressure on existing landfill capacity. The recommendation is
to:
e Evaluate policy options that would reduce disposal volume by leaving some cuttings at the
drilling site, specifically by allowing on-site disposal of cuttings material produced prior to
addition of drilling mud, similar to policies in the states of Pennsylvania and Ohio.

In terms of the waste management hierarchy espoused by the West Virginia Solid Waste Management
Board and many other states, reuse of waste material and reduction of waste are priorities over
disposal. The above recommendation supports that waste management philosophy.
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WEST VIRGINIA DEPARTMENT OF TRANSPORTATION
Division of Highways

1900 Kanawha Boulevard East ¢ Building Five * Room 110

Earl Ray Tomblin Charleston, West Virginia 25305-0430 ¢ (304) 558-3505 Paul A. Mattox, Jr., P.E.

Governor Secretary of Transportation
Commissioner of Highways

June 9, 2015

Dr. Terry L. Polen, DM MBA, PE, QEP
WVDEP, Ombudsman

601 57" Street, SE

Charleston, WV 25304

RE: Geotechnical Assessment and Recommendations
Marcellus Shale Reuse

Dear Dr. Polen:

We are pleased to provide you with our assessment for the reuse of the Marcellus Shale Cuttings
as a roadway embankment fill material. We received large “as-produced” samples of cuttings
from both the vertical and horizontal drilling methods and performed moisture determinations
and classification testing. The results of our assessment indicate that the material is too wet in its
as-produced state and would likely perform poorly if the material was dried to its optimum
moisture as a roadway fill.

Geotechnical Laboratory Investigation

Geotechnical testing included Moisture Determinations, Atterburg Limits Testing, and Grain
Size Analysis. These tests were performed in accordance with AASHTO procedures and allow
for assessment of the engineering behavior of the material. All the material tested was classified
as AASHTO A-4 material which is a non-plastic silt. The average moisture content of all
samples tested is 30% by weight. The laboratory testing results are included at the end of this
letter.

Assessment and Recommendations

Based on our visual examination and laboratory testing, we do not recommend using either
Marcellus Shale cuttings or the vertical cuttings as a fill material in our road embankments. We
make this assessment based on the high moisture content of the as-produced material and its silt-
like behavior. Silt is prone to “pumping” during compaction even if the moisture content is near
optimum. Pumping is where the material moves undesirably under the weight of compaction
equipment making it more difficult to compact. Also, silt is susceptible to frost heave that
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damages pavement during the winter. The high moisture content would require a drying agent
and manipulation. For example, the average moisture content of the material is 30% by weight
and considering the dried material weighs about 100 lbs. per cubic foot, then the water would
weigh about 30 ibs. in each cubic foot. That is a little over 3}2 gallons of water for each cubic
foot. In order to dry the material to optimum moisture, about 4 the water would have to be
removed. To remove that much water, the material would have to be treated with quicklime and
would have to be mixed more than once. We say this because our laboratory engineer reported
that the material “crusted over” when drying and had to be mixed repeatedly to dry it in an oven.
If mixing and manipulation were to be attempted using ordinary construction equipment, the
quicklime would likely “ball-up™ like flour and dough. Either a large rototiller or a large pugmill
would be needed to properly mix the two components. Adding quicklime and extra equipment
would add extra costs to our projects that would offset any savings.

The moisture problem and silt-like behavior may be resolved by blending the material with
overwhelming quantities of dryer, better material. However, most of our projects are either large
roadway corridors or small bridge projects. Since most of our large road projects have a net
surplus of material that has to be wasted into valley fills; and since our small bridge embankment
projects are next to streams, where we do not have a lot of material to mix, we do not believe that
blending of the cuttings with good soil is feasible.

Upon examination of the dried matenal, we found significant amounts of fibrous material. This
fibrous material is believed to be similar to saw dust. If large quantities of the unblended
cuttings were to be placed, then settlement may occur as the fibrous organic material decays.
The amount and duration of the type of settlement is incalculable to geotechnical engineers and
generally not recommended. This is especially true next to our bridges where settlement is
critical and may result in a bump at the ends of the bridge.

Our assessment does not consider the liability of potential leaching of metals, or other chemicals
into the groundwater and streams. Should the moisture and silt-like behavior be resolved, then
the potential damage to the environment and resulting future liability would have to be addressed
by the management of the WVDOT.

Based on our examination and testing, we do not recommend the reuse of Marcellus or vertical
cuttings for highway fill purposes. However, we do recommend that the material be treated
onsite with quicklime and provided to landfills as an alternate daily cover. Perhaps a regulatory
change could incentivize the use of this material at landfills in an economic way.

Should you have questions or need further assistance, please contact us at (304) 558-7403,

Sincerely,

S
{ { ey ’ -

Joseph D. Carte, P.E. George A. Chappell, Sr., M.S.
Geotechnical Unit Leader Engineering Geologist



WEST VIRGINIS DIVISION OF HIGHWAYS
MATERIALS CONTROL SOILS & TESTING

NATURAL MOISTURE CONTENT SUMMARY

Project Number Research Date Sampled 1/25/2015

Authorization Number 47-017-0646 Date Received 3/27/2015

Location Marcellus Shale Date Tested 4/7/2015

Boring No.| Pad Name | Tare | Tare+Wet | Tare+Dry | Wet Weight | Dry Weight | Water Weight Moisture%
B-1 Morton 247.9 886 743.2 638.1 495.3 142.8 28.8
B-2 McGee 222.7 930.6 739.8 707.9 517.1 190.8 36.9
B-3 Rock Run1| 215.1 818.3 723.9 603.2 508.8 94.4 18.6
B-4 Rock Run2| 220.8 778.7 684.6 557.9 463.8 94.1 20.3
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WEST VIRGINIS DIVISION OF HIGHWAYS
MATERIALS CONTROL SOILS & TESTING
NATURAL MOISTURE CONTENT SUMMARY

Project Number Research Date Sampled Unknown
Authorization Number 47-017-0646 Date Received 4/23/2015
Location Marcellus Shale Date Tested 5/10/2015
Boring No.| Elevation Tare | Tare+tWet | Tare+Dry | Wet Weight | Dry Weight | Water Weight Moisture%
Sheep Run| 470-650' 116.3 651.8 522.1 535.5 405.8 129.7 32
Sheep Run| 650-990' 109.9 889.5 734.3 779.6 624.4 155.2 24.9
Sheep Run| 650-990' 111.4 704.7 598.4 593.3 487 106.3 21.8
Bierstadt 3000' 117.9 674 525.9 556.1 408 148.1 36.3
Bierstadt 3500' 117.1 734.1 600.2 617 483.1 133.9 27.7
Bierstadt 4000' 118.8 749.8 592 631 473.2 157.8 33.3
Bierstadt 4500' 1211 648.5 519.2 527.4 398.1 129.3 325
Bierstadt 5000' 119.5 679.3 519.4 559.8 399.9 159.9 40
Bierstadt 5500' 115.5 587.4 470.3 471.9 354.8 117.1 33
Bierstadt 6000’ 119.8 783.7 600.7 663.9 480.9 183 38.1

Vertical Cuttings
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LIQUID AND PLASTIC LIMITS TEST REPORT
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NUMBER OF BLOWS
MATERIAL DESCRIPTION LL PL PI %<#40 %<#200 USCS
® Drill Cuttings NV NP NP 92.5 66.2 ML
Project No. 1A Client: WvDoh Remarks:
Project: Marcellus Shale Cuttings
Source of Sample: Marcellus Shale Cuttings
Sample Number: B-1
West Virginia Dept. of Highways
Charleston, West Virg_]inia Figure

Tested By: Justin Moffitt
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Particle Size Distribution Report

Dept. of Highways
Charleston, West Virginia

Project No:

1A Figure
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GRAIN SIZE - mm.
o, +3" % Gravel % Sand % Fines
’ Coarse Fine Coarse Medium Fine Silt Clay
0.0 0.0 0.0 0.0 7.5 26.3 42.9 23.3
TEST RESULTS Material Description
Opening Percent Spec.” Pass? Drill Cuttings
Size Finer (Percent) (X=Fail)
1" 100.0
3/4" 100.0 Atterberg Limits (ASTM D 4318)
172" 100.0 PL= NP LL= NV PlI= NP
3/8" 100.0 o
#4 100.0 Classification
48 1000 USCS (D 2487)= ML AASHTO (M 145)=  A-4(0)
#10 100.0 Coefficients
0.0353 mm. 48.2 Dgo= 0.3325 Dgs= 0.2221 Dgo= 0.0568
0.0230 mm. 37.9 Dgo= 0.0378 D3p= 0.0119 Dq5=
0.0135 mm. 317 D10= Cu= Cc=
0.0097 mm. 275
0.0069 mm. 253 Remarks
0.0035 mm. 20.9
0.0015 mm. 17.8
Date Received: 3/27/2015 Date Tested: 4/7/2015
Tested By: Justin Moffitt
Checked By:
Title:
" (no specification provided)
Source of Sample: Marcellus Shale Cuttings Date Sampled: 1/25/2015
Sample Number: B-1
West Virginia Client: - WvDoh
Project: Marcellus Shale Cuttings
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Exhibits to Marc Glass Report on Beneficial Use of Drill Cuttings

EXHIBIT A-22

Health Risks of Radon and Other Internally
Deposited Alpha-Emitters

Re: Comments to the Railroad Commission of Texas on the August 2024 Proposed Rulemaking
on Rule 8 and Subchapter B.
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Health Risks of Radon and Other Internally Deposited Alpha-Emitters: BEIR IV

Preface

BACKGROUND

In June 1984, the Environmental Protection Agency (EPA)
and the Nuclear Regulatory Commisasion (NRC) asked the National
Academy of Sciences.,to submit a proposal in response to EPA Solici-
tation DU-84-C165 for a study of the “biological effects of internally
deposited alpha-emitting radionuclides and their decay products.”
The proposal constituted an extension of the work of the National
Research Council’s Committees on the Biological Effects of Ionizing
Radiations (BEIR), which began in the early 1970s and most recently
culminated in the report The Effects on Populations of Ezposure to
Low Levels of Tonizing Radiation: 1980. That report, the so-called
BEIR III report, dealt mainly with the effects of radiation of low lin-
ear energy transfer (low LET), primarily external x rays and gamma
rays.

At the time of the BEIR III deliberations, the human and animal
studies on high-LET radiation effects were limited, and epidemioclog-
ical surveys were only beginning to provide reliahle data on potential
health effects. The reported epidemiological and laboratory animal
studiea pointed to a need to extend the series of BEIR reports, to ap-
praise the state of scientific knowledge concerning the biological and
health effects of alpha radiation (internally deposited alpha-emitting
radionuclides and their decay products). Thia will enable govern-
ment officials and the public to make decisions about the potential
cormrnunity and workplace health hazards associated with exposure

v
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PREFACE

to internal alpha-emitters, such as those from indoor raden and ura-
nium mining.

The task before the current BEIR committee wab specified in
detail in the contract agresment between the National Academy of
Sciences and the EPA and NRC signed on October 1, 1984.

CHARGE TO THE COMMITTEE

In response to the EPA and NRC request, the Committee on the
Biological Effects of Ionizing Radiations was established within the
National Research Council’s Commission on Life Sciences. This com-
mittee, the fourth in a series originally established in 1969, was asked
for a comprehensive assessment of available knowledge of the risks
associated with internally deposited alpha-emitters. Radiobiological
and animal data were to be reviewed, but relevant epidemioclogical
data were also to be used to the greatest possible extent in estimating
the risks.

The first phase of the study was to be & review of current knowl-
edge of the somatic and genetic effects of internal alpha-emitters,
including clinical and epidemiological evidence of human effects, re-
sults of animal studies, alpha-particle damage at the cellular level,
metabolic pathways for internal alpha-emitters, dosimetry and mi-
crodosimetzy of alpha-emitters deposited in specific tissues, and the
possible chemical toxicity of low-specific-activity alpha-emitters. The
committee was also asked to review the svidence of dependence of
the biological effects on age, sex, route of entry, dose, dose rate,
physical and chemical properties of the radioactive materials, and
gimilar factora.

During the second phase of the study, the committee was re-
quested to suggest methods for estimating the risks to human health,
with their related uncertainties, associated with internally deposited
alpha-emitters and then to apply the methods to the principal alpha-
emitters in the environment. This phase was to include the provision
of formulas and coefficients to estimate individual and population
risks associated with single and chronic exposure to internal alpha-
emitters and, where appropriate, threshold formulas and coefficients
for nonstochastic effects. This information was to be applied to esti-
mating numberas of genetie effects, risks to unborn children, and risks
of carcinogenic effects. The committee was asked to describe the
metabolic models they used and provide examples of the methods to

vi
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PREFACKE

The committee organized its work according to the main objec-
tivee of the charge and divided the study into the following main
categories:

« Genetic, teratogenic, and fetal effects of internally deposited
alpha-emitting radionuclides.

¢ Carcinogenic and other health sffects of radon, radium, tho-
rium, polonium, uranium, and the transuranic radionuclides.

s The scientific basis and mechanisms underlying the biological
and health effects, including the relevant physics and dosimetry,
radiobiology, anatomy and physiology, and method of risk analysis.

The structure, composition, and expertise of the committee, in-
cluding its invited participants, permitted considerable overlapping
of asgignments among the different categories, ensuring the interac-
tion of scientific disciplines.

The committee also conducted two informal workshops that fo-
cused on radon. These workshops were designed to review with a
number of investigators the current scientific knowledge with respect
to uranium-miner ¢pidemiology, lung modeling and dosimetry, and
risk estimation.

JACOB I. FABRIKANT

Chairman

Committee on the Biological Effects
of Ionizing Radiations
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deliberations, the sources of uncertainty that should be recognized
in connection with radiation risk estimation are discussed; they are
particularly important with regard to the effects of radon and its
progeny.

The committee found it necessary, because of constraints on time
and resources, to narrow its charge to an examination only of alpha-
emitting radionuclides known to induce health effects in exposed
buman populations and to concentrate its eforts on specific subjects
in each case, The committee’s focus and effortes were strongly in-
fluenced by the need to address the health effects of inhaled radon
progeny, because of the concern over lung-cancer risk associated with
increased indoor concentrations of radon. When results of epidemio-
logical surveys were available (e.g., on radon, radium, and thorium),
analysis of human data was preferred to analysis of laboratory animal
data {e.g., on polonium, uranium, and the transuranic elements) for
quantitative human risk estimation.

As in earlier reports from the Committee on the Biological Effects
of Ionizing Radiations, the so-called BEIR reports, the committee
cautions that the risk estimates derived from epidemiological and
experimental animal data should not be considered precise. They
are derived from analyses of incomplete data and involve numerous
uncertainties. The risk estimates presented here will change as new
information and analytical methods become available.

Finally, the committee notes that it assumes no responsibility
to address the subject of regulatory guidance on exposure levels or
societal cost-benefit issues that involve the radionuclides of concern.
Clearly, such issues are beyond the scope of the committee’s task and
beyond its expertise.

SUMMARY OF FINDINGS

Most primordial radionuclides are isotopes of heavy elements
and belong to the three radicactive series headed by uranium-238,
thorium-282, and uranium-235. These contribute significantly to the
general population collective dose equivalent. The relevant radionu-
clidea in the body include the isotopes of uranium, radium, raden,
polonium, bismuth, and lead; these enter the body by inhalation or
by ingestion of food and water and only rarely through wounds in
the skin. They follow normal chemical metabolism, and the eon-
centrations of the long-lived radionuclides are usually maintained at
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OVERVIEW B

equilibrium or increase slowly with age. The shorter-lived radicnu.
clides disappear by decay, but might be continually replenished by
renewed intake.

The annual dose equivalent to the bronchial epithelium from
inhaled alpha-emitting radicnuclides and their progeny approaches
2,500 mrem/yr (26 mSv/yr),®> due almost entirely to the radon
progeny polonium-218-polonium-214 pair. The important tissue is
the bronchial epithelium, which is the site of most lung cancers
thought to be induced hy radiation. The major contributors are
the short-lived decay products of radon, measurements of which
show an apparent log-normal distribution of concentrations in in-
door air, For smokers, the additional exposure to the lungs from
naturally occurring radionuclides in tobacco increases the dose to
the bronchial epithelium.* For other soft tissues, bone surfaces, and
bone marrow, the largest contributors to the dose equivalent from
the alpha-emitters are the lead-210-polonium-210 pair in bone. Ex-
posure of the general and worker populations from man-made or
enhanced sources comes primarily from consumer products (e.g., to-
baceo), the nuclear fuel cycle, and emissions from government and
industrial facilities, including those from mineral extraction. In the
past, enhanced materials produced for medical applications, such as
colloidal thorium dioxide, were injected or instilled directly into body
tissues and resulted in high doses to some organs.

RADON

The evaluation of the lung-cancer risk associated with radon and
its progeny has been the most challenging task of the committee. Nu-
merous studies of underground miners exposed to radon daughters in
the air of mines have shown an increased risk of lung cancer in com-
parison with nonexposed populations. Laboratory animals exposed
to radon daughters also develop lung cancer. The abundant epiderni-
oclogical and experimental data have established the carcinogenicity
of radon progeny, Those observations are of considerable importance,
because uranium, from which radon and its progeny arise, is ubig-
uitous in the earth’s crust, and radon in indoor environments can
reach relatively high concentrations. Although the carcinogenicity of
radon daughters is established and the hazards of exposure during
mining are well recognized, the hazards of exposure in other envi-
ronments have not yet been adequately quantified. Risk estimates of
the health effecta of long-term exposures at relatively low levels are
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OVERVIEW T

r(a) = ro{a){1 + 0.025+(a) (W; + 0.5W3)), (1-1)

where r(a) is the lung-cancer mortality rate at age a; ro{a) is the
baseline lung-cancer mortality rate in the 1980-1984 U.S. population;
4(a} is 1.2 for ages less than 55 yr, 1.0 for ages 55-84 yr, and 0.4
for age 65 yr or greater; W, is the cumulative radiation exposure,
in WLM,* from 5 to 15 yr before ege a; and W; is the cumulative
exposurs, in WLM, 15 yr or more before age a.

In this model, the excess relative risk varies with time since
exposure, rather than remaining constant, and depends on age at
risk; the expression, therefore, is & departure from most previous
risk models, which have assumed that the relative risk is constant
over both age and time. In the committee’s modified relative-risk
model, radon exposures more distant in time have a smaller impact
on the age-specific excess relative risk than more recent exposures.
Moreover, the age-specific excess relative risk is higher for younger
persons and declines at higher ages. The committes’s analysis did
not assume a priori that analysis based on the relative risk was neces-
sarily more appropriate than alternatives, such as analysis based on
abgolute risk. However, an absolute-risk model would have involved
a complex power function of age. Since it requires fewer variables,
the relative-risk form adopted by the committee provides a simpler
description of observed lung-cancer risks in the miner cohorts.

Recognition that radon and its daughter products can accumu-
late to high concentrations in homes has led to concern about the
potential lung-cancer risk associated with indoor domestic exposure.
Although such risks can be estimated with the mathematical expres-
sion in Equation 1-1 for excess relative risks, it must be recognized
that the committee’s model is based cn occupational exposure data.
Several assumptions are required to transfer risk estimates from an
occupational setting to the indoor domestic environment. Accord-
ingly, the committee assumed that the epidemiological findings in
the underground miners could be extended acrose the entire life
span, that cigarette smoking and exposure to radon daughters in-
teract multiplicatively, that exposure to radon progeny increases the
risk of lung cancer in proportion to the sex-specific ambient risk of
lung cancer associated with other causes, and that, to a reasonable

*Working level month (WLM) is a unit of exposure to radon progeny. It
is defined in Chapter 2 and in the Glossary. The current cccupational limit is
4 WLM/yr.
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The data on increased occurrence of chromosomal aberrations in
lymphocytes and on adverse reproductive outcomes in uranium min-
ers are inconcluaive.

Research in the United States and other countries has provided
data on concentrations of radon and radon progeny in homes. The
studies have also described the sources of radon and determinants of
its concentration. A few exploratory epidemiological investigations
of the lung-cancer risk associated with radon-daughter exposure in
homes have been carried out, but the study populations have been
small and the resulta inconclusive. The committee judged these ex-
ploratory studies to be inadequate for the purposes of risk setimation.
Its risk projections for the general population are therefore based on
the studies of miners. The committee concluded that estimates of
lung-cancer risks based on studies on miners can be used to estimate
the potential lung-cancer risk associated with increased concentra-
tions of indoor radon; however, the estimates derived are imprecise.
The committee recognizes that the differences between risks in min-
ing and domestic environments and the interaction between smoking
and exposure to radon progeny remain incompletely resolved.

POLONIUM

Polonium isotopea occur in nature; they appear in tisaues as a
result of ingestion in foods, inhalation of tobacco smoke, and decay
of lead-210 deposited in hone. Polonium-214 and polonium-218 are
short-lived daughters of radon-222 and contribute a large fraction of
the radiation dose from inhaled radon. Extensive work with animals,
primarily with polonium-210, has indicated that it doea not localize
appreciably in bone, in contrast with many other alpha-emitters; it
concentrates instead in the reticuloendothelial syatem, in kidney, and
in blood cells. Its effects at higher doses resemble those of generalized
whole-body radiation and involve all major organ systema. At lower
doses, soft-tizssue tumors, nephrosclerosis, hypertension, cataracts,
generalized atrophy of the lymphoid system, and nonspecific life-
span shortening occur.

In laboratory animal experiments, the relative toxicity of poleni-
um-210 is a function of duration of expasure and dose. At high
doses, it is much more toxic than uranium, plutonium, radium,
or the transplutonic elements. Because of ite shorter hall-life and
its toxicity at longer times and lower doses, it is comparable with
plutonium-239, i.e., about 5 times as effective as radium-228; at very

Copyright © National Academy of Sciences. All rights reserved.



Health Risks of Radon and Other Internally Deposited Alpha-Emitters: BEIR IV

OVERVIEW 11

low doses and very long times, its effectiveness approaches that of
radium-226.

Experimental studies in humans and accidental exposures have
indicated that metabolism in the human hody is similar to that in
laboratory animals, Only a few cases of effects in humans due directly
to exposure to polonium-210 have been documented, so carcinogenic
rigk associated with exposure to polonium cannot be estimated di-
rectly. Risks can be estimated indirectly from the experience with
other internally deposited alpha-particle emitters.

RADIUM

The main sources of information on the health effects of ra-
dium deposited in human tissues are the U.S. cases of occupational
exposure (mostly in dial painters and radium chemists} and medi-
cal exposure to radium-226 and radium-228 and the German cases
of repeated injection of radium-224 into patients for treatment of
ankylosing spondylitis in adult life or tuberculosis in childhood, Ma-~
lignant effects are almost exclusively the induction of skeletal tumors
and of carcinomas in the paranasal sinuses and mastoid air cells. The
evidence of induction of leukemia is weak, except at doses far greater
than those in occupational, environmental, or therapeutic exposures
currently encountered.

The dose-response data on bone sarcomas are characterized by
low-dose regions of zero observed risk. Depending on which isotope
of radium is being considered, a variety of dose-response relationships
are consistent with the human data-—linear, dose squared, linear with
correction for dose protraction, dose-squared exponential, linear-
quadratic exponential, 1 minus an exponential, and threshold.® In
the dose range in which bone tumors have occurred, the lifetime
risk associated with radium-224 is eatimated to be about 2 x 10-2
excess bone sarcomas per person Gy (200 per million person-rad)
when a linear function is assumed and an apparent increase in risk
with dose protraction is taken into account. However, analyses that
take into account competing risks lead to the rejection of a linear
dose response on atatistical grounds, and the best fit to the data on
children and adults is found to be linear-quadratic exponential. The
lifetime probability of excess bone cancer induction per person Gy to
bone is then estimated to be approximately (0.00850 + 0.0017D2)
exp — 0.0251? after an average skeletal dose of less than 1 Gy and a
25-yr expression period. Tumors are distributed over time, with their
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frequency dirninishing with & half-life of about 4 yr after & minimum
latent period of 5 yr. In the low-dose range in which no tumors have
been observed, the uncertainty in the risk estimates for radium-224
increases monotonically with decreasing dose.

For radium-226 and radium-228 bone sarcoma induction, & num-
ber of dose-response functions provide statistically acceptable fits to
the data within the range of doses where tumors have been ob-
served. All of these functions predict approximately the same risk
for a given exposure, but not at lower doses where no tumors have
been observed. Below the dose range in which tumors have been
ohaerved, the uncertainty in the estimate of risk based on extrap-
olation of the dose-response function increases monctonically with
decreasing exposure. Bone sarcomas induced hy radium-226 and
radium-228 have appeared 7 yr after first exposure and continued to
appear throughout life. The time to tumor appearance apparently
increases with decreasing dose and dose rate. Below an average skele-
tal dose of about 0.8 Gy, the chance of developing bone cancer from
radium-226 and radium-228 during a normal lifetime is extrermely
small—possibly zero.

Carcinomas in the paranasal sinuses and mastoid air cells are
observed after exposure to radium-226 or o radium-226 in combina-
tion with radium-228, but have not yet been observed among persons
exposed to radium-224, The working hypothesis in most analyses of
the data is that radionuclides other than radium-226 are ineffective
for the induction of these carcinomas (although such carcinomas have
occurred at a statistically significant frequency in dogs exposed to
other radium isotopes and to the actinides). The tumors occurred
as early as 10 yr after exposure and continued to occur throughout
life. A linear dose-response relationship describes the data either as a
function of average skeletal dose or of radium-226 intake. In terms of
systemic intake, the risk coefficient for these carcinomas is estimated
as 16 excess cancers per million person-yr at risk per uCi of intake,
Causation is thought to be associated partly with the generation of
radon-222 by radium-226 decay and later irradiation of the sinus and
mastoid epithelial tissues by radon-222 and its progeny.

The cella at risk of bone cancer induction appear to be praoliferat-
ing osteogenic cells or their precursors at bone surfaces. Identification
of cell type and location is complicated by the diversity of cells that
lie within the range of alpha particles emitted from bons surfaces.
In the mastoids, the cells at risk for carcinoma appear to be the
epithelial cells in the squamous or cuboidal epitbelium of the lining
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mucosa. In the paranasal sinuses, where the epithelial structure is
more complex, the location and identity of the cell at risk are less
certain.

THORIUM

Thorium-232 is a primordial, long-lived, alpha-emitting radionu-
clide; its decay series can be considered as consisting of two steps:
the formation of radium-224 by successive decays from thorium-232
and then the decay of radium-224 and its daughters to stable lead.
The alpha-emitters from radium-224 are biclogically the most im-
portant in the dosimetry concerned witb the radioactive properties
of the thorium series. Colloidal [?*3Th]thorium dioxide (Thorotrast)
was used widely as a contrast medium in diagnostic radiology from
1928 to 1955. Intravascularly injected Thorotrast aggregates tend
to be incorporated into the tissues of the reticuloendothelial system,
mainly the liver, the bone marrow, and the lymph nodes. The ra-
dioactive daughter products can escape into the bloodstream and
thus reach the bone and bone marrow; the important bone-seeking
daughter products are radium-224, radium-228, and thorium-228.
Aggregates in the liver, bone, and bone marrow are often taken up
by macrophages that are mobile, thereby distributing the radiation
in relation to the reticuloendothelial, hematopoietic, and endosteal
cells, The radiation dosimetry is therefore complex and can be fur-
ther complicated by the colloidal and elemental chernical and physical
characteristics.

Epidemiological surveys of Thorotrast patients are in progress
in Germany, Denmark, and Portugal; additioral studies are being
carried out in Japan and the United States. Approximately 4,000
patients are being followed. A typical injection of 25 m!l of Thorotrast
would result in an average liver dose rate of 25 rads/yr (0.25 Gy /yr)
and an average endosteal bone dose rate of about 18 rads/yr (0.16
Gy/yr). The late effects of Thorotrast incorporated in the body are
primarily the induction of liver cancers, bone sarcomas, and myelo-
proliferative disorders, including leukemias. Liver cancers appear in
excess in all epidemiological studies. Hemangioendotheliomas in the
liver occur uniquely after Thorotrast is intravascularly administered;
it has been described as a Thorotrast-specific liver cancer.

Risk estimates for thorium-232-induced liver eancer, bone can-
cer, and leukemia have been calculated on the basis of Thorotrast
patients who received injections of colloidal [**3Th]thorium dioxide
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and its progeny. For liver cancer, a lifetime risk is estimated to be
about 3 x 10~? per person-Gy (300 excess liver cancers per million
person-rad), where the alpha radiation dose is to the liver. For bone
sarcomas, the lifetime risk is estimated to be about (0.55-1.2) x 10~2
excess bone sarcomas per peraon-Gy (55-120 per million person-rad),
where the dose is to the skeleton without bone marrow. For leukemia,
a lifetime risk of about (0.5-0.6) x 102 per person-Gy (5060 excess
leukemia cases per million person-rad) is estimated. Those estimates
are uncertain because of the nanuniform deposition of thorium in
the tissues (which results in high local tissue doses), the chemical
nature of thorium, the wasted radiation dose in necrotic and fibrotic
tissuea (particularly in the liver), and the incomplete follow-up in the
epidemiological studies.

URANIUM

Natural uranium is of low specific activity and consists mainly of
uranium-238 (over 99% by weight) with amaller amounts of uranjum-
235 and -234. The latter redionuclides have shorter half-lives than
uranium-238 and account for about 50% of the radioactivity in nat-
ural uranium. Uranium is ubiquitous in rocks and scil and is a trace
element in foods, particularly erops or cereals, and in drinking wa-
ter. Wide geographical differences have been noted, Gastrointestinal
absorption from food or water is the principal source of internally
deposited uranium in the general population. It is stored mainly in
bone, where it has a uniform distribution, Inhalation of aerosols con-
taining uranium is a hazard of industrial exposure, and this uranium
might consist of depleted or enriched uranium. The distribution and
retention of uranium in the body after inhalation of an aerosal de-
pends critically on the aerodynamic size of the particles and on their
soluhility in biclogical fluids. Inhalation of inscluble compounds is
associated with uranium retention in lung tissue and hilar lymph
glands.

Uranium compounds may induce detrimental health effects due
to both chemical toxicity and alpha-radiation damage. Animal ex-
periments have demonstrated a specific toxic effect of uranium on
the kidney, but with little evidence of toxic effects on other organs.
There are considerable interspecies differences in sensitivity, possibly
owing to differences in the acidity of urine. The dog is thought to
be the animal model with greatest similarity to humans, Uranium of
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of airborne particles into the respiratory tract and subsequent de-
position probably represents the most common pathway by which
transuranic elements might enter the body to cause alpha irradiation
of human tissues and eventual health effects. Following deposition
in the lungs, inhaled aerosol particles are quickly phagocytized by
alveolar macrophages, and may be transported from the lungs, de-
pending on solubility; the target tissues include primarily the lungs,
liver, bone, bone marrow, and lymph nodes.

Insoluble transuranic compounds, primarily plutonium oxide,
are retained in the lungs and thoracic lymph nodes. Other pluto-
nium compounds are more mobile when taken into the body through
the respiratory tract or through wounds and deposited primarily in
the liver, and bone. Disiribution within tissues tends to be diffuse
initially, but the compounds often accumulate or form aggregates
within cella. Only under eonditions of very high deposition would
there be more than a few percent of the total cells exposed to al-
pha radiation. Nevertheless, an association exists between cancers of
the lung, bone, and liver and deposition of transuranic elements in
tbese tissues in several animal species under experimental conditions.
Inhalation of large amounts of trensuranic compounds, e.g., pluto-
nium oxide particles, in experimental rodents and dogs results in
radiation pneumonitis, pulmonary fibrosis, and lung cancer. Inhaled
plutonium compounds can also cause an increase in the incidence of
bone tumors but this has not been observed in experimental animals
that inhaled highly insoluble 23° PuO, particles. Alpha particles from
plutonium are considerably more mutagenic and carcinogenic than
are x rays; the experimentsal animal data in rate and doge are ex-
tensive. In the absence of eufficient human surveys to calculate risk
estimates for cancer induction, the animal data, together with data
on radium-224 and radium-226 in humans, provide a basis for cancer
risk estimation.

Human exposures occur primarily among occupationally exposed
workers in nuclear facilities. The United States Transuranium Reg-
istry and other studies involving several thousand workers who have
been accidentally exposed, predominately to low levels of transuranie
elements, have shown that plutonium tends to concentrate in the tra-
cheobronchial lymph nodes, with smaller amounts accumulating in
the lungs, liver, and bone. The most extensive epidemioclogic study
of plutoniurn workers found that mortality experience for the entire
cohort was less than that expected based on U.S. mortality rates.
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The only significant excess risk was for benign and unspecified neo-
plasms. The analysis shawed no elevated risks for cancer in tissues
with the highest concentrations of plutonium, namely, lung, liver,
and bone. The human data and the alpha-radiation dosimetry alone
are, at present, inadequate to provide direct calculation of cancer-risk
coeflicients in the radiosensitive organs and tissues.

Although cancer-risk estimates have been derived from the an-
imal studies, extrapolation of these numerical values to humans in-
troduces uncertaintiea and technical difficulties. The experimental
animal data are quite extensive, and the committee has applied
Bayesian components of variance models to 15 data sets for bone
sarcoma induction in humans and laboratory animals. The analysis
yields, for plutenium depasition in human bone, a lifetime risk esti-
mate of 3 x 10~? per person-Gy (300 excess bone-cancer deaths per
million person-rad) to bone. This is consistent with risk estimates
based on data from laboratory animals.

GENETIC AND FETAL EFFECTS

The genetic disorders that can arise in the progeny of persons
exposed to alpha radiation are of the same classes as those arie-
ing after exposure to low linear energy transfer (LET) radiation:
single-gene autosomal dominant and X-linked disorders, irregularly
inherited disorders, recessive disorders, and chromosomal aberra-
tions. Estimates of genetic risk have been made by the BEIR III
committee® based on the current incidence of hereditary disorders
and their estimates of the dose of low-LET radiation required to
double the mutational frequency. That information was combined
with relative biological effectiveness (RBE) values for alphs irradia-
tion derived from plutonium-239 experiments in mice—apecifically,
RBEs of 2.5 for mutations and 15 for chromosomal aberrations—to
estimate the risk due to internally deposited alpha-particle emittera.
Numerical estimates of the incidence of genetic effects over a 150-yr
span (five generations) were made for continuous average population
gonadal doses of 0.01 Gy (1 rad} per 30 yr reproductive generation,
0.33-mGy alpha dose/yr. For a stable population of about 1 millicn
persons, nearly 200 dominant, X-linked, and translocation genetic
effects would accumulate over 150 yr.

Although alpha-emitting radionuclides can be transmitted across
the placenta and incorporated in the body of the developing fetus,
only the alpha decays that occur during intrauterine life can cause
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teratogenesis. The teratogenic effects are closely related to the stage
of ernbryonic development at which the radiation dose is received;
preimplantation is the stage of specific teratogenic effects that can
occur only during specific, relatively brief periods during intrauterine
development. Data on radiation effects on the developing embryo and
fetus in humans are sparse, and risk estimates must be based mainly
on experimental animal data.

Most of the alpha-emitting radionuclides demonstrate low fe-
tal accretion in laboratory animals, although they vary widely in
fetoplacental distribution. Developmental studies on internal alpha-
emitters have included radon and its daughters, radium, polonium,
uranium, and the transuranic elements. Almost all the teratogenic
effects are considered to be due to cell killing. RBE values for cell
killing by alpha particles exceed 10, but could be higher for very low
dose rates. However, because alpha irradiation is delivered chron-
ically, most of the total doee accumulated during gestation is not
effective—only that received during the sensitive interval is effective.

RECOMMENDATIONS FOR FURTHER RESEARCH
RADON

¢ The committee’s model for estimating the lung-cancer risks
due to radon exposures is based on the application of multivariate
statistical procedures to the data from four major epidemiological
surveye of underground miners. Several current underground-miner
surveys could provide a more extensive data base with increased
person-years of follow-up and help to refine lung-cancer risk coeffi-
cients; provide more information on the interaction between smoking
and redon exposure; and, with improved dosimetry, narrow the un-
certainties in the application of lung-cancer risk data derived from
miners to the estimation of risk in the general population. Collecting
and reporting smoking data on these miners should be an essential
part of the study design.

¢ The committee recommends continued epidemiclogical atudy,
with parallel multivariate analysis, of the temporal expression of lung
cancer in underground miners exposed to radon progeny.

» The present need to apply lung-cancer risk projections from
surveys of underground miners to estimate risk to the general pop-
ulation associated with indoor radon introduces uncertainties and
technical difficulties. The domestic environment has not been char-
acterized adequately in terms of the variables affecting the dose and
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risk related to radon progeny. Variations in indoor radon concentra-
tions, alterations of aercsol characteristics, and impacts of emoking-
related risk factors suggest that health consequences of indoor radon
exposure require more epidemiological study and basic research. Fur-
ther studies of dosimetric modeling in the indoor environment and in
mines are necessary to determine the comparability of risk per WLM
in domestic environments and underground mines.

e The committee recommends continuation of epidemiological
studies of lung cancer and other health outcomes resulting from
indoor radon exposure; such studies must have sufficient statistical
power to quantify any significant differences between the riske in
environmental and occupational settings.

POLONIUM

e The committee recommends that studies continue to evalu-
ate the role of polonium from tobacco smoke in the production of
lung cancer, including bronchial and lung desimetry, identification
and characterization of target cells, and the role of cofactors and
mechanismas of the carcinogenic response.

e The induction of nonstochastic health effects, both acute and
long term, particnlarly in the renal, cardiovascular, and reproductive
gystems, requires further study.

o The committee recommends that the effects of small expo-
sures to polonium on the pathophysiological response in some organs
and tissues deserve continued study in laboratory animals.

RADIUM

¢+ The bone-cancer risk appears to have been completely ex-
pressed in the populations exposed to radium-224 in the 1940s and
to have been nearly completely expressed in the populations exposed
to radium-226 and radium-228 before 1930. Further analysis of these
data should involve reevaluation of the dosimetry. More quantita-
tive information is required for the evaluation of the magnitude of
the dosimetric uncertainties and their impact on uncertainties of
quantitative risk estimation.

¢ The committee recommends that the bone-cancer risk data
from the two studies be integrated and analyzed with newer statisti-
cal methods.
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postmortem examinations of deceased persons whose deaths may
be related to transuranic element exposures to confirm the cause of
death and the possible presence of other lesiona and to cbtain tissue
samples for radiochemical analysis and cellular-molecular biological
studies.

¢ The committee recornmends the continuation of current epi-
demiological studies of worker populations exposed to transuranic
elements.

o Analysis of data from life span experimental animal studies
using an epidemiological approach will ensure maximum use of this
invaluable large data base for extrapolating the results of animal
studies to humans. This should have a high priority because it is
unlikely that these expensive life-span studiea, particularly the dog
experiments, will be repeated.

e The committes recommends that current life-span studies
with dogs he completed and reported in a manner that will ensure
that the maximum information is obtained.

¢ It is important to expand the effort to correlate the availahle
human and experimental animal data on the deposition, transloca-
tion, metaholiem, clearance, and excretion of transuranic elements.
Conaiderably more work is required with respect to biokinetica and
to the development of models that can be applied to the practice of
radiation protection, including bioassay procedures and assessment
of exposures. Additional research is needed to correlate the gross
and micrescopic distribution of transuranic elements within tissues
and the site of tumor formation to ensure relevant doaimetry.

s The application of the powerful new tools of modern biology
to multilevel studies (molecular, cellular, tissue, organ, animal, and
human) will lead to improved understanding of the interactions of
alpha radiation with biological targets from transuranic elements
deposited in various tissues. Such studies have the potential for
detecting potential harmful biological effects at low radiation doses,
identifying persons of special risk to radiation injury, determining
whether certain diseasea are attributable to transuranic exposures,
and directing therapeutic measures to sites of injury.

o The committee recommenda that the Bayesian methods for
interspecies extrapolation be developed further and applied to the
determination of other risk factors in humans.
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GENETIC EFFECTS

e The committee recornmenda that investigations continue on

the retention and cellular distribution of the alpha-emitting radionu-
clides in appropriate chemical forms in the ovaries and testes of
selected primates suitable as surrogates for humans.
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INTRODUCTION

Of the several isotopes of radon, radon-222 has the most im-
portant impact on human health (see the box entitled “Isotopes of
Radon®). An inert gas at temperatures above —61.8°C, radon-222 is
a naturally occurring decay product of radium-226, the fifth daugh-
ter of uranium-238. Both uranium-238 and radium-226 are present
in most aoils and rocks in widely varied concentrations.?* As radon
forms from the decay of radium-228, it can leave the soil or rock
and enter the surrounding air or water. Radon gas thus becomes
ubiquitous, and its concentration is increased by the presence of a
rich source and by low ventilation in the vicinity of a source. As
illustrated in Figure 2.1, radon decays with a half-life of 3.82 days
into a series of solid, short-lived radioisctopes collectively referred to
as radon daughters or progeny (Figure 2-1) (see Annex 2B). Two of
these daughters, polonium-218 and pelonium-214, emit alpha parti-
cles, which, when emission occurs in the lung, can damage the cells
lining the airways. The resulting biological changes can ultimately
lead to lung cancer.

Underground mining was the first occupation associated with
an increased risk of lung cancer. Uranium ores contain particularly
high concentrations of radium, and radon-daughter exposure has
been associated with lung cancer in uranium miners. Minera of other
types of ore can also be placed at risk by the combination of a
sufficiently strong source of radon and inadequate ventilation.

24
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ISOTOPES OF RADON

The committee’s discussion of radon is limited to radon-
222, the most common isotope. Other radicisotopes of radon—
radon-219 (actinon) and radon-220 (thoron}—occur naturally
and have alpha-emitting decay products. Actinon has an ex-
tremely short half-life (3.9 8). Accordingly, concentrations of
actinon and its daughters are extremely low, and decay of acti-
non contributes little to human exposure. Because of its short
half-life (56 1), the concentration of thoron is also usually low.
Dosimetric considerations suggest that the dose to the tracheo-
bronchial epithelium from thoron progeny is, for an equal con-
centration of inhaled alpha energy, less by a factor of 3 than
that due to the progeny of radon-222.7® The potential for lung !
cancer dus to inhalation of thoron cannot be addressed directly,
because the available epidemiological data are based almost
exclusively on exposures to radon-222 and its daughters.

Radon progeny are also present in the air of dwellings. Their
source iz the underlying scil, but building materials, water used
routinely in the building, and utility natural gas also contribute. The
concentration of radon progeny in dwellings is highly variable and
depends mainly on the pressure in the house and on the ventilation.

Becauss of their wide distribution, radon daughters are a major
source of exposure to radioactivity for the general public, as well as
for special occupational groups. The estimated dose to the bronchial
epithelium from radon daughters far exceeds that to any other organ
from natural background radiation.?® The recent recognition that
some homes have high concentrations of radon has focused concern on
the potential lung-cancer risk associated with environmental radon.
Measured concentrations of radon in homes in the United States
appear to follow a log-normal distribution.?

In addressing the risks associated with radon exposure, the com-
mittee responsible for this report considered the extensive infor-
mation accumulated during nearly a century of research on radon.
Epidemiological studies have described the risks associated with
radon-daughter exposure of underground miners; animal studies have
provided complementary data; and experimental and theoretical re-
search has provided insights into radon-daughter carcinogenesis. The
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FIGURE 2.1 The radon dacay chain. An arraw pointing downward indicates
& decay by alpha-perticle emssion; an arrow pointing to the right indicates a
decay by beta-particle emission. The historicel symbols for the nuclides are in
parentheses below the modern symbols. Most of the decays take plaze along
the unbranched chain marked by the double atrows. The negligible percentage
of the decays going slong the single arrows is shown at critical pointa. The end
of tha chain, lead-208, is stable, not radicactive. Half-lives are shown for each
isotope with 8 = seconds, m = minutes, d = days, and y = years.

research, described in detail in the eppendixes of this report, is briefly
summarized below.

DOSIMETRY

By convention, the concentration of radon daughters is mea-
sured in working levels (WL), and cumulative exposures over time
are measured in working-level months (WLM) (see box entitled *Spe-
cial Quantities and Units for Radon Exposures”}. As described in
Annex 2B, the relationship between exposure, measured as WLM,
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SPECIAL QUANTITIES AND UNITS
FOR RADON EXPOSURES

The working level (WL) is defined as any combination of
the short-lived radon daughters in 1 liter of air that results
in the ultimate release of 1.3 x 10° MeV of potential alpha
energy. As detailed in Annex 2B, this is approximately the
amount of alpha energy emitted by the short-half-life daughters
in equilibrium with 100 pCi of radon. Exposure of a miner to
this concentration for a working month of 170 h {or twice this
concentration for half as long, etc.) is defined as a working-level
month (WLM). Note that the cumulative exposure in WLM is
the sum of the products of radon-progeny concentrations and
the times of exposure. For historical reasons, time is quantified
into blocks of 170 h when the concentration is expressed in WL.
This can lead to confusion in domestic environments, because &
30-day month is 720 h. Exposure to 1 WL for 720 h results in
a cumulative exposure of 4.235 WLM. Home occupancy for 12
h/day at 1 WL would result in a cumulative exposure of about
2.12 WLM per month of occupancy.

and dose to target cells and tissues in the respiratory tract is ex-
tremely complex and depends on both biological and nonbiological
factors.?® Because of differences in the circumstances of exposure, it
cannot be aseumed a priori that exposure to 1 WLM in a home and
to 1 WLM in & mine will result in the same dose of alpha radistion
to cells in the target tissues of the respiratory tract. Thus, an undes-
standing of the dosimetry of radon daughters in the respiratory tract
is essential for extrapolating risk estimates derived from epidemio-
logical studies of miners to the general population in indoor domestic
environments. Factors influencing the dosimetry of radon daughters
include physical characteristics of the inhaled air, breathing patterns,
and the biological characteristics of the lung (Table 2.1).

Radon daughters are initially formed as condensation nuclei.
Although most of these attach to aerosols immediately after forma-
tion, & variable proportion remain unattached and are referred to as
the unattached fraction. This fraction is an important determinant
of the dose received by target cells; ns the unattached fraction in-
creases, the dose also increases because of the efficient deposition of
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Characteristics of the Four Underground-Miner Groups Analyzed by the Committee

fverage Average Age Aw:rage Average

Mo. of Duiration of at End of Duration of Cumulative No. of

Workers Followup Followup Exposure Exposure Lung Cancer
Cohort Fallawed (yr} Gn {yr) (YWLM) Deaths
Eldorado, Bzaverlodge'® 1,58(¢ 14 45 — -

6,847 14 43 32 2 65

Ontario™® SHF 16 52 — —

11,076 19 50 3.7 37 87
Malmbergat™ 1,292 21 67 20 9a 51
Colorado™'* (all exposed) 1,347 25 57 8 822 256
Colorade { <2.000 WLM) 2,975 25 57 7 S9 157

“These rows of data indivate surface workers not exposed to radon from the mines.

NOTE: Appendix IV refers to a thorough review of the four studies of undergreund miners that (he committee used as the basis for its analysis: uraninm
miners on the Colorade plalean, uranium mincrs in Owlario, uranium miners empluyed at the Eldorado Minc at Beaverlodge, Saskatchewan, and iron
miners at Malmberget, Sweden. The followup experience of these groups totals over 400,000 person-years and includes 459 lung-cancer deaths. There are
important differences among the four studies, including duration of exposure and followup, exposure rate, and degree of uncertainty and potential biases
in estimated exposures. These factors are deseribed in Appendix 1V and were examined lo the extent possible in the committes’s analysis.
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background age-specific risk. The choice of analyzing the relative risk
in this way, rather than as absolute excess risk, was made becauge of
the fairly general observation in these and other cohort studies that
the excess risk increases markedly with age, in a similar fashion as the
background risk. Modeling of relative rigks is somewhat simpler than
modeling of absolute excess risks (see Annex 2A). The committee
did not assume that the relative risk was constant in age or time
since exposure—an assumption that would correspond to the usual
relative-risk model—but rather used statistical methoda appropriate
for examining how the relative risk in the four cohorts actually
depends on these (and other) factors.

Much of the committee's analysis was based on models for rela-
tive risk of the general mathematical form:

r(a} = ro(a)[1 + By(+)W], (2-1)

where r(a) is the lung-cancer mortality rate for a given age and
calendar period, ro(a) is the background or baseline risk of lung-
cancer mortality in the population, W is the cumulative exposure
in WLM at 5 yr before age a, 8 is a basic slope of the dose-response
relation, and ~(i) represents modifying effects of variables (v} other
than cumulative exposure. The 5-yr lag period used in evaluating
cumulative dose represents the assumption that increments in expo-
sure have no substantial effect on the risk of lung-cancer mortality
for at least 5 yr. The variables that +(r-) might depend on are those
itemized earlier in this section, including age in particular, so that
the variation of relative risk with age could be investigated. This
model was first used to carry out separate parallel analyses of the
four miner cohorts. The analyses were made both by comparison
with external population rates and by cornparisons restricted to the
cohorts (internal comparisons).

For the external comparisons, population rates were scaled to
make them consistent with the experience of the cohort at zero
and low exposures. This is essentially the same approach as the
commonly used procedure of estimating an intercept in the regression
of SMRs on dose. Thus, the external rates were used only, in effect,
to incorporate knowledge of trends in age and calendar time, as
opposed to absolute levels of risk. Such a procedure is well accepted
in epidemiological analyses as being necessary to allow for differences
between the cohorts and the comparison population other than the
occupational exposure under analysis.!
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environmental exposures were not available, but those exposures can
reasonably be assumed to have been much lower than the occupa-
tional exposures of most of the underground miners. Moreover, as
mentioned above, population rates were scaled to take account of
the zero-dose and low-dose occupational experience of the miner co-
horts. Furthermore, the findings of the committee’s analyses were
not changed significantly whether internally or externally controlled
approaches were used. The committee found no reason to mssume
that environmental exposures correlated with the categories of occu-
pational exposure used in its analyses. The similarity of the internal
and external analyses suggests that the committee’s inability to con-
trol for environmental exposure did not bias the results,

MISCLASSIFICATION OF DISEASE

The disease outcome considered in these analyses is death from
lung cancer. By misclassification of disease, the committee refers to
the incorrect attribution of death to lung cancer when some other
cause was responsible and to the incorrect attribution of a lung-
cancer death to some other cause. As for exposure, misclassification
of disease may he systematic or random. The validity of the listed
cause of death on death certificates has been evaluated by several
investigators and found to be generally satisfactory for lung cancer.
Percy et al.?” assessed the accuracy of death certificates for cancer
in eight areas of the United States during 1970 and 1971. The
clinical diagnoais of lung cancer was confirmed by 95% of death
certificates. An earlier study in the United States also showed good
concordance for lung cancer.*® Even though some lung cancers may
not be diagnosed during life, the committee does not consider random
misclassification of disease to be an important source of uncertainty.
The quality of death certificates could not be assessed for Sweden
and Canada, but standards of medical care in those countries are
high, and the confirmation rates should be similar to that in the
United States.

Differential misclassification is of some concern. The diagnosis
of lung cancer in uranium miners might be more vigorously pursued
hy clinicians who are aware of the association between lung cancer
and underground mining. For the committee’s analyses, based on
internal comparisons, that type of bias seems unimportant.
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SMOKING

The committes’s risk model is based on analyses of cohorts in
which most of the members smoked. The estimates of values of the
parameters for time since exposure and age in Equation 2-4 might
be more applicable to amokers than to nonsmokera, who were poorly
represented in the lung-cancer mortality data. In the next section,
“Projecting Risks Assaciated with Radon-Daughter Exposure,” the
committee shows how to apply the TSE model to groups in which
smoking is less common. If data on individual smoking habits among
all four miner cohorts were availahle, the committee’s analyses could
have been controlled for amoking as a cofactor in the risk of lung can-
cer, But such information is available only for the Colorado miners,
and Appendix VII presenta the results of analyses for this cohort that
consider combinations of smoking and levels of cumulative exposure.
The results are consistent with the analyses of the Colorado cohort in
Annex 2A, which underlies the TSE model, in which smoking status
was unspecified.

The committee recognizes that smoking is the most important
risk factor for lung cancer and, as described in Appendix VII, has
evaluated the interaction between smoking and radon-daughter ex-
posure as comprehensively as possible. The committee has accepted
that smoking and radon exposure combine in a fashion that is mul-
tiplicative (or nearly so) on the relative-risk scale. The combined
effect of smoking and radon exposure is unlikely to be consistent
with additivity. Unless smoking status was correlated with cumu-
lative exposure, which seems unlikely, the cohort mnalyses on which
the TSE model is based are not confounded by smoking.

MODELING UNCERTAINTY

Any simple mathematical model, such as the committee’s TSE
model, can provide only a crude approximation of complex biolog-
ical processes, such as the evolution of excess lung-cancer risk af-
ter radon-daughter exposure. In developing the committee’s model,
compromise was necessary between simple models that represent
only general features of average risk among the mivers aod more
complex models that involve too many parameters for estimation. In
making the compromise, the committee recognized that some poten-
tial determinants of risk were not incorporated into the final model.
Therefore, limitations of available data and complexity of compu-
tational approaches necessarily constrained the development of the
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analyses. The committee did not believe that a subjective weighting
of the cohorts was appropriate.

In summary, a number of sources of uncertainty may substan-
tially affect the committee’s risk projections; the magnitude of un-
certainty asgociated with each of these sources cannot be readily
quantified. Accordingly, the committee acknowledges that the total
uncertainty in its risk estimates is large. Readera of this report must
take this into account in interpreting the numerical risk estimates
presented in the tables below. An illustrative calculation may help
to emphasize this point. As was noted in the section, “The Commit-
tee’s Anslysias of the Risk of Lung Cancer Associated with Exposure
to Radon Progeny” above, the multiplicative standard error due to
sampling variation alone is about 30%. It is of some value to consider
what would be the joint effect on the committee’s risk estimates of
the six sources of uncertainty considered, if each had this degree of
variation. In multiplicative terms, the result would be approximately
a twofold uncertainty at a 67% confidence level, i.e., 1.3 V%, and hence
an uncertainty of about 4 at a 95% confidence level. This example
is based on representing the uncertainty effects as independent addi-
tive terms on the log scale. It illustrates how total uncertainty may
be increased by the contribution of multiple individual sources of
uncertainty.

The uncertainty in the committee’s risk projections variea with
the population being considered. For example, the risk projections
for males are more certain than those for females, and those for
smokers are more certain than those for nonsmokers. In general,
however, it would be overly optirnistic to interpret the estimates as
more precise than the illustration above suggests.

PROJECTING RISKS ASSOCIATED WITH
RADON-DAUGHTER EXPOSURE.

The TSE model (Equation 2-4) provides the basis for the com-
mittee’s assessment of the rigk of lung cancer associated with radon-
daughter exposure. The application of this model to the general
population requirezs a number of epidemiological techniques as well
as asssumptions concerning the population at risk. The methods
used to project risks are described in Part 2 of Annex 2A. Briefly,
the committes applied the risk coefficients derived from Equation
2-4 for various patterns of exposure and age at risk to U.S. rates
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for lung-cancer mortality. A life-table method was used to caleu-
late the lifetime risks of lung-cancer mortality and the years of life
lost—two measures used by the committee to evaluate the lifetime
consequences of exposure to radon daughters.

It must be recognized that the risk model was developed with
data on four groups of miners; the subjects were male, a limited
age span and duration of exposure were covered, smoking was not
explicitly considered in the analyses, and follow-up has not yet ex-
tended across the subjects’ lifetimes. Of necessity, the committee
needed to make assumptions concerning, among other factors, the
effect of gender, the sffect of age at exposure, the interaction between
cigarette smoking and radon daughters, and the lifetime expression
of risk. Furthermore, the committee extrapolated a risk model based
on the mining environment to exposure in the general domestic in-
door environment. This section first reviews each of these sources
of uncertainty and then presents the lung-cancer risk projections for
exposures in mining and indoor environments.

UNCERTAINTIES IN THE RISK PROJECTIONS

Gender

The committee’s model is based only on data on males; with the
exception of the amall studies of indoor exposure, epidemiological
data on femnales exposed to radon daughters are unavailable. Ac-
cordingly, the committee had to decide how the risk model should be
applied to females.

Thbe committee made risk projections based on the assump-
tion that the relative risk was the same for males and femnales.
This approach was adopted because it seemed biologically appre-
priate and consistent with the apparent lack of sex-specific effects
for cigarette amoking. Exposure to radon progeny was considered
to act in concert with other agents to increase the pool of target
cells intermediate in the carcinogenic process or to increase the rate
of cell transformation.'® The committee could identify no biologi-
cal rationale for considering that sex influences the development of
radon-related carcinoma of the lung. For cigarette smoking, the pre-
dominant cause of lung cancer, little investigation has addressed the
effects of sex directly. However, the relative rieks appear to be similar
in males and females when quantitative aspects of smoking habits
are adjusted for. %1
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As an alternative, the committee considered that the excess risk
associated with radon-daughter expaosure is additive with background
rates for males and females, as suggeated by recent analyses of the
Japanese atomic-bomb survivor data.?® The contrasting models are
presented in a simplified form below. Suppose that ¢(g) represents
seX effects, with ¢(1) for females and ¢(0) for males. Among atomic-
bomb survivors, & multiplicative model for lung-cancer risk in age
(2), dose (d), and sex (g) of the form:

r(s, d,9) = ro{a)[1 + ${g)](1 + Ad) (2-5)

requires that 4 depend on sex. Alternatively, for the atomic-bomb
survivors, the additive model:

r(a,4, ) = rola)[1+ 4(g) + Bd| (2-6)

provides an adequate fi$ without having 8 depend on sex. Note that
the baseline lung-cancer rates for no radon exposure are ro(a) for
males and ro(a)(1 + $) for females. With Equation 2-6, the risk for
females, g = 1, can be written:

r(a,d,g) = rola, 1) + ro{a)Ad. (2-7)

The first term, ry{a,1), is the female baseline rate, and the second
term, ro(a)Ad, is the absolute excess for males. Thus, this analysis
shows that, among the atomic-bomb survivors, the absolute radio-
genic excess ia similar in males and females.

Because lung-cancer data on females exposed to raden daughters
are not available, the committee cannot formally support its prefer-
ence for a sex-specific relative-risk madel. The alternative suggested
by analysis of the atornic-bomb survivor data, described above, might
not be biologically relevant for exposure to radon progeny, but the
committee presents the results of risk estimates based on this alter-
native approach below, so that the consequences of its choice of risk
modela regarding sex can be appreciated.

Age at Ezposure

In its analysis of the miner data, the committee did not find an
effect of age at first exposure, after controlling for other correlates
of age. Exposure at an early age, particularly before the age of
20 yr, might have greater effects than exposure at later ages. The
relative riska of radiation-induced cancers are increased in Japanese
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sufficiently compelling to abandon the more parsimonious multiplica-
tive model in favor of any epecific submultiplicative alternative, The
selection of a multiplicative model for risk projections was consistent
with the committee’s analysis of the miner data, which implicitly as-
sumed a multiplicative interaction between radon-daughter exposure
and factors determining background lung-cancer rates.

If the committee’s assumption of a multiplicative interaction is
incorrect, the most likely alternative would be in the direction of a
submultiplicative interaction. As discusssd below, if a submultiplica-
tive model is correct, use of & multiplicative model would overesti-
mate the risk associated with exposure to radon progeny for smokers
and, more substantially, underestimate the risk for nonemokers.

Temgporal Expression of Risk

The committes used data from a limited period of observation
of underground miners to develop its TSE model. Only the Swedish
miner study provided lifetime observation of a substantial propor-
tion of cohort members; for others, the follow-up intervals were much
shorter. Thus, use of any model for risk projection requires assump-
tions concerning the temporal expression of risk that cannot yet be
verified.

In the TSE model (Equation 2-4), W is the cumulative exposure
15 yr or more before the age at risk. The model implies that the
effects of radon progeny decline, but not to zero, regardless of the
numbers of years since exposure. Data on the four cohorts were
insufficient to evaluate risk associated with exposures that occurred
more than some 30 or 40 yr in the paat. Although in principle it
would increase the risk associated with W, the committee’s model
could arbitrarily be modified to incorporate a return to baseline risk
by stipulating that W, is exposurs 15-40 yr hefore the age at risk.
This ad hoc medification would reduce the estimated lifetime risk
and years of life lost. Whether the risk of radon-induced effecte
associated with a given exposure does indeed eventually return to
the background value, and if so, the time required for this to occur
cannot now be eatablished. A decline in relative risk has not yet been
obeerved among the Japanese atomic-bomb survivors.

A constant-relative-risk model is often used for risk projection.
In contrast with the committee’s TSE model, & constant relative
risk applied to the background rates does not vary with age or time
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since exposure. A comparison of rigk projections made with the TSE
model and a constant-relative-risk model is provided below.

Eztrapolation from a Mining Enviranment to the Indoor Environment

As reviewed above in the introduction to this chapter and in An-
nex 2B, several factors that affect the dosimetry of radon daughters
differ between homes and mines, and these differences must be taken
into account when the TSE model, developed from data on miners,
ia used to project risks associated with the indoor domestic environ-
ment. Dosimetric models offer a quantitative framework for assessing
the differences between estimated doses in mines and in homes, al-
though little information is available on some of the relevant factors
in the two environmenta.

In addressing this source of uncertainty, the committee relied
on the results of others who have constructed dosimetric models and
described the effects of varying the values of parameters that differ in
mines and homes: breathing pattern, ventilation pattern, fraction of
unattached radon daughters in inhaled air, particle size distribution
in inhaled air, and equilibrium of radon with its daughters. The
characteristics and structures of the various models are convergent in
providing guidance to the committee on extrapolation from miners to
people living in homes. As illustrated in Annex 2B, within a range of
uncertainty, the ratio of exposure-to-dose relationships in homes and
mines is quantitatively similar, Thus, the committee has assumed,
in the risk projections described below, that exposure to 1 WLM in
a home and exposure to 1 WLM in a mine have equivalent potency
in causing lung cancer. In situations where, as outlined in Annex
2B, detailed information on the domestic environment allows a more
exact estimate of relative potency, it would be appropriate to scale
the cornmittee’s risk estimates.

MEASURES OF RISK

The risk of lung-cancer mortality associated with long-term ex-
posure to radon daughters is a function of the duration of exposure
and, because of competing risks of death from other causes, of age
ae well. Part 2 of Annex 2A provides analytical descriptions of the
measures that were used to evaluate the impact of exposure to radon
progeny. As outlined there, the lifetime probability of lung-cancer
mortality in a nonexposed person is Ry, and the lifetirne probability

Copyright © National Academy of Sciences. All rights reserved.



Health Risks of Radon and Other Internally Deposited Alpha-Emitters: BEIR IV

RADON 53

of lung-cancer mortality in an exposed person is R,. Note that R,
includes Ro. The ratio of lifetime risks R./R, is the proportional
increased lifetime risk associated with exposure and is, for reasons
outlined below, the preferred measure of increased risk. Another
measure of risk iz the number of years of life lost because of ex-
posure, Ly — L., where Ly is expected years of life at birth for a
nonexposed subject, and L, is expected years for an exposed subject.
Note that Ly — L. is the average for a population of exposed persons.
The number of years of life lost by those who actually die of lung
cancer is usually much greater—typically, about 15 yr for males and
about 18 yr for fernales.

In calculating R./R,, R,, and L, —L, for various magnitudes of
annual exposure, the committee has used the male and female 1980~
1984 U.S. mortality rates, Ry, listed in Table 2-3. Mortality rates
based on a specific period in the past can only approximate future
rates in a population whose total mortality rates vary over time.
Moareaver, the age patterns and the relative importance of lung cancer
as a cause of death are expected to change as smoking becomes less
prevalent. Estimates of lifetime lung-cancer risk, R,, and expected
lifetime, L,, based on the TSE model (Equation 2-4), will vary with
calendar time. However, the ratics of these quantities to B, and
Lyg, respectively, are remarkably stable. In particular, comparisons of
R./Ro in males and females show only small differences, even though
the sex-specific background rates yield lung-cancer risks almost 8
times higher in males than females and life expectancy almost 7
yr less in malea. Thus, the ratic of lifetime riske shown in the
tables below and the ratio of total life expectancy L,/Ly are likely
to be good approximations in populations in which the age-specific
mortality patterns are similar to those in the current U.S. population.

The committee did not adjust the rates in Tahle 2-3 to reflect
lung-cancer rates in a population that is not exposed to ambient
radon progeny. As demonstrated in the section “Summary and Rec-
ommendations® at the end of this chapter, this correction would be
small, compared with the uncertainty in the estimated risks. How-
ever, cigarette use has such a large effect on lung-cancer rates that
it is necessary to adjust the rates when estimating the risk to non-
smokera. Age-specific lung-cancer rates for nonsmokers, r,[(a), were
calculated from population mortality rates as followa. Let rg be the
U.S. lung-cancer mortality rate; the rate in nonsmokers is:

ral(a) = ro/|P + RR(1 — P)), (2-8)
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and r,(a) = ro(a)/[0.52 + 12(0.48)] for @ > 28. Similarly, for women
age 28 or over, rn(a) = ro(a)/[0.64 + 10(0.36)). In each case, ro(a)
ia the sex-specific lung-cancer mortality rate in Table 2-3.

On the basis of this model, the lifetime riske of lung cancer
and life expectancies for malea are 0.0112 and 70.5 yr, respectively,
for nonsmokers and 0.123 and 69.0 yr, respectively, for smokers.
For females, the values are 0.0060 and 76.7 yr, respectively, for
nonsmokers and 0.058 and 75.9 yr, respectively, for smokers. The
increased mortality rate among smokera caused by diseases other
than lung cancer is not considered here. Ginevan and Mills® have
discussed this issue in their analysis of the combined risk of smoking
and radon exposure. The committee did not specify risks for specific
categories of cigarette consumption. It considered that such detailed
projections go beyond the limits imposed by the available data.

Table 2-4 compares the ratio of lifetime riska, R./Ro, R, and
yeara of life lost in nonsmoking and smoking males and females.
With the committee’s multiplicative model for the combined effects
of smoking and exposure, the lung-cancer risk to smokers agssociated
with exposure to radon progeny is substantially greater than the rigk
to nonsmokers. As illustrated in Table VII-10 of Appendix VII for
the Colorado cohort, this difference becomes smaller for a submulti-
plicative interaction, with the risk per unit exposure increasing for
nonsmokers and decreasing slightly for smokers. Therefore, use of
& submultiplicative model could have a substantial impact on the
estimated risk to nonsmokers. As shown in Appendix VII, a submul-
tiplicative model is not incompatible with the available evidence.

In some exposure scenarios of interest, smoking status is un-
known and the U.S. population rates in Table 2-3 are directly ap-
plicable. Figures 2-2, 2-8, and 2-4, respectively, show the ratio of
lifetire risks, lung-cancer risk, and years of life lost for males and
for females by exposure rate in WLM per year, based on the TSE
model (Equation 2-4) when exposure is sustained throughout life.
The risk ratios and lifetime risk of lung cancer increase sharply with
exposure rate for both males and females. The doubling exposure
rate is 2.0 WLM/yr for males and 1.8 WLM/yr for females. Because
smoking patterns are not modeled here, the lung-cancer risks for
a general population shown in Figures 2-2 to 2-4 and in the other
figures and tablea later in this chapter can be considered as averaged
over smoking status. Under this approximation, lifetime lung-cancer
risk and expected years of life for nonexpased persons are 0.067 and
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Years of Life Lost (L, — £.) for Lifctime Exposure at Various Rates of Annual Exposure”

TABLE 2-4 Ratio of Lifetime Risks® (R./R,). Lifetime Risk of Lung-Cancer Mortality (R,). and

Males Females

E::::le'c Monsmwokers Smokers Momamvkers Smokery

(WLM/yr)  R./R, K, Lo — L, ARy K. L, — L R Ry R, L. — L R./R, R Lo — L,
0 1.0 0.0112 1} 1.0 k123 1.50 1.0 0.00602 O 1.0 0.0582 0.80%
(18] 1.06 0.01 8 0.00907 1.05 0.129 1.59 1.06 0.00637  0.0000b6 b0 D.OBEd  D.Ra?
0.2 1.11 0.0124 D.0IB1 1.10 0.135 1.69 1.1 0.00672 0.0121 .11 0.0646 0.925
0.3 A L] 0.0131 0.0272 1.15 HALT 1.79 1.17 000706 0.0182 [ 0.0678 0.933
0 1.22 0.0137 0.0142 1.10 0147 1.88 1.23 0.00741 0.0242 1.22 0.0710 1.4
0.5 1.27 0.0043  0.0453 .24 0.153 198 1.28 0.06775 0.0303 1.27 0.0742 B0
0.ty 1.33 0.0149  0.0544 1.29 0.159 .07 1.34 000809 (.0303 1.33 0.0773 b lb
0.8 1.44 Q01 0D7H £.39 0.170 1L 1.4t 0.00878 0.04%4 1.4 0.0830 1.27
1.0 §.54 0.0173  0.0805 1.4R 0.152 2.44 .57 0.00946  0.0605 1.54 0.0898 1.38
1.5 1.82 00204 0.1 1.70 0.209 289 1.85 0.0112  0.0%)7 1.80 o.105 1.67
20 2.08 0.0234 0.18D 1.91 .215 3133 2.14 0.012%¢ 0121 1.0t 0.120 1.95
2.5 235 D.02ed  0.215 2.12 0.2b60 375 2.42 0.0146 0151 2.32 0135 2.22
1.0 2.62 00294 0270 2.31 0.284 416 2.70 Q163 0.8 2.56 0.149 2.49
.5 .89 0.0324 0314 2.49 0.306 4,56 2.948 00180 G211 2.8 D163 2.
4.0 A5 0.0354 0.359 2.66 0128 4.05 1.2 0.0197  0.241 104 0377 303
4.5 3.41 RO 0.40) 2.83 (.34 5.12 3.5% 040214 027 124 0.191 31
5.4 368 00413 D.447 .99 0.368 5.6% 1.83 0.023t 0.30 .51 0.204 3.55
10.0 .24 G.0700 0.883 4.24 0.52] 877 6.59 0.0349H 0.598 5.56 0.324 5.98

“Relalive ta persons of the same sex and smoking status,
"Ly is the average lifetinoe of nonsmokers of the same sex.
“Estimated with the committee's TSE madel (Equation 2-4). and a multiplicative inicraction between smoking and exposure tr radon progeny.

{Revised Sepiember 1988)
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FIGURE 2-2 Risk ratio (R./Rq) of lung-cancer martality for life axposurs to
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69.7 yr, respectively, for males and 0.025 and 76.4 yr, respectively,
for femalea.

COMPARISON WITH A CONSTANT-RELATIVE-RISK MODEL

For comparison with the TSE meodel defined by Equation 2-4
and other published reports, the committee also analyzed population
riske under the constant-relative-risk model,

r(a) = ro(a)(1+ W), (2-9)

where W is the cumulative exposure,in WLM, to age at risk, a, minus
5 yr (cf. Equation 2-1). The committee’s estimate of the coefficient
g for this case is § = 0.0134 (Table 2-2). Because both relative-risk
models were developed with the same data, this model (Equation 2-8)
can be viewed as a summary over the four cohorts, although it must
be emphasized that important departures from the constant-relative-
risk model were identified. Within common constraints of age at
risk, doses, and follow-up, as in the miner cohorts, the TSE model
and Equation 2-9 would generate similar lung-cancer risk estimates.
However, because the recommended TSE model specifies a decline in
risk with age and time since exposure and this constant-relative-risk
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Tables 2-5 to 2-T for males and Tables 2-8 to 2-10 for females
show, respectively, for various annual exposure rates, the ratio of
lifetime risks R,/ Ry of lung-cancer mortality, the lifetime risk K., and
years of life lost (Ly—L,) by age expasure started and age exposure
ends. All of these measures of risk increase with duration of exposure
and exposure rate. For exposures of fixed duration {along diagonals),
effects are similar within a given exposure rate below 1.0 WLM/yr.
At higher dose rates, the excess risks increase and then decline with
age for a fixed duration of exposure. Tablea 2-5 to 2-10 are applicable
to populations whose smoking status is unspecified. Additional tables
for exposures during specified age intervals applicable to smokers and
nonsmokers of each sex are given in Appendix VII.

CONDITIONAL LIFETIME EFFECTS— EXPOSURE FROM BIRTH AND
FROM AGE KNOWN ALIVE

Lifetime risk of lung cancer and expected years of life lost are re-
lated to a specified exposure profile for persons who are followed from
birth. Those measures do not, however, provide information about
lung-cancer risk after survival to some specified age, for example, in
uranium rminers who are free of disease at retirement or homeowners
who are currently healthy but want to assess the consequences of
lowering radon concentrations in their homes. In those examples,
survival up to some age has taken place without the development of
lung cancer, and future risk is at issue. Total life expectancy when
a person is known to be alive at a given age is greater than that at
birth, because the rigors of the intervening years have been aurvived.
Tables 2-11 and 2-12 compare risk measures computed conditionally
on survival to ages 20, 40, 60, and 80 yr for males and [emalea, respee-
tively, in a general population. The column headed O gives baseline
values without information on age. Exposure rates, in WLM per
year, are assumed constant througheut life. Conditional lung-cancer
risk associated with radon-progeny exposure, K., increases with age
until middle age, when it falls, owing to the increased rigk of death
[rom competing causes. The expected lile span increase, of course,
a3 age increases.

Tablea 2-11 and 2-12 also show the effects on the lifetime risk
of lung-cancer mortality, ratio of lifetime risks, and years of life loat
if exposure were to cease at the conditional age known to be alive,
The health benefita of eliminating exposure can he substantial into
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TABLE 2-5 Ratio of Lifetime Risks (R./Ry) for Males by Age Started and Age Exposure Ends®

A

Age (yr) Exposure Ends

Age (y7) Slarted 10 20 10 40 50 60 70 80 110
Expasure Rate = 8,18 WLM /yr
0 1.008 1.015 1.021 1.031 1.040 1.047 1.051 1.052 1.052
10 1.008 1.015 1.023 1.032 1,039 1.043 1.045 1.045
p.i] 1.008 1.016 1.025 1.032 1.036 1.037 1.037
o 1.008 1.017 £.024 1.028 1.029 1.030
40 1.009 1.016 1.0 1.021 1.012
5 1.007 1.011 1.012 1.013
60 1.004 1.005 1.005
Expasure Rate — 0.20 WLM /r
) 1.015 1.030 1.046 1.062 1.079 1.094 1.101 1.104 1.10%
0] 1.015 1.030 1.047 1.064 1.07 1.0B& 1.089 1.090
o 1.015 1.032 1.049 1.064 1.071 1.074 1.074
L 1.046 1.0 1.048 1.056 1.059 1.05%
40 1.048 1.032 1.040 1.043 1.042
50 1.014 1.022 1.025 1.025
60 1.008 1.010 1.011
Expasure Rate = 0.50 WLMyr
o 1.038 1.076 1.112 1154 1.197 1.211 1.251 1.258 1.259
10 1.038 1.076 1116 1.160 1.196 1.214 1.221 1.222
2 1.038 1.079 1.113 1.158 1.177 1.184 1.185
3 1.041 1.085 1121 1.139 L.146 t.147
40 1.044 1.080 1.099 1.106 1.107
X 1.036 1.055 1.062 1.063
60 1.019 1.026 1.027
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1.076

ELEs¥so

1.299

ELEBEEZ o

o

1.131

—
(=]

gxsal

2.412

E2E8E=o

1.151
1.076

1.589
1.29%

2.412
1.732

3.636
2.412

1.225
1.151
1.076

1.874
1.592
1.302

A.052
2419
1.739

4.709
1.648
2.42%

Expasure Rare = 1.00 WLM/yr

1.305
1.231
1.157
1.081

1,391
1.318
1.244
1.169
1.088

1.460
1.388
1.314
1.240
1.160
1.072

Expasure Rate = 4.00 WLM/w

2.169 2480
1.896 2.216
1.614 1.943
1. 1.660
1.349

Exposure Rute =
3.687 4.526
3.100 3.785
2,469 1.204
1.785 2574
1.852

Exposure Rate =
5.705 6.634
4,790 5.854
3.738 4.95%
2.513 34919
2.635

2.74
2.467
2.202
1.927
1.624
1.285

10.60 WLM/yr
1.79
4294
3,752
2.165
2,491
1.697

20.00 WLM/yr
7.260
6.576
5.794
4,886
1,766
2.344

1.496
1.424
1.351
1.276
1.197
1.109
1.038

2.845
2.592
2.331
2.061
1.763
1429
1.149

5.018
4.532
4.011
3446
2.797
2.0M
1.367

7.518
6.679
6.1
5.306
4.265
2.947
1.714

1.509
1.437
1.364
1.290
1.211
1.123
§.052

2889
2.637
237
2110
1.814
1.482
1.204

5.092
4.613
4.09%
1543
2.905
2133
1.498

7,595
6.972
6.261
5.440
4.428
3.147
1.954

1.512
1.440
1.367
1.293
1.213
1.126
1.054

2.896
2.645
2387
2118
1.823
1.492
1.214

5.103
4.626
4.114
1.559
2.923
2.174
1.520

T.606
6.985
6.277
5.459
4.452
3178
1.993

“Estimated with the committee’s TSE madel. B, includes Ry, the baseline risk for mates in the 1980-1984 U.S. population, (.067; the expected lifetime of

males iz 69,7 yr.
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TABLE 2-6 Lifetime Risks (R,) for Males by Age Started and Age Exposure Ends®

Age (rt) Exposure Ends

Age (y1) Started 10 20 0 40 50 60 70 80 110
Exposure Rate = 0.10 WEMAr
o 0.068 0.068 0.069 0.069 0.070 0.071 0.071 0.071 0.071
10 0.063 0.068 0.069 0.070 0.070 0.070 0.070 0.070
20 0.068 0.068 0.069 0.069 0.070 0.070 0.070
¥ 0,063 0.068 0.069 0.069 0.069 0.069
40 0.068 0.068 0.069 0.069 0.069
50 0.068 0.068 0.068 0.068
60 0.068 D.068 0.068
Expasure Rate = 0.20 WLM 'y
0 D.068 0.06% 0.070 0.072 0.073 0.074 0.074 0.074 0.074
10 0.068 0.069 0.070 0.072 0.073 0.071 0.073 0.073
20 D.068 0.069 0.071 0.072 0.072 0.072 0.072
30 0.068 0.070 0.071 0.07t 0.071 0.071
10 0.069 0.070 0.070 0.070 0.070
50 0.068 0.069 0.069 0.069
o0 0.068 0.068 0.068
Exposure Rate = 0.50 WLM/yr
0 0.070 0.072 0.075 0.078 0.081 0.081 0.0B4 0.085 0.085
D] 0.070 0.072 0.075 0.078 0.081 0.082 0.082 0.082
20 D.070 0.073 0.076 0.078 0.07 0.080 0.080
W 0.070 0.073 0.075 0.077 0.077 0.077
40 0.070 0.073 0.0 0.074 0.075
50 0.070 0.07i 0.072 0.072
60 0.069 0.069 0.069

¥9
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Exposure Rate = .00 WLM /yr

0 0.072 0.077 0.083 0.088 0.0%4 0.098 0.101 0.102 0.102
10 0.072 0.078 0.083 0.059 0.093 0.096 0.097 0.097
20 0.072 0.078 0.084 0.089 0.091 0.092 0.092
KL 0.073 0.07% 0.083 0.086 0.087 0.087
40 0.071 1.078 0.0B1 0.082 0.082
50 0.072 0.075 0.076 0.076
60 0.070 0.0T1 0.071

Exposure Rare = 4.00 WELM/yr

0 0.087 0.107 0.126 0.146 0.167 0.183 0.192 0.195 D.195
1y 0.087 0.107 0.118 0.149 0.166 0.175 0.178 0.178
20 0.048 0.109 0.131 0.148 0.157 0.160 0.161
30 0.039 0.112 0.130 0.139 0.142 0.143
40 0.091 0.109 0.119 0.122 0.123
50 0.087 0.096 0.100 0.100
0 0.077 0.081 0.082

Exposure Rate = 10.00 WLM /wr

0 0.117 0.162 0.206 0.248 0.791 0.323 0.333 0.343 0.344
10 0.117 0.163 0.209 0.155 0.289 0.305 0.311 0.312
20 b.1017 0.166 0216 0.253 0.270 0.276 02717
» 0.120 0.173 0.213 0.232 0.239 0.240
40 0.125 0.168 0.188 0.196 0.197
50 0.114 0.137 0.145 0.146
o0 0.092 0.101 0.102

Exposure Rate — 20.00 WLM v

0 0.162 0.245 0.317 0.384 0.447 0.48% 0.506 0.512 0.512
10 0.162 0.246 0.323 0.394 0.443 0.463 0.470 0.470
p.1] 0.163 0.252 0.334 0390 0.414 0.422 0.423
30 0.169 0.264 0.329 0.357 0.366 0.363
40 0.177 0.254 0.287 0.298 0.100
50 0.158 0.198 0.212 0.214
60 0.115 0.132 0.134

“Estimated wilh the committee’s TSE model. 8, includes Ry, the baseline risk for males in the 1981-1964 U.S. population, 0.067; the expecied lifetime of
males is 69.7 yr.
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TABLE 2-7 Years of Life Lost (L, — L,) for Males by Age Started and Age Exposure Ends?

Ape {yr) Exposure Ends

Age (yr) Staried 10 20 0 40 S0 &0 70 B8O 110

Exposure Rate -= 0. 10 WLM/w
0 0.0} 0.02 0.03 0.04 0.04 0.05 0.05 0.05 0.05
10 0.01 0.02 0.03 0.04 0.04 0.05 0.05 0.05
20 0.01 0.02 0.03 0.03 0.04 0.0d4 0.04
a0 0.01 0.02 0.03 0.03 0.03 0.03
40 0.01 0.02 0,02 0.02 0.02
50 0.01 0.01 0.01 0.01
80 0.00 0.00 0.00

Exposwre Rate = 0.2 WLM r
0 0.02 0.03 0.05 0.07 0.9 0.10 .11 0.11 0.1i
10 0.02 0.03 0.05 0.07 0.09 0.09 0.09 0.09
20 0.02 0.04 0.00 0.07 0.07 0.07 0.07
0 0.02 0.04 0.05 0.06 0.06 0.06
40 0.02 0.03 0.04 0.04 0.04
50 0.01 0.02 0.02 0.02
60 0.00 0.01 0.01

Expasure Rare = 0.56 WLM /yr
0 0.04 0.08 0.13 0.17 0.22 0,26 0.27 0.27 0.27
10 0.04 .09 0.13 0.18 0.21 0.22 0.23 0.23
20 0.04 0.09 0.14 0.17 0.8 0.18 0.18
a0 0.05 0.10 0.13 0.14 0.14 0.14
a0 0.05 0.08 0.09 0.09 0.09
50 0.03 0.04 0.05 .05
&0 0.01 0.01 0.01
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Fxposure Rare = 1.00 WLMAT

0 0.04 0.17 0.25 0.35 0.44 0.51 0.53 0.53 0,53
10 0.08 0.17 0.26 0.36 0.42 0.44 0.45 0.45
20 0.9 0.13 0.28 .34 0.36 0.37 0.37
Y 0.09 0.19 0.26 0.28 0.28 0.28
40 0.10 0.16 0.18 0.19 0.19
50 0.06 0.09 0.09 0.09
60 0.02 0.03 0.03

Exposure Rate = 4.00 WLM/yr

¢ 0.33 0.56 0.9 1.35 1.1 1.93 2.00 2.02 202
10 0.33 0.67 1.03 1.40 1.63 1.71 1.72 1.72
20 0.34 0.71 1.09 1.32 1.40 1.42 1.41
0 0.38 0.76 1.00 1.08 t.10 1.09
40 0.39 0.64 0.72 0.74 0.74
50 0.26 0.34 0.36 0.35
60 0.09 0.10 0.10

Exposure Rate = 10.00 WLM/yr

0 0.82 1.61 2.37 3.18 3.96 .42 456 4.58 4.58
10 0.52 1.63 2.47 3.29 3.78 3.93 3.96 395
20 0.84 1.73 2.59 a1 3.26 3.30 1.2%
a0 0.92 1.84 2.39 2.55 159 2.59
40 0.96 1.55 1.7 1.77 1.76
50 0.63 0.83 0.87 0.86
60 0.21 0.26 0,25

Exposure Rate = 20.00 WLM/yr

0 1.61 207 1.42 L) 7.04 7.70 7.87 7.90 7.90
10 1.61 3.10 4.60 5.97 6.71 6.91 695 6.95
20 164 3.28 4.80 5.63 5.86 5.90 5.90
30 1.81 3.48 4.42 4,68 4.73 472
40 .86 2.93 121 1.29 3.29
50 .23 1.58 L.66 1.65
60 0.42 0.50 0.49

“Estimated with the committee’s TSE model. &, includes Ky, the baseline risk for males in the 1980-1984 U.S. population, 0.067; the expected lifetime of
males is 69.7 yr.
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TABLE 2-8  Ratio of Lifetime Risks (R,/Ry) for Females by Age Started and Age Exposure Ends®

B9

Ape (yr) Exposure Ends

Age (yr) Started 10 0 30 40 50 &0 70 80 1o
Exposure Rate = (.10 WLM 5r
0 1.008 L.017 1.025 1.034 1.043 1.051 1.054 1.056 1.056
10 1.008 1.017 1.026 1.005 1.042 1.046 1.048 1.048
20 1.008 1.017 1.027 1.0 1.038 1.03% 1.040
30 1.009 1,19 1.026 1.019 1.031 1.032
40 1.010 1.017 1.024 1.022 1.022
50 1.007 1.011 1.012 1.013
60 1.004 1.005 1.006
Exposure Rate = 0.20 WLM/yr
0 L7 1.033 1.050 1.068 1.087 1.101 1.108 1.112 1.113
10 1.017 1.033 1.051 1.070 1.085 1.092 1.095 1.0%
20 1.017 1.035 1.054 1.068 1.076 1.079 1.080
30 1.018 1.037 1.052 1.059 1.062 1.061
40 1.019 1.0 1.041 1.044 1.045
30 L.014 1.022 1025 1.026
60 1.007 1,010 1.011
Exposure Rate = 0.50 WLM fyr
0 1.041 1.082 L.124 1.169 1.217 1.253 1.27% 1.278 1.281
10 1.041 1083 1.128 1176 1.212 1.290 1.298 1.240
20 1.042 1.087 1.135 1171 1.188 1.196 1.19%9
30 1.045 1.093 1.129 1.147 1.155 1.157
490 1.048 1.084 1.102 1.110 1112
30 1.036 1.054 1.062 1.065
60 1.018 1.026 1.029
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Exposure Rate = L.00 WLM yr

g 1.082 1.165 1.248 1.338 1.432 1.504 1.539 1.555
10 1.0B3 1.166 1.256 1.351 1.422 1.458 1.473
20 1.084 1.174 1.269 1341 1.376 1.392
i 1.090 1,186 1.258 1.293 1.309
40 1.096 1.168 1.203 1.219
50 1.072 1.108 1.124
60 1.036 1052

Exposure Rate = 4.00 WLM/yr

] 1.029 1.654 1982 2.33i 2.697 297 3.104 31482
10 1.329 1.659 2.013 2.382 2.658 2.793 2.851
20 1.334 1.690 2.063 2.342 2.478 2.539
30 1.360 1.797 2.019 2.156 2.217
40 1.381 1.666 1.805 1.867
50 1.288 1.429 1.492
&0 1.142 1.206

Expoture Rete = 1000 WLM/ yr

0 1.816 2.612 3.401 4,232 5.086 5.714 6.014 6.146
10 1.816 2.625 1.475 4,350 4.994 5.303 5.439
20 1.828 2.700 3.596 4.257 4,573 4713
30 1.892 2.812 3.489 31.814 3.958
a0 1.944 2.619 2.974 3.122
50 1.716 2.061 2.214
60 1.353 1.510

Exposure Rate = H.00 WLM/yr

] 2.611 4.148 5.a12 7.157 8.683 9.7 10.281 10.498
10 2.613 4172 5,771 1372 $.518 9.053 9,283
20 2.617 4.315 5.996 7.200 7.763 8.007
) 2.763 4,528 5,795 6.389 6.647
40 2.861 4,198 4.827 5.101
50 2.416 3.085 3377
60 1.702 2.010

1.560
1.479
1.397
1.314
1.24
1.119
1057

3.183
2.673
2.55%
2.2
1.5688
1.512
1.227

6.190
5.483
4.759
4,006
i
2.265
1.563

10.567
9.356
8.085
5.730
5.190
3473
2.1

“Estimated with the committee’s TSE model. R, includes Ry, the baseline risk for females in the 1980-1984 U)_S. population, 0.025; the expecied Jifetime

aof fernales Is 76.4 yr.
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TABLE 29 Lifetime Risks (R,) for Females by Age Started and Age Exposure Ends®

04

Age (yr) Expasure Ends
Age (yr) Started 10 20 3 40 50 60 70 80 110
Expasure Rate = 0.16 WLM /yr
0 0.025 0.026 0.026 0.026 0.026 £.026 0.027 0.027 0.027
10 n.025 0.026 0.026 0.026 0.026 0.026 0.026 0.026
20 0.025 0.026 0.026 0.026 0.026 0.026 0.026
3o 0.025 0.026 0.026 0.026 0.026 0.026
10 0.025 0.026 0.026 0.026 0.026
50 0.025 0.025° 0.026 0.026
60 0.025 0.025 0.025
Exposure Rate = 0.20 WLM A
0 0.026 0.026 0.026 0.027 0.027 0.028 0.028 0.028 0.028
10 0.026 0.026 0.027 0.027 0.027 0.028 0.028 0.028
20 0.026 0.026 0.027 0.027 0,027 0.027 0.027
30 0.026 0.026 0,027 0.027 0.027 0.027
40 0.026 0.026 0.026 0.026 0.026
50 0.026 0.026 0.026 0.026
60 0.025 0.025 0.025
Exposere Rate = 0.50 WLM/yr
0 0.026 0.027 0.028 0.029 0.031 0.032 0.032 0.032 0.032
10 0.026 0.027 0.028 0.030 0.031 0.03¢ 0.031 0.031
p.1J 0.026 0.027 0.029 0.030 0.030 0.030 0.030
30 0.026 0.023 0.028 0.029 0.029 0.029
40 0.026 0.027 0.028 0.028 0.028
S0 0.026 0.027 0.027 0.027

ob 0.024 0.024 0.026
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0.027

EE¥EBESa

0.033

oo

0.046

0 0.066

0.029
0.027

0.042
0.034

0.066
0.046

0.105
0.066

0.031
0.029
0.027

0.050
0.042
0.004

0.086
0.064
0.046

0.142
0.10%
0.066

Exposure Rate = 1.0 WLM/wr

0.034 0.036 0.038
0.032 0.034 0.036
0.030 0.032 (¢.034
0.027 0.030 ¢.032
0.028 0.029

0.027

Exposure Rate = 4.00 WLMyr

0.059 0.068 ¢.075
0.051 0.060 0.067
0.043 n.052 0.059
0.034 0.044 G051
0.035 ¢.042

0.032

Exposure Rate = .00 WLM

0.107 0124 G144
0.088 D110 0.126
0.068 0,091 a.107
0.048 0.071 0.088
0.049 (¢.067

0.043

Exposure Rate = 20.00t WLM/yr

0.180 0.21%9 {1,246
0.145 0186 ¢.215
0,109 0.151 0.182
0.070 0.114 {140
0.072 4,106

(.061

0.009
0.037
0.05
0.033
0.0M
0.024
0.026

0.078
0.070
0.062
0.054
0.045
0.036
0.029

0.152
0.1
0.115
0.0%
0.075
0.052
0.034

0.259
0.228
0.196
0.161
0.122
0.078
0.043

0.009
0.037
0.035
0.033
0.031
0.028
0.627

0.080
0.072
0.064
0.056
0.047
0.038
0.030

0.155
0.137
0.119
0.100
0.079
0.056
0.008

0.265
0.234
0.202
0.168
0.129
D.0BS
0.051

0.039
0.037
0.035
(1.033
0.031
0.028
0.027

0.080
0.072
0.065
0.056
0.048
0.038
0.021

0.156
0.138
0,120
0.1
0.080
0.057
0.039

0.266
0.236
0.204
0.170
0.131
0.088
0.053

“Estimated with the committee’s TSE model. R, includes Ry, the baseline risk for females in the 1980-1984 U.S. population, 0.025; the expected lifetime

ol fernales is 76.4 yr.
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TABLE 2-10 Years of Life Lost (£, — L.) for Females by Age Started and Age Exposure Ends®

oL

Age (yr) Exposure Ends

Age (yr) Started 1o 20 30 40 50 0 10 80 110
Exposure Rate = 0,10 WLM/yr
0 0.00 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.03
10 0.00 0.01 0.01 0.02 0.02 0.02 0.02 0.02
20 0.00 0.01 0.01 0.02 0.02 0.02 0.02
30 0.00 0.0l 0.0l 0.01 0.01 0.01
40 0.00 0.01 0.01 0.01 0.01
50 0.00 0.00 0.00 0.00
60 0.00 0.00 0.00
Exposurs Rate = (.20 WEM/yr
0 0.01 .02 0.02 0.03 0.04 0.05 0.05 0.05 0.08
0 0.01 0.02 0.03 0.04 0.04 0.4 0.04 0.04
20 0.01 0.02 0.01 0.00 0.00 0.02 0.0
30 0.01 0.02 0.02 0.01 0.03 0.0
40 0.01 0.01 0.02 0.02 0.02
50 0.01 0.01 0.01 0.0
60 0.00 0.00 0.00
Expayure Rate = (.50 WiM~Ar
o 0.02 0.04 0.06 0.09 0.11 0.12 0.13 0.13 0.13
10 0.02 0.04 0.07 0.09 0.10 0.11 0.11 0.11
20 0.02 0.04 0.07 0.04 0.09 0.09 0.09
0 0.02 0.05 0.0 0.06 0.07 0.06
40 0.02 0.04 0.04 0.04 0.04
50 0.01 0.02 0.02 0.02
&0 0.00 0.00 0.00
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(]

0.04

-
[=]

L

0.16

BELEEEESs

0.41

EEERE3S

0.80

ZLaEB8sc

0.08
0.04

0.13
0.16

.81
0.41

1.58
0.81

0.12
0.08
D.04

0.49
0.33
0.17

1.21
0.82
0.42

2.36
1.61
0.83

Exposure Rate = 1.00 WLM/yr

0.17 0.22 0.24
0.13 0.18 0.20
0.09 0.14 0.16
0,05 0.09 a.12
0.0% 0.07

0.03

Exposure Rare = 4.00 WLM/yr

0.68 0.86 0.96
0.52 0.7 0.81
0.36 0.54 0.65
0.19 0.37 0.43
019 0.30

0.11

Exposure Rate = 10.086 WLM/yr

1.66 2.09 2.3
127 1.1 1.96
0.88 1.33 1.58
0.47 0.92 1.18
0.46 0.73

0.27

Exposure Rare = 20,00 WEMyr

3.2a0 4.00 4.45
.48 1.0 176
1.73 2.58 3.06
0.93 1.8§ 2.31
0.92 1.44

0.54

0.25
0.21
0.17
0.13
0.08
0.04
0.0

0.99
0.8
0.68
0.51
0.3
0.14
0.03

2.40
.03
L.a5
1.26
0.80
0.35
0.08

4.56
3.89
319
2.44
1.58
0.69
0.15

0.25
0.21
0.17
0.13
.08
0.04
0.01

1.00
0.84
0.68
0.52
0.3
0.15
0.

241
1.4
1.66
1.27
0.82
0.36
0.09

4.58
39
3.2l
2.46
1.60
0.71
0.18

0.25
0.21
0.17
0.13

0.03
0.01

0.99
0.83
0.67
0.51
0.32
0.14
0.03

2.40
2.03
1.65
1.25
0.50
0.34
0.07

4.56
.89
L9
2.44
1.57
0.68
0.14

*Estimated with the committee’s TSE model. R, includes Ky, the bascline risk for females in Lthe 1980-1984 U.5. population, 0.025; the expected lifetime

of females is 76.4 yr.
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TABLE 2-11 Measures of Effects of Radon-Daughter Exposure in Males
Conditional on Known Survival to a Specified Age

Age Known Alive {yr)

Exposure Rate
Meazure® (WLM/yr)} 0 20 40 60 B0
Ry 0.00 0.067 0.06% 072 0.067 0.029
R 0.20 0.074 0.077 0.07 0.07 0.032
0.50 0.085 0.087 0.091 0.082 0.036
1.00 0.102 0.105 0.109 0.097 0.042
S.00 0.223 ©.230 0.238 0.206 0.091
10.00 0.344 0.354 0,367 0.319 0.146
20.00 0.512 0.527 0.547 0.487 0.241
REIRS 0.10 1.052 1,043 1.027 1.014 1.000
0,20 1.105 1.085 1.03% L.014 1,000
0.50 1.259 1.160 1.0% 1.025 1.029
1.00 1.512 1.313 1.160 1.054 1.024
5.00 3312 1.917 1,360 1.102 1.034
10.00 5.103 2.120 1.390 1.104 1.028
20.00 7.606 2.091 1.3a7 1.087 1.026
Lo (y7) 0.00 69.72 T1.56 73.33 77.14 86.26
Lk yn 0.10 69.67 71.51 73.28 77.11 86.25
0.20 6%.61 71.45 7. 77.07 86.25
0.50 69.45 .29 73.05 76.97 86.24
1.00 69.19 71.02 72.77 76.80 86.22
5.00 67.24 65.01 0,71 75.52 §6.04
10,00 65.14 66,85 68.49 74.12 85.82
.00 61.82 63.43 4,99 71.82 85.33
LF— L2 ym 0,10 .05 0,04 0.02 0.00 0.00
0.2 0.1 0.08 0,04 0,01 0.00
0.50 0.27 0.19 0.10 0.02 0.00
1.00 0.53 2.37 0.20 0.03 0.01
5.00 2,48 1.7t 0.58 0.14 0.0t
10.00 4.58 3.06 1.5 0.23 0.02
20,00 7.90 4,98 2.27 0.33 0.01

NOTE: Exposure rate assumed congtant starting at birth,

“The 1980-1984 population average of smokers and nonsmokers {ser text}).
5Based on exposure sustained over lifetime.
“Based on exposure stopped at age known alive.

Copyright © National Academy of Sciences. All rights reserved.
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TABLE 2-12 Measures of Effects of Radon-Daughter Exposure in
Females Conditional on Known Survival to a Specified Age

Exposure Rate Age Known Alive (y1)

Measure? (WLM/ 1) 0 20 40 &0 BO
& 0.00 0.025 0.026 0.026 0.021 0.008
RS 0.10 0.027 0.027 0.027 0.022 0.008
0.20 0.028 0.02% 0.029 0.023 0.009
0.50 0.032 0.033 0,033 0.026 0.010
1.00 0.039 0.040 0.040 0.031 0.011
$.00 0.093 0.09% 0.096 0.071 0.026
10.00 0.156 0.159 0.160 0.118 0.043
20.00 0.266 0.272 0.274 0.204 0.076
RE/RS 0.10 1.056 1.038 1.000 1.000 1.00¢
0.20 1.113 1.074 1.036 1.000 1.00¢
.50 1.281 1.179 1.100 1,040 1.000
£.00 1.560 1.333 1.143 1,033 1.000
5.00 3.706 1021 1,391 1.127 1.083
10.00 6.150 2,373 1,468 1.146 1.049
20.00 10,567 2.542 1.481 1.146 1.083
Ly (y1) 0.00 76.45 77.85 78.64 81.07 86,87
LY (yo) 0.10 76.42 77.83 78.62 81.06 86.87
0.20 76.40 77.80 78,59 51.04 86.87
0.50 76,32 71.72 78,52 BL.01 86.87
1.00 76.20 77,60 78.29 80.95 86.58
5,00 75.22 76,60 77.29 B0.46 86.58
10.00 74,05 75.40 76.21 79.88 86.88
20.00 71.88 72,20 74.01 78.76 86.86
LS—Lbtm 0,10 0.03 0.01 0.01 0.00 0.00
0.20 0.08 0.03 0.02 0.01 0.00
0.50 0.1 0.09 0.04 0.00 0.00
1.00 0.25 0.17 0.08 0.00 0.01
5.00 1.23 0.84 0.41 0.04 0.02
10.00 2.40 1.63 0.77 0.08 0.03
20.00 4.56 3.04 1,42 0.15 0.08

NOTE: Exposure tate assurmed constant starting at birth.
“The 1980-1984 popuiation average of smokers and nonsmokers (see text),

4Rased on exposure sustained over fifetime.

“Based on exposure stopped at ege known alive,

Copyright © National Academy of Sciences. All rights reserved.
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Recognition that radon and its progeny can accumulate to high
concentration levels in homes has led to concern about the lung-
cancer risk associated with domestic exposure. Those risks can be
estimated with the committee’s model based on occupational expo-
sure, but several assumptions are required. For the purpose of risk
estimation the committee assumed that the findings in the miners
could be extended across the entire lifs span, that 1 WLM yields
an equivalent dose to the respiratory tract in both occupational and
environmental settings, that cigarette smoking and radon-daughter
exposure interact multiplicatively, and that the sex-specific baseline
risk of lung cancer is increased multiplicatively by radon daughters
for males and females. The committee judged that its assumptions
were supported by available evidence, although some alternatives are
possible.

Tables 2-4 to 2-12 and Tables VII-12 to VII-23 in Appendix VII
can be used to describe the risks associated with exposure patterns
of current concern. For example, the current standard for radaon-
daughter exposure in underground mines limits the annual total to
4 WLM. From Table 2-8, the average lifetime risk of lung-cancer
mortality for males of unspecified smoking status sustaining 4 WLM
annually from age 20 through age 50 is 0.131. That is about twice the
baseline risk for all males, 0.087. If the miners are smokers, lifetime
riek in this exposure situation (from Table VII-18 in Appendix VII)
ie 0.230, compared with 0.123 for unexposed male smokers.

Exposure to radon progeny in indoor environmente is also a
present concern. Consider female smokers exposed at 1 WLM annu-
ally from age 20 through age 60. From Tables VII-19 in Appendix
VII, the lifetime lung-cancer risk associated with that exposure is
0.078, about 1.3 times the risk for unexposed female smokers.

Definitive data on average magnitudes of radon exposures in
indoor environments are not available. The U.S. Environmental
Protection Agency is, however, planning a national survey that will
take into account types of housing and other demographic variables
on a regional basis. In its Report 78, Evaluation of Occupational
and Environmental Ezposures to Radon and Radon Daughters in the
United States, NCRP assumed an average environmental exposure of
0.2 WLM/yr, and the committee follows that example to estimate
roughly the effects of environmental exposures at average ambient
levels. On the basis of 1980-1984 U.S. mortality rates, the lung-
cancer mortality risk for males of unspecified smoking status is 0.067.
From Table 2-6, tbe lifetime lung-cancer mortality rate associated

Copyright © National Academy of Sciences. All rights reserved.
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+ The relationship between WLM and dose to the respiratory
tract can differ in the occupational and environmental settings. The
dosimetry of radon daughters in various settings should be examined
further, to provide a better basis for describing the risk associated
with environmenctal exposures.

e Ounly a few studies of lung cancer associated with environ-
mental exposure (indoor radon) have been carried out. These studies
have had small numbers of subjects and have based exposure assess-
ment on surrogates or limited measurements. Additional studies of
the risks associated with environmental radon-daughter exposures
are needed, but they should address the comparative risks related
to a given exposure in occupational and environmental settings, and
not solely the question of whether environmental exposure causes
lung cancer. Studies of environmental radon should he designed
with sufficient statistical power to quantitate potential biologically
significant differences in the riske of exposure in occupational and
environmental settings.

e The lung-cancer histological types associated with radon-
daughter exposure need further investigation.

+ Many questions remain on health outcomes other than respi-
ratory malignancy. The committee encourages investigation related
to renal disease, nonmalignant respiratory disease, and reproductive
outcomes.
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ANNEX 2A

The Committee’s Analyses of
Four Cohorts of Miners

PART 1: Data Analysia

INTRODUCTION

The statistical methodology for epidemiological cohort analysis
is evolving rapidly. Breslow! recently has prepared an excellent
review of these developments. The new methodology is, to some
extent, a generalization of the traditional standardized mortality
ratioc (SMR) methods which improves and formalizes examination
of the dependence of the relative risk on exposure level, time since
exposure, age at risk, age at exposure, gender, and other relevant risk
factors. It also provides a unified approach for testing the validity
of models and for estimating the value of parameters. For the
purposes of interest here, a particulaz strength of the new methods
is that they permit the analysis of cohort data with purely internal
comparisons, rather than comparison with external population rates,
as in traditional SMR methods. Heretofore, these new atatistical
methods have not been widely applied to the studies of cohorts of
miners exposed to radon and its decay products. The committee
applied these methods to the data for four cohorts of miners in
order to analyze the data sets with a common approach and extend

B4
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those analyses already published. Our analysis provides the basis
for the committee’s cornputed estimates of lung-cancer risk following
exposure to radon and its progeny.

Lung cancer is caused by many diferent agents that may cause
the disease on their own or through combined effects. The process
of carcinogenesis is undoubtedly very complex, and ary model to
describe it will remain, at best, a rather rough approximation.
Further, even with fairly simple models that incorporate some of
the factors determining lung-cancer risk, the available data are not
always strong enough to provide clear answers to some of the most
important questions, such aa the effect of age at exposure or time
since exposure. We have carried out & combined analysis of data
from four cohorts to estimate certain efects thought to be important,
but not adequately estimated from any single cohort.

Analysis of data combined from several cohorts can lead ta
serious biases. The combined analysis described here was done
carefully, with that possibility in mind, and only after fairly thorough
analysis of each cchort separately. Allowance was made in the
combined analysis for unexplained differences in the general level
of apparent risk in the different studies, and effects were fitted in
common to the studies only when they were strongly and similarly
suggested in each. In general these effecta were too poorly estimated
in the individuel studies to allow useful inferences. The final models
selected are certain to be rough approximations that may ignore
potentially important factors, which could not be analyzed with the
available data.

Our analysis is done in terms of models that describe lung-
cancer risk relative to age-specific background rates. The rationale
for this choice is explained in some detail later; it does not amount
to & priori acceptance of what is commonly meant by a relative-
risk model in the literature on this subject, i.e., that the relative
risk is constant in age, and perhaps in other factors such as gender,
emoking habits, and locality, To the extent possible, we have avoided
assumptions about the form of the relative risk, and determined from
the cchort data those factors upon which it depends. We believe
that viable models for the relative risk may be simpler than those
for the absclute excess risk, because the latter has been found in
other studies to increase subata.ntla.lly with age and/or time since
exposure in a way that requires complex modeling. The relative risk,
even if not constant in these factors, often depende on thern in & less
substantial way, and thus can be modeled more simply. Moreover,
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statistical methods for analysis of the relative risk are more fully
developed than those for analysis of the absolute excess risk. When
the relative risk and the absolute excess risk are allowed to depend
in rather arbitrary ways on other appropriate factors, then there
is no issue of which model is correct, because tbe two models are
simply alternative expressions of the excess risk.

Qur analysis places substantial emphasis on comparisons purely
internal to the cohorts, in contrast to comparisons with external
population rates. Because the latter method, based on calculation
of SMRs, is conventional and indeed important for cohort analyses,
special efforts were made to compare the two methods. Even though
the cohorts were not designed to include control groups, it will
be seen that remarkably useful inferences can be drawn from the
internal comparisons. Reliance on internal comparisons hes the
advantage of avoiding potential biases due to differences, other than
the exposure of interest, between the cohort and the comparison
population. A major effort has been made in this report to lay
out a proper statistical methodology for such internal comparisons.
This is done through a unified approach that includes both types of
analyses.

The following two sections discuss some general issues in the
modeling of excess cancer risks and scientific issues of statistical
methodology appropriate for such models. The results of such anal-
yses for the cohort data available to us are given in a subsequent
section.

MODELS FOR EXCESS CANCER RISK

It is not the committee’s intention to present a single proper
way for modeling excess cancer risk. The issues involved in the
modeling of cancer risk are very difficult. Given the limited human
data, models cannot be derived that can be shown to be unequive-
cally the most appropriate for describing all the variables that are
clearly relevant. Thus, definition of a true model is not tbe aim
here. Progress has been continually made, however, in obtaining
increasingly clear descriptions of cohort experience. The discussion
below lays out the essentials of our particular approach, so that the
reader can more easily understand the basis of the results given in
Chapter 2 of the committee’s analyses of the radon-exposed eohorts.

The presentation here describes only statistical models, as op-
posed to more mechanistic ones such as multistage models. This
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because it is now evident that the absolute excess risk increases with
age at risk, at least fairly generally. This behavior is very clear, for
example, in the Japanese atomic-bomb survivors for cancers other
than leukernia.'?18

Although our models for the cohorta of radon-daughter-exposed
miners are not taken directly from studies of the atomic-bomb
survivors or other cohorts exposed fo external low linear energy
transfer (LET) radiation, for perspective, we review those findings
briefly. Ignoring effects of gender and calendar time, the Radiation
Effects Research Foundation (RERF) Life Span Study*” shows that
models roughly of the form:

r(d,a,t,e) = ro(a)[1 + B(e}d] (2A-4)

fit the data remarkably well, with 8(¢} substantially larger for those
people exposed as children than as adults. Such models seem ade-
quate for epithelial cancer quite generally, but not for leukemnta, for
the case of acute, low-LET external exposures. Darby et al.® have
shown that the patterns of excess risk in the ankylosing spondilitics
are consistent with thoae in the atomic-bomb survivors, and Land
and Tokunaga'® have shown that this type of model is appropri-
ate for breast cancer. In the radioepidemiologic tables** this type
of model was chosen, after very careful consideration, for describ-
ing the temporal patterns of radiation-induced cancers other than
leukemia. Because the background rates of epithelial cancers gener-
ally increase roughly as a power of age, with an exponent of perhaps
5, the absolute excess risk increases very sharply with age as well.

On the other hand, Pierce and Preston'® have shown that ep-
ithelial cancer in the atomic-bomb survivors also fits a model for the
absolute excess risk of the form:

(2,a,t,e) = ro(a) + Ble)r(t)d, (2A-5)

where () is a power (roughly 3) of time since exposure ¢, and f{e)
is a slope (different than that in Equation 2A-4), which is much
greater for those exposed as adults than as children. In the atomic-
bomb survivors, the relative validity of Equation 2A-4 and 2A-B
cannot be established purely on the grounds of adequacy of fit. The
two models differ greatly, of course, in interpretation, with Equation
2A-4 meaning that age at risk is a primary determinant of excess risk,
and Equation 2A-5 meaning that time since exposure is a primary
determinant. Note that §(¢) in Equation 2A-4 decreases with age
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assignment of numerical values to parameters in them. Although
these approaches are useful in explaining the general features of the
data, we used a more formal method of estimation of the functions
and the parameters involved in our analyses of the cohort data.

The essence of the following approach, which fits in well with
the modeling and data analysis used here, was suggested to us hy
Jan Muller and Robert Kusiak of the Ontario Ministry of Labour,
Toronto, Ontario, Canada. Let d,, d2, . . . , dx be the parts of the
dose that are incurred in k fixed windows of time prior to age a, so
that d = d; + d; + ... 4+ d4. Consider madels of the form:

rla,dy,. - . du) = ra(a)[1 +v(2)(Brcs + Fad + . . . +Buds)]. (2A-6)

If 8 = B2 = ...= P, then this reduces to a model of the form
in Equation 2A-3, using only cumulative dose to age a (lagged). The
term 7(a) above is an expression of the possible dependence of the
risk on age, and plays a similar role to the dependence of g on g, ¢,
and e in Equation 2A-3. If the §; are unequal, then these coefficients
describe the variation in effect for exposures of differing times prior
to age a. It will be helpful at times to express this model as:

r{a,dy,. .., de) = rola)[1+(a}B(dy +02d2 +. .. +8ds}] (2A-T)

if d; is the dose in the most recent window, then the #; represents
the weight that is given to doses in earlier windows, in relation to
recent doses. The entire termn d; + f2ds + . . . + &rdy can be
thought of as an effective cumulative dose at age a.

MODELS INCORPORATING OTHER RISK FACTORS

Factors such as gender or smoking that are generally indepen-
dent of dose history but that affect the risk or modify the effect of
doee in some way must also he considered. In models for the rela-
tive risk, two methods are primarily used to introduce an effect of
another factor; they are usually referred to as multiplicative and ad-
ditive. These terms are not sufficiently descriptive, and the concepts
can best be understood in terms of simple examples, Ignoring effects
of age at exposure and time since exposure, suppoge that one were
considering a very simple model of the form: r(d, s} = ro(a)[1 + A4
and wanted to incorporate an effect of smoking, s. Although there
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use of ungrouped data or more emphasis on analysis of the absolute
excess rick. Other usefu] methods could place more explicit emphasis
on certain random variables such as latent period; for an example,
see Thormas.?!

Our internal analyeis ia essentially a grouped-data version of
the Cox regression method.? For large-scale cohorts, the analysis
of grouped data seems preferable, as it enables easier exploratory
analysis. Further, the rationale for our methode is more transparent
for grouped data, in terms familiar from ordinary regression analysis.
We believe that in view of the approximate nature of models and
the errors inherent in estimation of exposure levels, approximation
due to grouping is not an issue warranting any concern.

For simplicity, we consider first the case of the risk modeled
only in terms of age, calendar period, and dose, where dose is the
cumulative exposure as a function of age, with possibly some lag
time. A simple example of the model can be written, following the
notation of the previous section with the addition of the variable p
for calendar period and the omiesion of ¢ for time since exposure, aa:

r(a: P d) = "o(ﬂ-: P}[l + ﬂ(ﬂ, d]]' (2A'11]
The extension to situations in which the relative risk depends on
additional factors will be given later. First consider the special case
in which p(a,d) = B{a)d, where B(a) denotes a slope that may
depend upon age. This model is particularly important because it
allows for departures from a model with relative risk constant in
age. The dependence of # on age might be formulated simply by
choosing a few intervals of age and letting 8(a) take on free values
for each of these; alternatively, one might specify A{a) as a smooth
function of age, with parameters in the function to be estimated. In
either case the model to be fitted is:

r(a, p, d) = ro(a, p)[1 + B{a)d). (2A-12)
The data summary to which this model is fitted consists of a
cross-classification, in cells defined by specified intervals of a, p, and
d, of the numbers of deaths due to lung cancer, the numbers of
person-years at risk, and the mean dose for the cell. The intervals of
age and calendar period should be fairly narrow, such as 5 yr. The
grouping on dose is lesa critical, for reasons discussed below, and
about six to eight intervals will ordinarily be adequate.
This type of tabulation is standard in the classical SMR com-
putations, but it i a rather sophisticated construct that needs to
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by weighted least squares, using weights inversely proportional to the
variance of the error term. Variance is given by r(a,p,d)/t(a,p,d),
where the numerator is the fitted value of the right-hand side. These
calculations are quite standard, and can be done in any of several
widely available statistical computing packages, such as SAS, BMDP,
or GLIM.

The general strategy is to first fit a model without allowing 8{a)
to vary with a and then allow 8 to depend upon a in some specified
manner. Essentially the same epproach is used when the risk is
modeled in terms of more variables and with more complicated
models for the relative risk. Other factors are added to the set
{a,p,d) in carrying out the cross-tabulation of cases and person-years
at risk. For example, in some of the analyses done for this report,
the cross-tabulation was by age, calendar period, dose category, age
at first exposure, average exposure rate (up to age a), and time since
cessation of exposure. When several such factors are included, the
number of cells in the complete cross-classification becomes large,
bu¢ most of the cells will have O person-yr at risk and can be omitted.

The primary advantage of the relative-risk regression methods
is that they can be used to examine systematically the dependence
of the relative risk on factors of interest. In the regression analysis,
the excess relative risk f(a)d in Equation 2A-13 can be replaced by
various expressions that depend on these factors, so that their effect
on the relative risk can be tested. For example, it is straightforward
to examine whether significant nonlinearity in dose occurs by adding
terms such as dose squared to the models. In modeling effects of
factors unrelated to exposure, such as gender and smoking, the tech-
nical aspects of the statistical methods are the same. These factors
are just added into the cross-classification of cases and person-years.
Any given model for the risk can be fitted by the methods described
above, but the choice of models is substantially more difficult as
variables are added.

This method is based on a natural probability model for the
data: the number of ceses in a given cell, ¢{a,p,d), is a Poisson
random variable with a mean given by t{e,p,d) r(a,p,d). The weights
for the regreasion follow from this Poisson model. This method leads
to maximum likelihood estimates of the parameters in the model.
Commonly held concerns in a regression analysis of enumerative
data, such as the treatment of cells with zero frequencies or those
with very small expected values, are not relevant with this method.
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respectively. The slope # obtained by suitably regressing these SMRs
on (weighted) mean doses is the same as would be obtained by our
relative-risk regression method for the case that g(e) in Equation
2A-13 is taken independent of a. Thus, the SMR method is formally
equivalent to a maximum likelihood fitting for the constant-relative-
risk model. Furthermore, the type of significance testing described
above can be used to decide whether the constant-relative-risk-
model is adequate. We note that the SMR calculations model can
be thought of as estimating a weighted average of f(2) with respect
to @, even when f# is not constant.

It is often unwise to assume uncritically that the cohort under
study differs from the external population chosen for comparison
only with regard to radiation exposure. For example, the well-
known healthy worker effect is often evident in occupational cohorts;
that is, disease incidence in a working cohort is lower than that in
the general population simply because cohort members are healthy
enough to be working. On the other hand, a cohort of miners may
experience higher risks than a comparison population because of
factors not analyzed. Differences due to locality and socioeconomic
factors are also possible, especially when the external comparison is
to national rates. A simple and effective adjustment to allow for such
problems is to estimate from the cohort an additional parameter that
mltiplies all the ro(a,p) values. This has precisely the same effect
a8 the commonly used device of estimating an intercept term in the
regression of dose-specific SMRs on dose, or equivalently, replacing
the 1 in the model represented by Equation 2A-12 by an intercept
parameter to be estimated.

ESTIMATION WITHOUT USE OF EXTERNAL RATES

We can go further and carry out analyses with purely internal
comparigsons within the cohort, as opposed to comparison to ex-
ternal population rates. This approach simply treats each of the
quantitiea ro(a,p) as free parameters to be estimated in the fitting
process. The calculations can, at least in principle, be done by the
same iterative weighted least-squares algorithm appropriate for the
regression model represented in Equation 2A.13, except that many
more parameters need to be estimated. One may be concerned that
fitting so many parameters will prevent adequate estimation of the
factors involved in the relative-risk function, which are of greater
intereat. In [act, it is often the case that this issue does not cause
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(expressed as duration of exposure for & given cumulative exposure).
In particular, analyses were carried out to examine the adequacy of
models where the relative risk is taken to be constant for a given
cumulative exposure. Comparisons to external population rates and
comparisons purely within the cohorts were done in parallel, After
determining from these analyses which variables seem to affect the
relative risk, a more formal analysis of the combined cohort data was
carried out. The first aim here was to obtain better estimates of the
effecta which seemed important in the separate analyses, including
better assessment of whether these effects were common over the
cohorts. In these investigations, separate general levels of risk in the
four cohorts were allowed, in order to avoid confounding of these
differences with the effects under investigation,

Finally, after arriving at a model to describe the patterns of
relative risk, attention was turned to combining over cohorts the
estimation of the general levels of risk. A single maodel, more complex
than ordinarily used in the past, but as simple as we felt possible,
was arrived at to describe the level and patterns of risk in these
cohort studies.

RESULTS

GENERAL ISSUES AND SUMMARY OF DATA

Thia section contains a moderately detailed summary of the
analysis of the four miner cohorts as well as a justification for the
choice of the final model given in Chapter 2. The protocals for
defining data from these studies were taken essentially as described
in the reports by Howe et al ,® Muller et al.,'?1? Radford and
Renard,'® and Hornung and Meinhardt.” Data on individual miners
were made available to us for the first three of these cohorta. For the
Colorado cohort they were not, but special detailed cross-tabulations
were made available to us by the National Institute of Occupational
Safety and Health, Descriptions of the cohorts are given in Appendix
IV. For convenience, the term dose is sometimes used here for WLM.

Person-years at risk are used differently here than in the SMR
calculations by some of the original investigators, and the values
used are correspondingly different. This is largely because in SMR
caleulations, which are implicitly based on constant-relative-riak
models, time at risk is often excluded during periods when the
excess risk is known a prieri to be small, such as during the first few
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FIGURE 2A-1 Excess relative risk and 67% confidence limits by exposure cate-
gory as obeerved in the Eldorado uranium miners at Beaverlodge, Saskatchewsn,
Canada, The comparison is to external population rates,

Figures 2A-1 through 2A-4 show the excess relative risk in
exposure categories for each cohort. These results were computed
by ordinary SMR methods, comparing the cohort experience to the
external population rates without the adjustment of the external
rates just mentioned. Such an adjustment, in the context of these
figures, would amount only to estimation of a possibly nonzero
intercept at zero exposure in fitting some smooth model to these
points. Table 2A-1 gives the numerical data corresponding to Figures
2A-1 through 2A-4. With the exception of the Colorado cohort,
where the range of exposures is very much greater, there is no
suggestion of nonlinearity in dose, either in the figure or in formal
tests in any of the analysis to follow. As will be discussed later, for
most of the analysis here it was decided to use only the Colorado
cohort experience for cumulative exposures of 2,000 WLM or less.

For each of the cohorts, the follow-up periods, total number of
lung-cancer deaths, and person-years at risk are as follows:
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FIGURE 2A-2 Excess ralativa riak and 8T% confidence limite by exposure cat-
ogory us observed in the uranium miners in Ontario, Cansda. The comparisen
is to externsl population retes.

Eldorado (January 1, 1950, to December 31, 1980)
Lung-cancer deaths: 65
Person-years at risk: 114,170
Ontario (January 1, 1955, to December 31, 1981)
Lung-cancer deathe: 87
Person-years at risk: 217,810
Malmberget (January 1, 1951, to December 31, 1976)
Lung-cancer deatha: 51
Person-years at risk: 27,397
Colorado (January 1, 1951, to December 31, 1982)
Total
Lung-cancer deaths: 256
Person-years at risk: 73,642
Under 2000 WLM
Lung-cancer deaths: 157
Person-years at risk: 86,237
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FIGURE 2A-3 Excess relative riek snd 7% confidence limits by exposure
cetegory e observed in the iron ore minars in Malmberget, Sweden. The
comparison is to externzl population rates.

Tables 2A-6 through 2A-9 at the end of Part 1 of this annex
provide a rather detailed description of the data for each of these
cohorts, with several cross-classifications of exposure and other fac-
tors of interest. Although this amount of detail will ordinarily be
of interest only after seeing the results of our analysis, it will be
convenient to refer to these tables occasionally in what follows.

As described in the statistical methods section, the analysis was
done in terms of grouped data that define the cells for which dose,
cases, person-years, mean doses, for example, are tabulated. The
age groups were as follow: under 30 yr, 5-yr intervals from 80 to
79 yr, and over 80 yr. The calendar periods were approximately
5-yr intervals. The dose groups were those shown in Tables 2A-6
through 2A-9. Because means of ungrouped doses for each cell were
used, we think this grouping has had very little effect. Age at first
exposure and duration of exposure were categorized as indicated in
Tables 2A-2 and 24-3,
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TABLE 2A-1  Summaty Data for the Four Miner Coharts

201

Exposure Mean Ho. of Fxpected Person-Years Excess 57% Confidence
Category Exposure Cases o of Cases at Risk Belative Risk Limits®
Eldorado
0-20 1 3] 2L 97,959 0.54 0.23 0.88
20-50 32 9 kL)) 9,243 i.72 0.84 2.96
S0-100 [ 8 2.27 4,127 2.53 1.1 4.26
100-150 120 5 D.B5 1,479 4.87 2.35 8.8
> 150 208 10 0.94 1,251 $.69 6.38 14.22
Ontarin
0-n1 5 M 31.49 149,387 Q.08 —0.10 0.30
20-50 kY 2 12.59 38,574 .67 0.31 t11
50-100 M 13 7.14 17,571 0.82 (.22 1.48
100-150 123 5 247 6,068 1.0} .15 2.3
150-200 174 6 1.67 3,842 2.60 1.18 4.4

> 200 250 B 1.50 2,364 4.2 249 6.94

Al 9134 :s1epiwz-eyd)y pansodaq Ajreusaiul Jayi0 pue uopey Jo S3SIY YyesH




Malmberget
0-20 8 0 1.26 5,559 —1.00 -- 0.46
23-50 34 1 2.61 6,102 3.22 1.97 4.90
50-100 75 11 39 7105 1.76 0.95 2.86
100-150 123 8 ian 4,594 1.89 0.90 U} |
150-200 171 15 2.9 3,067 4.10 2.81 5.78
> 20 217 fi ) | 937 .57 1.77 6.29

Colorado

0-60 14 L] 9.00 18,048 0.00 —0.3] 0.46
60-120 B 5 485 6,342 0.03 —0.41 Q.73
120-360 254 1n 14.31 18,711 1.24 0.84 1.7¢
60480 374 9 378 3,545 1.8 .61 2.46
480-720 a7 34 8.26 8,450 312 2.42 3.95
T2-964 756 11 128 4,027 6.02 4.58 1.60
960-2,000 1,682 45 5.17 7111 .70 6.41 9.19
= 2,000 2,411 99 10.46 7,405 .46 7.52 9.51

“The 67% confidence limils for excess relative risk are an analog of +1 standard error, but are computed by more exacl methods using the Poisson
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(3) in preliminary analyses not reported here, time since cessation
of exposure. Cumulative dose up to the age at which risk is being
evaluated is a very crude summary of dose history for the case of
prolonged exposures. The other model used for this part of the
analysis, in order to more adequately assess the effects of prolonged
exposures, was of the form:

r{age, period, d;, dg, ds)
= rp{age, period}[1 + (f1dy + fada + Bada)] (2A-15)

where d,, d3, and d3 are the WLM exposnres incurred in respective
periods of 5-10, 10-15, and 15 or more* years pricr to the age at
which risk is being estimated. As discussed previously, this was an
attempt to investigate an effect of time since exposure which was
suggested in preliminary analyses by an apparent decrease in risk
with time since cessation of exposure. Note that in a model of this
form, the assumption of a minimal latent period of 5 yr is not critical
since a possibly longer latent period will be reflected by a relatively
smaller value of 5,.

Tables 2A-2 and 2A-3 surnmarize the main results from analysis
with these types of models. For the Colorado cohort only experience
where exposures are less than 2,000 WLM have been used; the
rationale for this is fairly apparent from the lack of linearity scen
in Figure 2A-4, and will be discussed in more detail below, Table
2A-2 1s based on comparisons internal to the cohorts, and Table
2A-3 ia based on comparisons to external population rates. That
is, in Table 2A-2 the functions ro{age, period) are estimated from
the data. In Table 2A-3, ro{age, period) is taken as the external
population rates multiplied by a single factor for each cohort, which
was estimated as a parameter in fitting the model. These factors are
called background SMRs and are given in Table 2A-8 for the fit to
the model where 7 is not allowed to depend on other factors. The
background SMRs change very little in fitting the other models given
in Table 2A-3. The external SMR for the Malmberget cohort has
been fixed, however, at a value somewhat different than estimated
from the data. This does not have a substantial effect on the
general conclusions under discussion; the reason for doing this will
be presented after discussion of the results in these tables.

*5-10 menns from the beginning of the Sth year until the end of the 9th
year, ete,
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changing back to the original scale. For example, the first entry
in Table 2A-2 was calculated on a log scale as 0.956 + 0.400,
corresponding to a risk of exp(0.956 = 0.400) = 2.6 (x/+ 1.5). This
is close in meaning to saying that tbe coefficient of variation of
this estimate is 50%, but with the special interpretation that, for
example, a 95% confidence interval corresponding to +2 standard
errors on the log scale becomes {2.6 x/+ (1.5)?]. These standard
errors represent only the uncertainty of the estimates due to sampling
variation, not that, for example, due to any errors in dcsimetry
ascertainment of deaths.

Another primary feature of the tables are chi-squared statistics
and P values for the statistical significance of tbe dependence of
relative risk on each of the factors investigated. As outined above,
these statistics are based on likelihood ratio teets, and are preferable
on several grounds to assessing the significance in terms of the
variation in risk estimates and their standard errors. For example,
in Table 2A-2 for Ontario and variation in relative risk with age,
there would be approximately a 30% chance of obtaining this much
apparent variation in risk if in fact it were truly constant in age,
due simply to inherent random variation in estimation. The chi-
squared value from which this P value is computed is a measure
of the improvement of fit in moving from the constant-relative-risk
model at the top of Table 2A-2 to the one wbere tbe relative risk
is allowed to depend upon age as indicated. The risks specified to
levels of factors studied are clearly not very well-estimated, and it is
important to be attentive to these significance levels.

Turning to the general results indicated in Tables 2A-2 and
2A-3, tbe internal analyses over cohorts yield no clear evidence for
dependence of the relative risk on age. In contrast, the external
analyses show a general pattern of a decrease in excess relative risk
with age, which would appear to be significant. This is followed up
in the subeequent analysis of pooled data described below.

In none of the analyses does there appear to be a consistent
or significant effect of age at first exposure., Consideration of this
is important since there does appear to be an effect of age at
exposure among the Japanese atomic-bomb survivors, particularly
for those exposed before age 20,'"'® and it is rather widely held
that such an effect should be expected more generally.!* It should
be realized, though, that in prolonged exposures such at these, age
at Grst exposure is not a critical variable. Also, the range of ages
at first exposure that we examined may not be great enough to give
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for the internal and external analyses are 1.3 and 1.2, respectively.
Omission of the Colorado data, keeping the same effects of age and
time since exposure in Equation 2A-17, would increase the estimated
risk by about 33%. The formal multiplicative standard is essentially
unchanged. Again, this indicates that the Colorado data are not
exceptional in terms of statistical significance.

Finally, it may of interest on a number of grounds to be able
to compare the results of using this model with those obtained by
assuming a constant relative risk, not depending on age or time since
exposure. The cohort-specific relative risks are given in Tables 2A-4
and 2A-5. If the combined data are fitted to a constant-relative-risk
madel witbout this cohort dependence, the corresponding estimates
are 1.34 and 1.50 per 100 WLM from the internal and external
analyses, respectively. The multiplicative standard errora for these
estimates are 1.3 and 1.2.
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TABLE ZA-fx  Observed and Expected Lung Cancer Denths and Excess
Relative Risk* Cruss-Classified by Age and Cumulative Dosc for the
Eldarade Cohort

Age 1yt)
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TABLE 2A-6b  Qhserved and Expected Lung Cancer
Deaths and Exeess Relative Risk” Cross-Classified by
Age a1 First Expasure and Cumulative Dose for the
Eldorndo Cohom

Apr at First Exposure {yr)
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150-200 1 1
00544 0.3543
108 b.4T
00-240 a 7
0.0470 05100
aon 1.0
"The daim it guch el are arrangod as Fallows:
Observcd ()
Enpecied LE}

Eneess relntivr Fidl | (D EY — 1
B iCEN TR ks SHMPLLGK T Be ks tHun 28k ot Pepored os er.
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TABLE 2A-6c  Observed and Expected Lung Cancer Deaths and Excess
Relative Risk® Cross-Classified by Time since Cessation of Exposure and
Cumulative Dose for the Eldorado Cohort

Time tince Crigation {yr)

Daoze (WLM) <5 £ R 15+
0 11 [} b
11,0280 0.0000 0.0000
b.og* o.00 0,30
0-20 5 [} L4
1.408% 4.6130 5.B903
255 0671 .51
M-50 3 3 )
05411 11169 b 79
454 1.69 .82
50- 100 3 I 2
04467 0 FEB3 0,958
10,59 011 114
100- 150 4 1 1]
02334 03578 0.2606
1614 1.80 0.00
150-200 2 1 o
0.09%2 0.0088 AL
19.16 Bk 0.60
A0)-250 1 4 1
05 0.2975 01543
18.00 12.45 4,15
“The data in zach gel! are arrwngrd us Follows:
Observed {D)
Expecied (E)

Exeess relative rlsk ({O/E) = 1]
*Excess relutive clsks compuled to be leex than zero ar reparicd 9y oo,

TABLE 2A-6d Observed and Expected Lung Cancer Deaths and Excess
Relative Risk” Cross-Clagsified by Duration of Expasurc and Comulailve
Dose for the Eldoradn Cohort

Duentban of Expesurs (yr)

Do (WLM) =25 254 5+
)] 11 4 ¢
11.028) 00000 £,0000
000 0.00 ¢.00
0-20 14 1 3
4413 2,519 1.41542
1.27 0,00 -]
-5 5 3 1
11935 1.3401 £.7h4)
EAL L T.J0
50-100 1 1 b
PRIk 0. 74%3% 1114
1,78 n.ie 4,40
100- 150 ] 0 5
3% 0 2and 05611
.00 0,00 491
§ 50 00 0 1 F]
17 01537 01843
il 555 G.E5
200-230 0 1] 7
{1 1r] 0. 0ate (5800
i) 00 1£.72
“The duta n each cell are arranged as follows;
Obserwd 10)
Expected (E)

Exresy relative risk (QVE) 1]
PEgcean relative rigka compuied ta be less than sers are repotted 4a aon,
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TABLE 2A-7a Observed and Expected Lung Cancer Deaths and Excass
Relative Risk® Cross-Classified by Age and Cumnulative Dose for Ontarie
Uranium Miners

Age (yr}
Diase I'WLM) <55 55-bd E3L)
] ] 4 ]
.76 1.7359 &.94%
11? 1.30 0.00"
-0 11 11 o
11130 7. 1468 1.71¢
o.m 0,20 000
0-% 19 19 1
b 5639 44142 1.0922
0.52 1.17 .00
£0-100 [} 5 H
1.X5 2,787 10245
0. n.Ha PLH
108150 b i 1
1271 4.9a80 0.2a48
1.Je 0% kN
150 200 4 ? 0
Q4159 0.tbfR2 LNEA]Y
Jan 104 .00
> 100 5 3 0
0.5509 {4802 {1 2554
T 3.37 .00
“The duts in cach cell are areanged oy Followe:
Ohsgrved {O)
Expected |E}

Excess relsit; risk [1Q/E) = 1|

*Eapesk relulive Tisks computed to be lew than sero ar raparied ay zero.

TABLE 2A-7b  Obs¢rved and Expected Lung Cancer
Dreaths and Excess Relative Risk* Cross-Classified by Age
at First Exposure and Comulative Dase for Ontario
Uranium Miners

Age ar Freal Expovurn {yr)

Diasn LWL M3 <3 A+
4 5 H]
14983 B0
0.4 .68
-0 ? |7
ER L4 20,1650
0. eR]
20-5 4 17
3159 4,200
o Q.42
S0-100 3 1w
1 7 LR}
0.7 0.4
100150 | 1
LURALLE ] 1.8098
052 1.2
150200 2 4
04028 1.2t}
397 214
E¥. L] 2 L]
02539 1. 2408
. HE Ry i)
“The darw in gach el ame arranged oy Todlows:
Obmerved (D)
Expucted (E)

Eacesy rglatlee risk [(OVEY 1]
"Fncess relative risks campuied 1o be Lo han e are TrpOrted % Aer.
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TABLE 2A-7¢  Obscrved and Expected Lung Cancer Deaths and Excess
Relative Risk* Cross-Classificd by Time since Cessation of Exposure and
Cumulative Dose for Oneario Uranium Miners

Timr since Cessation of Exposure

Dosc <5 5- 15 »15
L] 1} 4] &
§.3n51 10, 00 0.0000
088 .00 0.00
0-20 3 9 12
14671 79907 144640
12l Bl 9.0
20-50 2 t 8
0.8274 4,685 9882
l.1e 1.18 0.14
50100 2 3 -3
(MR- 10788 2923
0.7 b6 103
100- 150 ] 3 1
115264 I e 07741
000 1.57 |58
150 200} 4 2 0
3121 0.%429 GANY
" bk b1 .00
=200 3 L &
0T 0.5427 bl
am 758 0.
“The data in cach eell ar srvanged us Follows;
Chserved (D1
Euperted |E)

Ercess relntive plink [(O/E) — 1]
*Diase s wverage af srandard and special,

TABLE 2A-7d  Observed and Expucted Ling Cancer Deaths and Excess
Relative Risk* Cross-Classified by Duration of Exposere and Cumulative
Dase for Ontario Uranium Miners

Durslion of Expasure [yr)

Dhoric (WLM <1d 2.5-5 EL]
4 [[}] 5 \]
5.8 0 o0d0w 0.0000
0B iInfinity) 0.00"
4-H 9 1% ]
10,9260 LRICH 0.2708
ua2 0.0 i3.06
20150 a4 7 3
1 930 Bdord 2.207%
1.08 .00 oo
50100 4} i L]
03308 1733 4 DRES
.00 0o 3,47
180-150 a 4 4
00008 0.4H) 10607
000 000 .54
150-200 o 1 L
0.00G1 2.0808 [
.00 1M 178
=20 0 4 K
0.0000 0,014 i annd
.00 0,00 4 Mk
" The data in cach eell are arranged as firllaws
Obagrved (3]
Fapested [E]

Fxeesy relative risk [1O/E) — 1|
Prxevan relubive tmgs compused 1o b dows than eem are repored i s,

Copyright © National Academy of Sciences. All rights reserved.



Health Risks of Radon and Other Internally Deposited Alpha-Emitters: BEIR IV

THE COMMITTEE'S ANALYSIS OF FOUR COHORTE OF MINERS 127

TABLE 2A-Ba Obscrved and Expected Lung Cancer Deaths and Excess
Relative Risk” Cross-Classified by Age and Cumulative Dose for the
Malmberget Cehon

Age dyrd
Deoee (Y LM <55 58ubd zhd
4] 0 1] 4
Q. 00,0285 4.0000
oo+ 0.00 0.00
p-20 & o g
0.2%4% 0.5025 0. 3686
0.00 .o .00
20-50 2 ) 4
[eX ]2 [v] 1.1737 09530
LR ) 1.2 320
S0-108 4] h 5
0,452 1. 5480 [t
0.00 am I.55
1081 50 3 3 2
Q3500 1.a192 1.3700
.50 1.8 045
150- 200 0 L] 4
0,0671 [.1459 1.7078
n.o0 4,72 5
200- 250 4 ! 5
.0000 B.2372 10784
0.0k ik pN-L}
"The datu in each ¢#1f are arranged ny fol kews;
Cbacrvod (O
Expected {B)

Excoss relative risk [(Q/E) — 1)
“Eartas rolative risks computed 1o e kv than 0 are repated 310

TABLE ZA-6b  Qbserved and Expacted Lung Cancer
Deaths and Excess Helative Risk® Cross-Clagsified by
Age at First Exposure and Cumulative Dose for the
Malmberget Cohon

Age al Firsi Exposure (yr)

Doke {WLM) <0 M-
L] 2 a
46002 0,105
0.00% 0.00
Q-20 0 ]
0.5912 0.5551
4.00 0.0
10-50 L] 3
1.5958 1011
4.01 1.3
5. 100 H] 3
ABIRG [PR12 L
.06 10
100- 150 t 2
FAFLS PR
Y] .44
150- 200 13 b
Talyg DR
433 199
200-150 [ ]
1.3 00000
A87 .00
“ e dara in vagh cell are arcanged i follows:
Ohservgst L3}
Bxpericd {E}

Frcess relative risk [1O4E1 1)
" Exaens relutive risks enmputed 1o be less than O ure reported s 0.
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TABLE 2A-B¢  Observed and Expecled Lung Cancer Deaths and Excess
Relative Risk Cross-Classified by Time since Cessatian of Exposure and
Cumulative Dose for the Ma!mberget Cohort

T1me sing Cesaalion of Expasure {yr)

Dase (WLM) <5 E-15 El5
[i] n 4 a
1. | 0% 1. D000 0.0000
D" .00 0.00
0-30 [ 0 0
0,215 f.1785 0.6
0.0l .00 0,00
20-50 4 2 5
06920 o507 1.3%1
4,78 2.4 2.58
S 00 ] 2 4
1.0014 10743 1.%033
169 [} 1} L0
160,150 5 1 |
LIAL ) [ 5051 1.3k
428 144 .05
150200 n 4 i
11611 199K 33
B.0b 1.67 1,94
200-150 ! ) [
R.1125 0.8 0. Osnd
2.0 4.50 D00
“The dala in each cell are nreangrd as Tolkews;
Obrorved {0}
Ezpected (E}

Eacess relative risk [(Q/E) — 1
*Excom relative risks eamputed ta b bosu than 0 are raparied as 0.

TABLE 2A-8d Obscrved and Expeeted Lung Cancer Deaths end Excess
Relative Risk Crogs-Classificd by Duratinn of Expasure and Cumulative
Daosc for the Malmberget Cohort

Duration of Exposure Lyr]

Do 1'WLM) <10 20-30 >3
o 0 1] L]
0 1086 B.0C00 QL)
000" Q.00 0.0
Q=20 0 1] o
1. 1462 4.2000 0.1000
0.0 .00 0,00
=50 3 5 4]
23,197 0.4124 £.0000
1.7 1137 0,00
50-100 7 1 3
14349 LURETLS o.eI17?
LM 1.6 pE-L]
100-1 50 4 4 o
b7 14332 00644
1.2a .27 0.04
150- 200 4 9 4
Q.0000 1.4479 [RELFLY
4. 551 1402
b1 irL ] L] 1] L}
0.000¢ 11,0000 1,312
0.00 000 357
"The data In each gell arc arrongen oy follows:
Qbserved i0]
Ekpected (E)

Excess relative sk [{00EF — 1|
Excens rolative faka compited o be lew than 9 are reported oy O
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TABLE 24-9a  Observed and Expected Lung Cancer Deaths and Excess
Relative Risk* Cross-Classified by Age and Cumulative Dose for the

Colorade Cohaort
Age vn
Dose (WLM) <355 550 =l
Dutl 2 H &
2,85 Lag 2.68
2.m0" .00 057
40- 120 ] 2 !
125 1.7 1.54
060 0.14 0.00
120140 4 4 b
100 268 Al
1,02 D4y 1.49
24480 12 10 H
25 4,14 4.14
.64 1,42 0.69
480 ~560 13 2 21
Faa 4.59 4.38
i 4,07 390
960 84 =¥ 28
3.8 LXY] 6,15
510 q.44 i

“The data it cach cal! are irrenged as follows:

Observed ()
Expected (E}

Excest relative nsk [{O/EY — 1]
*Excew telative risks computod to b kny than D ore repored a5 0,

TABLE 2A-9b  Observed and Expected Lung Cancer
Deaths and Excess Relative Risk” Cross-Classified by
Age at First Exposure and Cumulative Dose for the

Colorada Cohort

Age a1 Fiewt Expouure (yr)

Dosr (WLMY <30 -
-4t 0 ¥
1.02 6.0
0.00% 0,11
=120 o K
JB5 4.0
0.00 0.15
120-240 ] 12
.33 5.74
0.51 1.0
24D-487 b 2
L3 4.7
] 1.4
4E0-90 I a6
PRy 4.6
1.8 4.31
QL0 M T4
5.87 8.78
3.1% .44

“The data b cach cell are areanged as [ollgws:

Observed (0)
Expsiied (E)
Excess relathve risk [(0/E}

" Eacess relative risks somputed to be lesy than 0 are reparted as 0.
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TABLE 2A-% Observed and Expected Lung Cancer Deaths and Excess
Relative Risk Cross-Classified by Time since Cessation of Exposure and
Cumulative Dose for the Colorado Cohort

Time since Cearation (yr)

Diowe {WLM) 5 515 15
0-40 2 3 4
2.5 13 4.1
0.00¢ 0.30 0.00
50- 20 1 1 2
.67 1.74 24
0,49 0.15% 0.00
120-240 k] 7 3
1.00 1.8 ]
2.00 1.48 0.1
140-480 [} 14 7
1.42 4,89 4.3
2.2% 1.87 0.62
480-950 11 0 16
197 5.27 4.30
458 4569 1m
> %40 47 % 21
331 7.4 497
1a.1n 9.5 LB
“The dala in each cell are arranged s falbows:
Obuerved ()
Expectod {E)

Excess refative rigk [(O/E) — 1)
"Excem relutive risks computed o be lass than 0 are reported a2 0,

TABLE 2A-%d Obsecved and Expecied Lung Cancer Deaths and Excess
Relative Risk4 Cross-Classified by Duration of Exposure and Cemulative
Duose for the Colorado Cohort

Daration of Exp (yr)
Dow [WLM) <25 1.5-5 >5
0-a 9 o 4
8.7% .21 0.03
0.09 0.00" 0.00
b0- | 3 a 2 1]
3 0.5l 0.9
0.0¢ 146 0.00
120-240 11 3 |
189 L50 0.68
137 0.20 0.47
24)-480 4 11 I
414 4.40 .49
0.00 1.7} 1.43
430-9560 5 17 35
1,73 5.31 4,50
1.9 2,10 678
b1 | 18 135
D.54 103 11,77
D.85 4,41 9,62
“The data in ¢ach cell are arranged a3 follows:
Obrerved (0
Expecied (E}

Excess relative risk [(O/E} — 1]
¥ Excess relative risks computed to b less than 0 are reported 23 0,

Copyright © National Academy of Sciences. All rights reserved.
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where maximum life is assumed to be 110 yr. In this formulation
there is a small nonzero probability of living more than 110 yr, S(1,
110). Therefore, to be precise Equation 2A-21 should be divided by
the probability of a death event prior to 110, 1 — §(1,110). For the
mortality rates for U.S. malea given in Table 2A-10, this quantity is
1 — 0.0042exp|[—5(0.18794)] = 0.9984.

The additional risk of lung cancer due to exposure to radon
progeny is incorporated intc these risk calculations through the
age-specific lung-cancer mortality rates, Assuming a proportional
hazards model, the lung-cancer mortality rate for an exposed indi-
vidual is A;(1 + ¢;), and the overall mortality rate is h;* + ke,
where ¢; is the excess relative risk for year 1. The ¢; term can be
complicated expressions of, for example, age, dose rate, time since
exposure, and tobacco use patterns. In the presence of exposure,
the probability of surviving year i becomes ¢;exp(h;e;). Corre-
sponding to Equation 2A-21, the lifetime chance of lung cancer for
an individual with excess risk profile e;, . . .,e1;p i8:

LEL (1+ )
R, = S§{1,3) [1 ~ ¢ exp(—hie;
2 btk g S - ao(—hi)]
exp(— Z hyep). (2A-22)
k=1

The ratio of lifetime risks for a specified exposure history compared
to the case for no exposure is R,/ R,.

In some instances it is important to condition all events on
survival after a given age i, for example, lifetime lung-cancer risk
for an occupationally exposed worker who is known to be alive at
age 60. Then, conditional on this knowledge, the probability of lung
cancer at 1 > {5 is:

110

2 Rkt S(to, )1 - @) (24-23)

=ty

Table 2A-10 demonstrates the calculation of lifetime lung-cancer
risk using 1980-1984 data on lung cancer and overall mortality for
U.S. males in columns 2 and 3, respectively. Using columns 2
through 5 and applying Equation 2A-21, the probability of lung
cancer is the sum of the age-specific probahilities in column 6,
Ro = 0.06734. (Note that in this example g¢; is the 5-yr survival

Copyright © National Academy of Sciences. All rights reserved.
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TABLE 2A-10 Probability of Lung-Cancer Mortality in the Presence of Other Causes of Death®

Murtality Rates

3 B Probability of
Age Interval Lung-Cancer All Causes Probability of Suryiving Lung Cancer®
i . x 1y~ ") e, = 1w Interval # (g) Up w Interval i (51 P
0-4 0.606 36.552 0.%819 1.0000 0000003
5-9 0.001 3.500 0.9943 0.981% 0.000001
10-14 0.003 3.833 0.9981 0.9802 0000002
15-19 0.003 14.139 0.9930 0.9784 0.000001
0-24 0.014 20047 0.9890 0.9715 0.000007
25-29 0.039 19.616 0.99)2 0.9617 0.000019
30-34 0.124 19.595 0.9902 09523 0.000059
35-39 0573 24.513 0.9878 0.9430 0000272
4)-44 1.925 356.426 0.9820 0.9314 0.000884
45-49 4.956 58.409 0.9712 0.9147 0.002235
50-54 10,133 94.252 0.9539 0.8883 0.00440
55-59 17.076 146,070 0.9296 08474 0.006974
60-64 26.387 221,096 08944 0.7877 0.009839
65-6% 36.452 339.381 0.8439 0.7045 0011812
74 45.769 H)7.750 0.7758 0.5946 0012017
15-79 49.701 T47 904 0.6880 0.4613 0.009564
8084 47.30N 1,124,224 0.5700 0.3173 0.,005751
85-89 36,801 1.879.436 0.39%07 0.1809 0.002558
90-94 36.801 1.879.436 0.3907 0.0707 0000844
95-99 36.801 1,679.436 03907 0.0276 0.000329
100-104 6,801 1.879.435 0.39%G7 0.0108 0.000129
105+ 36801 1,879,436 0.3907 0.0042 0.000050

“Based on 1980-1584 U.S. male lung-cancer and all causes of mortality rates.
Ricks computed in 5-yr intervals, g; = exp{—5h,).

® Probability of lung-cancer in inlerval i gieen survival {o that interval.
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ANNEX 2B
Radon Dosimetry

This annex gives background information about the radon-222
decay chain and its dosimetry, the entry and deposition of radon
daughters in human lungs, and the factora influencing dose per unit
exposure in underground mines and homes,

DECAY OF RADON AND ITS DAUGHTERS

The decay scheme of radon-222, starting with its parent isotope
radium-226 and ending with stable lead-2086, is shown in Figure 2-1
of Chapter 2. Although this decay scheme appears complicated, the
frequency of decay along some of tha branches is so low that ordinarily
they can be neglected. When these branches are omitted, the result
is & simple, linear chain. The first four progenies of raden, ?'%Po,
214Ph, 214Bj, and 2¢Po (or RaA, RaB, RaC, and RaC', respectively)
have half-lives that are short (all less than 30 min) compared to the
22 yr of the fifth progeny *°Pb (RaD). As a result, under most
circumstances only these short-lived alpha-emitting daughters are of
consequence in the respiratory dosimetry of the radon chain,

Table 2B-1 gives more information about the parent and these
important daughters. The second column of Table 2B-1 gives the
symbols that were assigned to the short-lived progeny before the
present standard symbols were adopted. Notice the very short half-
life of 2*4Po. Tt is 3o short that for all practical purposes it is alwaya
in equilibrium with its parent, #'4Bi, and decay chain calculations
only need to be made for the chain #'*Po, 2!4Pb, and 2!4Bi.

137
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Uranium-238, the head of the chain of which radon is a part, has
a half-life of 4.5 x 10° yr. Since this time is comparable to the age
of the earth, the 28U now present was in existence when the earth
was formed. A typical concentration of uranium in ordinary soil is
20 Bq/kg (0.8 pCi/g), with a range of roughly 7 to 40 Bq/kg (0.2-1
pCi/g).*?

The fifth progeny of *¢U and the immediate parent of radon is
radium, 2?*Ra. Radium’s half-life is 1,620 yr, long enough that the
activity of a deposit of radium does not change appreciably during
our lifetimes except by erosion and transport. Typically, the concen-
trations of radium in ordinary soil are about the same as those of
2387], because the two are approximately in radicactive equilibrium.
Only rarely do natural processes tend to separate radium from the
uranium in the soil. Wastes from uranium and phosphate mining
and processing contain significantly higher concentrations of radium;
uranium tailings piles may have 100 to 500 times the concentrations
of normal soils; in some cases this may be up to 14,000 times. Phos-
phate tailings may have an order of magnitude higher concentration
of radium than do soils.*®

A typical value for the radon concentration in air over average
soil is 4 Bq/m® (100 pCi/m?®), but diurnal and seasonal variations are
a factor of 2 or mare. The radon escapes from considerable depths in
soil, but less efficiently with greater depth. Kraner et al.?® estimated
that half of the escaping radon comes from the first meter and 75%
comes from the top 2 m. The rate of escape of radon from sail differs
widely between different locations and between different times at
the same location. [t depends on the porosity of the containment
material, the radon concentrations of the interstices in that material,
the wetness of the material, the barometric pressure, and the wind
velocity at the surface of the material. The radon concentration
over material with a of high radium and radon content, such as in
and near mines, is roughly proportional to its concentration in the
goil—as high as 2 orders of magnitude more than typical values.

Radon decays into elements that are solids at ordinary temper-
atures., There are electrical charges left on these atoms as a result
of the decay processes. If the radon progenies are produced in air,
most of the charged atoms rapidly become attached to aerosol parti-
cles. Because the proportion of ions that do not become so attached
is particularly important in the dosimetry of radon progeny, it has
been given a special designation, that is, the unattached fraction f.
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The working level (WL) was introduced by Holaday et al.!® as
a convenient one-parameter measure of the concentration of radon
progeny in uranium mine air that can be employed as a measure
of exposure. They defined 1 WL to be any combination of ?18Po,
314Pb, 21Bi, and 2*¢Po (the short-lived progeny of radon) in 1 liter
of air, under ambient temperature and pressure, that resulte in the
ultimate emission of 1.3 x 10° MaV of alpha-particle energy. This is
about the total amount of energy released over a long period of time
by the short-lived daughters in equilibrium with 100 pCi of radon.

Only the short-lived daughters are included in the definition of
the WL because they give most of the dose to the lung. The dose
due to beta particles is small, and alpha particles due to radon
itself are unlikely to be emitted within the body because almost all
inhaled radon is exhaled. Most of the #°Pb (22-yr half-life) and
subsequent progeny are probably eliminated from the body before
they decay (but 2.°Pb has been measured in people with many yeara
of exposure). Notice that the WL definition allows any combination
of radon daughters that results in a certain total decay energy. Thus,
the daughters need not be in equilibrium. Table 2B-2 shows the
distribution of alpha energy for the different radon progeny. From
the last column in this table, the number of WL for an atmosphere
containing 4 pCi/liter of 3'#Po, B pCi/liter of ?*4Pb, and € pCi/liter
of 914Bi is

WL = 0.0014 + 0.00528 + 0.0038C (2B-1)

whether or not the daughters are in equilibrium. Note also that the
working level is independent of the unattached fraction. These inde-
pendent factors are important when dose to the lung is considered.

The working-level month (WLM) waa introduced so that both
the duration and level of exposure could be taken into account. The
WLM is defined as the sum of the products of the WL times the
duration of exposure during some specified total period. The unit
WLM is equal to 170 WL hours, which corresponds to sn exposure
of 1 WL for 170 h {(approximately 1 working month).

LUNG MODELS FOR RADON EXPOSURE

A dosimeiry modelis a collection of mathematical functions used
to calculate absorbed doses. The dose delivered by radon daughters
to the lung depends on both the aerosol involved and the physiol-
ogy of the lung. The aercsol factors include the size distribution
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were for a large man with lungs at full inflation, so the dimensions for
smaller persons had to be scaled down.3% James and colleagues?® 3
included use of the Yeh and Schum model** as an option in their
dosimetry model.

There are three principal models that have been applied to study
the dosimetry of radon daughters in the lung. These models are
those Harley-Pasternak {H-P),'* Jacobi-Eisfeld (J-E),*® and James
and colleagues (J-B).?®* While these models differ in several impor-
tant respects, including clearance mechanisms, cells at risk, and lung
morphology, the effects of these different assumptions on the calcu-
lated dose per unit exposure for any specific conditions to be found in
a mine or a home are reported to differ by only a factor of 3 or less.8
Although there is not yet a scientific basis for choosing a best model,
it is shown below that the predictions made from these three models
for the ratio of the dose per unit exposure in a home as compared to
that in a mine are gimilar.

In the H-P model, clearance is hy mucus only and uptake in the
blood is ignored. It incorporates the recent model of the lung by Yeh
and Schum® and assumes that the only cells at risk are the basal
cells of the tracheobronchial epithelium. Dose is calculated at a fixed
depth of 22 um below the surface for the first 10 generations and at
10 um beyond the 10th generation.

The J-E model assumes the symmetrical lung model of Weibel*®
and considers the effect of variable depth of target cells. Clearance
is by both mucus and by uptake in the blood.

The J-B model makes use of the Yeh and Schurnm** lung mor-
phometry and a uniform probability distribution of depths for target
cells; that is, the dose is averaged over the range of the alpha particle
(mean dose). It includes the dose to epithelial tissue as dissolved
activity is transperted through the bronchial membranes into blood.
This assumption results in a higher mean dose per unit of exposure
of the unattached fraction than that given by the other two models.

Each of these models can be applied to the determination of the
dose to the tracheobronchial region of the lung, where most lung
cancers in humana are found. The differences between the models
for different particle sizes, unattached fractions, and minute volumes
will be seen to be only a factor of 2 or 3 within the normal range
of these factors. A comparison of the models givee a measure of
one source of uncertainty in the determination of dose from radon
daughters.
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FIGURE 2B-2 Maean dese to the iracheobronchial region as m function of
particle size (minute volume, 1.2 m®/h).2*

Figure 2B-2 shows how the mean dose (averaged over the range of
the alpha particles) to the bronchi varies as a function of the particle
size for each of these models. The J-E and the J-B models differ for
small particles by about a factor of 2 in the tracheobronchial region,
while the mean dose for the H-P model is intermediate. For the
dose to basal cells at 22 um, the H-P model gives a higher value for
0.1 activity median aerodynamic diameter (AMAD) particles than
do the other two models. For amall particles the variation between
the models is about a factor of 3. For the pulmonary region, both
the J-E and J-B models give much smaller doses that do not vary
appreciably with the size of the particles.

In most circumstances, inhaled aerosols have a fairly wide dis-
tribution of sizes. For amerosols with attached radon daughters in
mines, George et al.” measured activity median diameters of 0.1 to
0.3 gm with geometric standard deviations o, of about 2.7. Jackson
et al.? found four components of mine atmospheres: (1) free atoms;
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In contrast to charged particulates in the unattached fraction, little
deposition of uncharged particulates occurs in nasal passages.

A third factor affecting the dose is the amount of radiocactivity
that is inhaled and deposited in the bronchi. The entry of radiocactiv-
ity into the lung depends on the amount of air inhaled per unit time
(the minute volume), which is the product of two quantities: the tidal
volume, the volume of air inhaled per breath, and the breathing rate,
the number of breaths per unit time. The International Commission
on Radiclogical Protection (ICRP) report on reference manl® gives a
considerable range of minute volumes that depend chiefly on the level
of activity of a person. For reference values it gives 7.5 liters/min for
men at rest and 20 liters/min for light activity. The ICRP assumes
that the value for light activity is & reasonable average over the day’s
activities for most occupations, although it is recognized that there
is & wide variation. The 20 liters/min corresponds to a tidel volume
of 1.25 liters and & breathing rate of 16 breatha per minute.

The NEA study*® compared minute volumes of 12.5 and 20
liter/min (0.75 and 1.2 m3/h) in two models. Increased breathing
rates can decrease the fractional deposition in the earlier bronchial
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generations by as much as 50%, so that the total deposition in-
creases less rapidly than the increased alpha energy inhaled. Re-
cently, James?®’ has reported that the total deposition is proportional
to the square root of the minute volume over the range of particle
sizes in which deposition is due to particle diffusion.

The variation in the mean bronchial dose as a function of minute
volume for the three models is shown in Figure 2B-4 for particles with
an AMAD of 0.15 um. Note that the curves are concave downward
because of the square root variation of dose with minute volume.

In summary, the results of efforts to model the dese to the lung
show significant differences in the estimates of the dose per unit of
exposure in the trachecbronchial region of the lung: factors of 2 to
3 are typical. Unfortunately, there are few experimental data with
which these estimates can be compared, sc it is not possible to make
a fully informed chaice among the models on the basis of measure-
ments. Recently, Cohen? has reported on measurements leading to
correction factors of about 2 in an updated H-P five-lobe model *®
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Furthermore, some recent experiments indicate that the dose at bi-
furcations is not uniform and may be considerably larger than those
calculated with current models.3! These observations have not, how-
ever, heen confirmed by Cohen’s studies.* Although the deposition
pattern predicted by any particular model cannot be validated in
vivo, the average deposition patterns (and hence, the average dose)
for all the models are sufficiently similar so that any of them can be
used with about equal confidence.

Even though these three lung models give different values for
any particular case, the dose estimates are converging as more infor-
mation becomes available. A survey of dose calculations for miners
made in the period 1951-1981 by the National Council on Radiation
Protection and Measurements (NCRP)* included 28 calculations
of the dose per WLM to the bronchial tissue. The results ranged
from 0.7 to 140 mGy/WLM (0.07 to 14 rad/WLM). In addition to
differences in the loci of the bronchi for which the dose was calcu-
lated, differences in input values of the parameters describing the
radon daughters in the air and of the parameters characterizing the
dosimetry models were responsible for much of the spread. Jacobi??
estimated that input of the same aerosol characteristics into these
models would reduce the spread to about 3 to 10 mGy/WLM (0.3
to 1 rad/WLM). Agreement is even better when the average dose
to the trachealohronchial tree is calculated. For the moat advanced
calculational models, the variation in mean doses can be as little as
20%.%® However, the degree of agreement is better for some aerosol
distributions then others, being best for air in mines and poorer

for the cleaner air in homes where the unattached fraction may be
higher.

EXTRAPOLATION OF DOSES FROM MINES TO HOMES

The committee’s estimates of lung-cancer risks due to the inhala-
tion of radon and its progeny are based on data derived from mining
populations. These estimates can be used to calculate the risk per
WLM in nonoccupational situations, but the attendant assumptions
and uncertainties associated with this change in exposure conditions
must be considered. There are potentially important differences be-
tween the snvironmental conditions in which exposure is sustained
in a mine and a home and between the physical characteristics of
miners and members of the general population. Just as there is no
single lung mode] that has been shown to be beat in all cases of radon
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unattached fraction (0.1) is somewhat higher than those previously
assumed,'®?3 and is higher than the mean value (0.04) measured in
uranium mines.”® Although the unattached fraction of RaA may be
perhaps twice ag high in homes compared to mines, extensive data
on homes and mines have yet to be published.

Assuming that the mines used to obtain the risk numbers for
radon had an unattached fraction (f,,) of about 4%, the three models
shown in Figure 2B-4 give a conversion factor to the bronchial region
of about 0.5-0.6 rad/WLM. For a diffusion coefficient of 0.005 cm?/s
and an unattached fraction of 7% in homes, the same curves give
conversion factors between 0.5 and 0.7 rad/WLM. The ratio f,/f
would then be about 1.2 (1.0-1.4), depending on which lung madel
is chosen.

The equilibrium factor F is dependent on the ventilation rate.
High ventilation rates result in low values of F. Jacobi and Eisfeld24
have shown that variation of the equilibrium factor has very little
effect on the dose per unit exposure to the bronchial cells, Therefore,
even though F aud F,, may be different, the ratio of the conversion
factore is about 1.

Physiological factors must be considered also. Underground min-
ers, usually adult males, spend about 40 h weekly engaged in mod-
erate to heavy activity in the course of their work. Nonoccupational
exposures of adults, both male and female, and children generally
occur in the home during light activity or while asleep. So, in addi-
tion to differing aerosols in homes and mines, the different breathing
patterns of miners and the population in homes must be considered.

The increased minute volume required for the metabolic cost
of exercise is achieved by an increase in both the tidal volume and
the frequency of breathing. The increased frequency of breathing
decreases the mean residence time of aerosols in the lung and, by so
doing, reduces the time available for diffusion to deposit particles on
the bronchial sirways.

Exercise also has a role in how people inhale. With increasing
ventilation there is a shift from nasal to oral breathing. For example,
with exercise requiring ventilation of 35 liters/min, there is a shift
from a pattern of 80% nasal breathing in the resting subject? to
ahout 50% nasal breathing.®” Moreover, many normal people breath
oronasally,® and those with any form of nasal obstruction have =
mainly oral form of breathing. The proportion of oral and nasal
breathing influences the bronchial dose since, as noted above, about
half of the unattached fraction is assumed to be deposited in the
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the indoor environment of homes more completely, and determining
breathing characteristics of uranium minera by on-site measurements.
Finally, high priority should be given to creating and validating a
lung model which retains the best features of the models now in use.
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Polonium

INTRODUCTION

Polonium was the first radioactive element that Marie and Pierre
Curie separated from the uranium ore pitchblende. It has over 25
jsotopes with mass numbers of 192-218. All are radioactive, most
are predominantly alpha-emitters, and many have very short half-
lives. The important isotopes and their nuclear properties are listed
in Table 3-1. Only 2°*Po, 20°Po, and *°Po have half-lives long
enough to permit useful biomedical research; of these, ?'°Po has
been used most. ?’*Po and ?**Po are also important, because they
are daughters of radon and contribute a substantial portion of the
radiation dose from inhaled radon. They have such short half-lives
that no experimental biomedical work can be done with them, and
their effects must he inferred from the effects of isotopes with longer
half-lives. 2'2Po and 2*¢Po are in the thorium-thoron decay chain.

One reason for interest in the alpha particles from polonium is
their existence as radon daughters; indeed, with respect to impor-
tant radiation dose, the radon problem is due largely to polonium.
There are other reasons for interest in polonium; of primary interest
is primarily the isctope ?°Po, which has a half-life of about 138
days and decays to a stable lead isotope (*°°Pb) by almost pure
alpha-particle emission. These properties led to its use in much ex-
perimental work that required an alpha-particle source with useful
energy and a convenient hall-life.

159

Copyright © National Academy of Sciences. All rights reserved.



Health Risks of Radon and Other Internally Deposited Alpha-Emitters: BEIR IV

160 HEALTH RISKS OF RADON AND OTHER ALPHA-EMITTERS

TABLE 3-1 Selected Poloniam Isotopes and Their
Alpha Emissions

Isotope Half-Life Emission u Energy (McV)
mWp, 2.93yr o (99%) 5.114
pg 103 yr a (99%) 4,882
3Py 138.4 days o 5.305
nipg 0.52s o (99%) 7.448
2impg 453 a (37%) 11.65
fipy 4% 10"ts a (99%) B.38
Mpg 1.6 x 107's @ (99%) 7.69
Hipg 1.8 10775 o 7.38
B ) 0.15s a (.77
P <108 a (BO%} 5.55
nipy 3,05 min o 6.11

Polonium has been used extensively as an alpha-particle source
for the production of neutrons by interaction with beryllium. Many
large alpha-particle sources were prepared before plutonium was
available in sufficient quantities to supplant polonium for this appli-
cation. In fact, 21%Po wa= the alpha-particle source in the neutron-
producing initiators of at least the first generation of atomic weapons.
During the Manhattan Project days of World War II, large quantities
of 2*°Po were produced at a plant in Dayton, Ohio, and protection
of workers and the environment was needed.

210Po has found wide application in static-eliminator devices,
for example, in paper and textile plants, The high specific ioniza-
tion around such devices is effective in reducing static electricity
buildup. However, polonium is difficult to contain, and there have
been instances of contamination, not only from static-eliminator bars
but from solutions left in the open, because of polonium’s marked
tendency to “creep.”

Polonium ocecurs naturally in the environment. Airborne radon
decays into polonium isotopes that can be deposited on terrain and
vegetation, for example, on tobacco leaves. Some have postulated
that the alpha-particle radiation from polonium, volatilized from
smoking tobacco, plays an important role in the genesis of lung
cancer in smokers.®”

PROPERTIES

The chemical behavior of polonium was described many years ago
by Haissinsky'** and others, later by Maoyer,?® and in the Russian
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literature by Moroz and Parfenov.®® It has a complex solution and
electrochemistry. Properties of prime importance for understanding
ita behavior in living aystems are discussed in a volume prepared by
Stannard and Casarett52%3 and are discussed specifically by Morrow
et al.3131 Thomas and Stannard,*® Thomas5! and Feldman and
Saunor.'? Subcellular distribution was iuvestigated by Lanzola et
al. 28

Polonium is chemically different from most of the alpha-emitting
elementa discussed in this report. It has many of the characteristics of
the rare-earth elements, is amphoteric, and tends to form hydroxides
and radiocolloids both in vitro and in vivo. As a result of the latter,
polonium is phagocytized readily by cells of the reticuloendothelial
system and deposita substantially in the spleen, lymph nodes, bone
marrow, and liver (in that order) after parenteral administration.
Major deposition also occurs in the kidneys. Tissue distribution is
influenced considerably by the route of administration.

Autoradiographic studies, begun in the 1920s by Lacassagne and
Lattes,?® have characteristically demonstrated the presence of much
aggregated polonium both in solutions at or near neutral pH and
in vive, These aggregates demonstrate the presence of radiocolloids.
They are not seen in vivo after ora! administration of polonium,®
and they become disorganized and gradually disappear. In contrast,
nonaggregated (semi-ionic or ionic) polonium is more uniformly dis-
tributed to tissues and less influenced by the route of administration.
The nonaggregated form, although less striking autoradiographically,
can account for a subatantial fraction of the radiation dose.

Polonium has less tendency to form specific complexes with
biomolecules than do radium, plutonium, americium, or other trans-
uranic elements, although relatively loose combinations with numer-
ous moieties are common; for example, polonium combines with the
globin portion of hemoglobin and other bleod constituents and binds
nonspecifically to proteins. It does not exchange for calcium in bone,
as does radium, nor does it combine with osteoid, as does plutonium,.
Polonium is relatively volatile and is easily vaporized from a solid
source.

The only other major element in the alpha-emitter series with
physical and chemical properties somewhat resembling those of polo-
nium is thorium. However, the situation with thorium isotopes is
much more complex, partly because of the ingrowth of daughter
products and the decay of the parent isotopes.
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DOSIMETRY

In contrast with many of the alpha-emitters discussed in this
report, 71°Po is at the end of a decay chain and disintegrates to a
stable isotope of lead. The short-lived isotopes in the radon chain
decay to a long-lived intermediate, 2'°Pb.

Substantial radiation doses from polonium can be expected in
many tissues of the body. Indeed, it supplies a more nearly whole-
body dose than any other alpha-emitter except radon gas, but anly
by contrast to the highly localized doses imparted by bone seekers,
such as plutonium and radium. In general, the spleen and kidneys
concentrate polonium more than other tissues except for temporary
deposition in the lung after inhalation of an insoluble form. Effects
are more common in the kidney than in the spleen, despite a nomi-
nally higher dose in the spleen. The lymph nodes and the liver are
also affected.

A high concentration of polonium is found in blood cells after oral
administration and long after parenteral adrministration.!®:43.45.47
Polonium can enter red blood cells in nonaggregate form, but ap-
parently not in aggregate, that is, colloidal, form. Because the polo-
nium that enters the body by intestinal absorption does so largely in
nonaggregate form, a much larger fraction of the dose ia found associ-
ated with red blood cells combined with the globin of hemoglobin,*5?
A considerably emaller fraction appears in the cells of the reticuloen-
dothelial system, and colloidal aggregates are notably absent. Thus,
dose distribution after oral administration involves a larger contri-
bution to radiation dose from the circulating blood and from nonag-
gregated polonium. The distribution of polonium after inhalation is
intermediate between those after parenteral and oral administration.
The reletive concentration increases over time after intravenous ad-
ministration; by 250 days, a substantial fraction of the body burden
of polonium is associated with red blood cells,4® However, this shift
occurs long after the major biological elimination and does not alter
the cumulative dose very much. It could be pertinent to calculations
of dose rate over long-term conditions.

These characteristica of dose do not seem to be sufficient to
have a large effect on the early toxicity of polonium. Indeed, for
periods of up to 200 days, a gross plot of toxicity as measured
by lethality in rats shows that it is nearly the same for all routes
of administration.!® This simplifies dosage calculations, but applies
largely to doses considerably higher than those of primary interest.
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intravenous adminiatration, moat polonium is excreted in the feces.
More appeared in urine in rabbits and consistently less in the urine
of dogs. Except for the contribution of poloninm not absorbed from
the gut after oral administration, the effect of route of administra-
tion is not large. There is a tendency for greater urinary excretion
of inhaled polonium and especially of orally administered polonium.
Nevertheless, clearances of polonium from the blood through the kid-
ney are generally low, for example, 0.005 ml/min after intravenous
administration in the cat and 0.01 ml/min on absorption from the
cat’s stomach 32 (Clearance rates for man are 0.01-0.08 ml/min.) In
contrast, clearance rates in the cat for radium are 1 and 2 ml of
plasma per min, and those for strontium and calcjum about 0.91
and 0.17 ml/min, respectively. The amounts of polonium bound to
protein and in colloidal form are considered sufficient to account for
its low urinary clearance rate.

The role of the liver in removing polonium to the feces by the
bile was confirmed in bile duct ligation experiments in animala by
Fink'? and in the early work of Lacassagne summarized by Fink. It
has also been postulated that the intestinal wall has a role.}!

Polonium is secreted in the milk of lactating animals.*%:** Equa-
tions for its concentration in milk as a function of time after intake
have been developed. The effective half-life for excretion in cows’
milk over a 20-day period was about 3.7 days, increasing to 33 days
at longer times after uptake. The transfer coefficients to milk (in cows
or goats) depend on the species and the nature of the compound in-
gested, but are always well below 1.0 (maximum, 0.18; minimum,
0.0089).

In the context of the important relative toxicity experiments
with alpha-emitters, *'°Po has acute toxicity far greater, on a per
microcurie basis, than either plutonium or radium. However, if
lethality is measured at 300 days in rats, polonium is only about
twice as toxic.

Blair? compared the long-term life-span-shortening effects of sin-
gle doses of 21°Pg, %Py, and ?**Ra in rats. ?'"Po administered at
1 uCi/kg of body weight shortened the life span of the animals by
4.3 weeks. Comparable life-span shortening was brought about by
3Py at 0.9 uCi/kg and 2?*Ra at 5 uCi/kg. Thus, the long-term
life-span-shortening effects of polonium and plutonium appear to be
comparable and about 5 times as great as that of radium. Life-span
shortening with a multiple-dose regimen was almost identical, on the
basis of effective dose.5® That was taken as evidence that most of
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the injury (perhaps about 80%) produced by polonium alpha par-
ticles was irreversible. In contrast, life shortening in the mouse by
strontium-89 is much reduced if the dose is divided.!” Indeed, the ef-
fect of beta particles from ®8r is comparable with that of x rays and
has been interpreted as being due to the presence of a much higher
fraction of reversible injury caused by low linear energy transfer
radiation.

The increase in effectiveness caused by protraction of the dose
from alpha particles, described elsewhers in this report, has not been
seen with polonium, The female rat shows a tendency toward more
life-span shortening on a multiple-dose regimen, but the male does
not. These findings might arise from the design of the experiments
with polonium and perhaps do not contradict the general observa-
tion, especially inasmuch as these experiments predated those which
stimulated the idea that the alpha-emitter effect was increased by
protraction.,

HISTOPATHOLOGY AND CARCINOGENESIS

Specific short- and long-term pathologic effecta of polonium have
been described by investigators at Argonne National Laboratory, Ar-
gonne, I.; the Mound Laboratory, Maimisburg, Ohio; the University
of Rochester, N.Y.,; and the USSR. Most follow the sequences of acute
or chronice radiation injury. Most of the reports have been in reason-
able agreement, except for a description of extensive liver damage in
rats in a multiple-dose experiment at the Mound Laboratory. The
liver damage, not seen in other studies, might have been attributable
to a strain difference.

Increases in the incidences of cancer in experimental animals
attributable to polonium were not reported until the early 1950s.
Finkel and Hirsch!® reported the presence of lymphomas in mice by
250 days after injection of polonium at about 1.5 and 0.9 xCi/kg.
They also reported a significant increase in bone tumors (presumably
arising from bone marrow deposition, inasmuch as polonium is not a
bone-gseeking element) at 8 and 0.46 uCi/kg.41547 Although tumors
appeared in the animals at the Mound Laboratory, the incidence did
not differ significantly between control and experimental animals.

Casarett®™® has described neoplastic changes in rats that re-
ceived single or multiple oral doses of polonium. Over 40 soft-tissue
tumors appeared in 175 rats (23%) on a single-dose regimen and
only three tumors appeared in 34 controls (9%). Some of the tumors
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were malignant. Many were primary and there waa a considerable
variety. Tumnor incidence was maximal at the middle doses (5 and 10
uCi/kg). At the highest dose (20 xCi/kg), the life span was too short
far much expression of tumor growth. At the lowest dose (1 uCi/kg),
there were somewhat fewer tumors. Turmors were both increased in
incidence and advanced temporally by polonium. Neoplastic effects
were present, but in different incidences and distributions. After oral
edministration, less hyperplastic change occurred in the hematopoi-
etic organs and testes; this finding was compatible with the lower
concentrations of polonium in these organs after oral administration.

Among the nonneoplastic degenerative effecta of polonium is the
development, of sclerotic changes in blood vessels, which might be
due to bloodborne polonium. This effect was seen particularly in the
testes and the kidneys. In the kidneys, the process could be followed
through proliferation of the arteriolar endothelium to the blocking
of blood vessels and ischemia of portionsa of the kidney.® This lesion,
like many others in this and other experiments, depended heavily on
dose and was never as marked in the multiple-dose experiment.

General nonneoplastic changes from polonium administration
included atrophy of the seminiferous epithelium and hyperplasia
of interstitial (Leydig) cells in the testes, In addition, hypoplasia
and atrophy of lymph nodes, thymus and spleen, and bone mar-
row occurred. There was involution of growing cartilage, arteriolar
nephrosclerosis, vacuolization of adrenal cortical cells, atrophy of
the pancreas, hypoplastic and hyperplastic changes in pulmonary
lymphoid tissue, obstructive pulmonary emphysema with partial ob-
struction of bronchioles, and general arteriosclerosis.® Some of these
changes were direct radiation effects; others were indirect degenera-
tive sequelae.

Nearly all these detailed histopathological findings have occurred
at relatively high doses, well above those of primary interest in this
report. Few of the doses are relevant to possible population or
environmental exposure.

Observations in animals in the USSR3® placed considerable em-
phasis on dogs and on changes in the nervous, the endocrine, and the
immune systems and the general stress syndrome, including changes
in the sympathoadrenal system. Extrapolation of the phenomena to
lower than the experimental doses is important, but cannot readily
be quantitated. The increased incidence of lymphomas, lung cancers,
kidney tumors, and neoplasms of the mammary and sex glands has
been described in the report from the USSR.30
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the hematopoietic syastem was suspected in association with the two
higher doges. There was no long-term follow-up.

Hematologic changes; impairment of the liver, of the kidney,
and in reproductive organs; and changes in protein, carbohydrate,
and pigment metabolism have been reported in Russian workers who
bad incorporated 1-5 uCi of #'9P0,2¢ This result is consistent with
findings in animal experiments and could be the only documented
instance of effects of polonium in man.

A different source of polonium in workers is its gradue! ingrawth
from the decay of 22°Ra deposited in the skeleton of luminous-dial
painters and radium chemists, or as an end product of radon-222
exposure and the deposition of '°Pb in bone. In botb instances,
the polonium is formed in situ and may or may not be transferred
away from the site of deposition of the precursor. As a result, more
polonium is found in bone in these cases, and the potential for effects
in bone is greater than that after direct uptake. Hill®* analyzed
both 2°Po and 2'°Pb concentrations in tissues of several former
dial painters. The ratio of bone concentrations of polonium to soft-
tissue concentration was much higher than was ever found when it
entered the body directly. In one case, the bone of a former radium-
dial painter contained 2°Po at 1,500 pCi/kg and 23°Ra at about
4,000 pCi/kg. In the absence of exposure to specific precursors, the
21°Pb concentrations in soft tissues have been found to be quite
low. Holtzman?? postulated that normal people acquire only a small
fraction of their #'®Po burden in soft tirsues from the decay of skeletal
#Ra or 2°Pb. The highest concentrations of polonium in any
tissue in the radium-dial painters were found in bair.?* One sample
contained 25 uCi/kg. High concentrations in the pelts of animals
have also been reported sporadically.

OTHER EXPERIENCES IN HUMANS

Shantyr and coworkers*! reported on clinical and laboratory in-
vestigations in 10 children who were contaminated accidentally with
#1%Po from a damaged polonium-beryllium neutron source. Analysis
of excreta indicated body burdens of 0.2-7 uCi, which is far above the
existing maximal permissible burden of 0.04 4Ci. Yet no noticeable
changes in general health, blood, or kidney function were observed
throughout a 48-month observation period. There was some impair-
ment of protein formation in the liver beginning at about 21 months.
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Experience in man has amply confirmed the metabolic behavior
of polonium as observed in investigations with animala. However,
experience with effects, although consistent with the findings in ani-
mals, is far too sparse to support any direct estimates of health risks
in man at the present time.

POLONIUM IN THE ENVIRONMENT

After decay of radon or its daughters in air, polonium deposits
on plants. Grazing animals take up appreciable amounta of 41%Pg
from the environment. Concentrations above 1,000 pCi/kg have
been found in some animal tissues in the Aretie food chain and in ar-
eas of high rainfall. Hill** presented a summary of the ?°Po content
of various human and animasl foods, largely from the United King-
dom. The amounts ranged from 1 pCi/kg in carrots and potatoes
in the United Kingdom to 10,000 pCi/kg in a sample of dry lichen
and 16,000 pCi/kg in a sample of dried grass, both from the United
Kingdom. These figures are subject to wide variation, but Hill con-
cluded that appreciable amounts of 1°Po are available to humans in
their diet. Adding the contribution of 31°Pb, which has a half-life
of 21 yr and which is a precursor of ?'°Po, Hill estimated that the
average Western diet would probably include from 1 to 10 pCi of
polonium per day. A check on this amount has been made by analy.
ses of the fecal excretion of these nuclides. Holtzman®? calculated a
dietary intake of 1.8 pCi/day for a few otherwise unexposed subjects
on &n average American diet, and Hill?! calculated 3.2 pCi/day for
six people in the United Kingdom.

A more elaborate study of metabolic balances involved 12 unex-
posed men maintained in 8 metabolic ward for a month or more.2®
Both urine and feces were collected. Mean dietary concentrations
over 5 months were 1.63 + 0.05 pCi/day of *%Po and 1.25 =+ 0.04
pCi/day of 1°Pb, Urinary excretion of 21°Po was 0.268 + 0.033
pCi/day and 2'°Pb was 0.275 + 0.026 pCi/day. Fecal excretion ac-
counted for 1.89 + 0.10 and 1.333 + 0.082 pCi/day, respectively.
Thus, the mean overall halances showed that larger amounts were
excreted than were taken in through the diet. Ordinary atmospheric
intake could not account for the differences, but intake from tobacco
smoke, especially from cigarettes, was sufficient to make up the dif-
ferences.
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Recause tumors arise in the bronchi, the research focused on
polonium concentrations in the bronchial epithelium. Not only did
different investigators come up with different findings, but their mod-
els for dose calculation were different. Moroz and Parfenov®® con-
cluded that the smoking of two packs of cigarettes a day leads to
supplementary alpha irradiation of the lungs of the smoker, equal
to a 0.1 to 100-fold absorbed dose rate in comparison witb that of
the natural background. The highest dase of this wide range of pos-
gible doses approached potential biological significance, whereas the
lowest dose waa far too low to influence the statistics on lung-cancer
incidence in emokers. Cohen et al.? and Harley et al.?° reported that
alpha activity in the bronchi from 2*°Po in cigarette-smoke tar might
be about 10 {Ci per cigarette. From analyses of human lung tissue,
they concluded that there could be areas of high concentration, bui
that the usual concentration was about 1 fCi/m?. That translated
to an average radiation dose of about 1 mrad/yr, with poaaible hot
spots of up to about 1 rad/yr. Again, the doses cover the range
from probably insignificant to possibly significant, depending upon
the importance of hot spots.

Martell®® explained the postulated effectivenssa of a few pic-
ocuries of 21°Po and 91°Pb in the lung—on the basis of the insolubil-
ity of the compounds inhaled in cigarette smoke, in contrast with the
relative solubility of the deposits from other natural sources—and
adopted the hot-particle theory. Martell also proposed that chemical
carcinogens in smoke could potentiate the effects of the low radiation
levels. Martell extended his arguments to other carcinogenic agents,
such as asbestos, and even to a role for polonium in the development
of atherosclerosis.

RISK ESTIMATES

We have no direct measure of risk for most polonium isotopes
based on experience in humanes, but its health effects exemplify those
of alpha-particle radiation in soft tissues. Risk estimates for humans
must therefore be based on other alpha-particle emitters with appre-
ciable components of dose to soft tissue. Studies on radon and its
daughters and some thorium compounds may be useful in estimating
polonium risks. A risk evaluation baged on radon daughter exposure
is probably that of a risk based on the short-half-life polonium iso-
topes. However, it would apply only to lung cancer, and it may or
may not apply to the longer-lived 2*°Po,
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Rigk evaluation based on thorium would introduce much un-
certainty because of the complexities of the thorium decay chain.
Some thorium isotopes are distributed in the body very differently
from polonium. The best candidate is probably a colloidal form of
thorium dioxide called Thorotrast, because it seeks the reticuloen-
dothelial systern and delivers most of its alpha dose to the tissue
of deposition, usually the liver. Risk estimates based on Thorotrast
would be largely those for the development of liver tumors. If these
could be expanded to the reticuloendothelial system in general, there
would be some potential for correlation.

An entirely different approach could be based on the empirical
toxicity ratios among plutonium, polonium, and radium developed in
the large experiments with mice by Finkel.?¢'1® In these experimenta
the long-term toxicity of polonium was roughly comparabls to that
of plutonium and about 5 times that of radium. However, the time
gpan for these experiments was atill short, relative to the life span of
humans and other long-lived animals. In view of the short radiologic
and effective half-time of polonium, it might be overconservative
to assume that the ratio reported in the animal experiments for
plutonium could apply to long-term risk from polonium in hurnans.
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Radium

INTRODUCTION

Four isotopes of radium occur naturally and several more are
man-made or are decay products of man-made isotopes. Radium is
present in soil, minerals, foodstuffs, groundwater, and many common
materials, including many used in construction, In communities
where wells are used, drinking water can be an important source of
ingested radium. Radium has been used commercially in luminous
paints for watch and instrument dials and for other luminized objects.
It has also been used for internal radiation therapy.

The primary sources of information on the health effecta and
dosimetry of radium isotopes come from extensive studies of 2*4Ra,
326Ra, and ?2*Ra in humans and experimental animals. These studies
were motivated by the discovery of cancer and other debilitating
effects associated with internal exposure to 2°Ra and 228Ra. Later,
similar effects were also found to be associated with internal exposure
to ?*Ra. The purpose of this chapter is to review the information
on cancer induced by these three isotopes in humans and estimate
the risks associated with their internal deposition.

All members of the world’s population are presumably at risk,
hecause each absorbs radium from food and water; as a working
hypothesis, radiation is assumed to be carcinogenic even at the lowest
dose levels, although there is no unequivocal evidence to support this
hypothesis. Before concern developed over environmental exposure,
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These simpler functions have no mechanistic interpretation, but they
do make some calculations easier.

The kinetics of radon accumulation in the pneurnatized air spaces
are determined by the kinetics of radium in the surrounding bone,
the rate of diffusion from bone through the intervening tissue to the
air cavity, and the rate of clearance through the ventilatory ducts
and the circulatory system. Diffusion models for the sinuses have not
been proposed, but work has been done on the movement of 22°Rn
through tissue adjacent to bone surfaces. Clearance through the
ventilatory ducts ie rapid when they are open. The eustachian tube
provides ventilation for the middle ear and pneumatized portions of
the temporal bone. This duct is normally closed, and clearance by
this pathway is negligible. The sinus ducts are normally open but
can be plugged by mucus or the swelling of mucosal tissues during
illness. When these ducts are open, clearance is almost exclusively
through them. Clearance half-times for the frontal and maxillary
sinuses are a few minutes when the ducts are open. Otherwise,
clearance half-times are about 100 min and are determined by the
blood flow through mucosal tissues.” The radioactive half-lives of
the radon isotopes—B85 o for 22°Rn and 3.8 days for **Rn—are quite
different from their clearance half-times. In effect, essentially all
the 2°Rn that diffuses into the pneumatized air space decays there
before it can be cleared, but essentially all the 222Rn that reaches
the pneumatized air space is cleared before it can decay. These
relationships have important dosimetric implications.

BONE CANCER

FREQUENCY AND CELL TYPE

Radium deposited in bone irradiates the cells of that tissue, even-
tually causing sarcomas in a large fraction of subjects exposed to high
doses. The first case of bone sarcoma associated with 226.228R 3 expo-
sure was a tumor of the scapula reported in 1920, 2 yr after diagnosis
in a woman who had earlier worked as a radium-dial painter.** Bone
tumors among children injected with 24Ra for therapeutic purposes
were :feported in 1962 among persons treated between 1948 and
1951,

Spontaneously occurring bone tumors are rare. Sarcomas of
the bones and joints comprise only 0.24% of microscopically con-
firmed malignancies reported by the National Cancer Institute’s
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are also different, as are the relative frequencies for chondrosarco-
mas induced by 926.23%Ra and naturally occurring chondrosarcomas.
Thus, the spectrum of tumor types appears to be shifted from the
naturally occurring spectrum when the tumors are induced by ra-
dium.

DOSIMETRY

The weight of available evidence suggests that bone sarcomas
arise from cella that accumulate their dose while within an alpha-
particle range. These cells are within 30-80 um of endosteal bone
surfaces, defined here as the surfaces bordering the bone-bone mar-
row interface and the surfaces of the forming and resting haversian
canals. The identities of these cells are uncertain, and their move-
ments and life cycles are only partly understood. Since it is not yet
posstble to realistically estimate a target cell doee, it has become
common practice to estimate the dose to a 10-um-thick layer of tis-
aue bordering the endosteal surface as an index of cellular dose. This
discussion will be devoted to matters that have a quantitative effect
on the estimation of endosteal tissue dose.

During the first few days after intake, radium concentrates heav-
ily on bone surfaces and then gradually shifts its primary deposition
site to bone vyolume. Because of its short radioactive hali-life, about
90% of the ?4Ra atoms that decay in bone decay while on the
surfaces. 4

The extreme thinness of the surface deposit has been verified
in dog bone, but the degree of daughter product retention at bone
surfaces is in question.” Schlenker and Smith®® have reported that
only 5-25% of Rn generated at bone surfaces by the decay of
234Ra is retained there 24 h after injection into beagles. The rest
diffuses into surrounding tissue. Most of the 3?°Rn (half-life, 55 s)
that escapes bone surfaces decay nearby, as will 3°Po (half-life 0.2
sec). This will extend the zone of irradiation out into the marrow,
beyond the region that is within alpha particle range from bone
surfaces,

Schlenker and Smith®® also reported incomplete retention for
212Ph and concluded that the actual endosteal dose rate 24 h after
injection varied hetween about one-third and one-half of the equi-
librium dose rate for their experimental animals. If this reduction
factor applied to the entire period when *2¢Ra was resident on bone
eurfaces and was applicable to humans, it would imply that estimates
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of the risk per unit endasteal dose, such as those presented in the
Biological Effects of Ionizing Radiation (BEIR) III report,5¢ were low
by a factor of 2-3.

#28Ra and 2**Ra are also heavily concentrated on bone surfaces at
short times after intake. Roughly 20% of the total lifetime endoateal
dose deposited by *** Ra and its daughters is contributed by the initial
surface deposit. These estimates are based on retention integrale™
and relative distribution factors*® that criginate from retention and
dosimetry models.

There is more information available on the dosimetry of the long-
term volume depoeit. The principal factors that have been considered
are the nonuniformity of deposition within bone and its implications
for cancer induction and the implications for fibrotic tiseue adjacent
to bone surfaces.

The nonuniform deposition in bones and the skeleton is mirrored
by a nonuniformity at the microscopic level first illustrated with high-
resolution nuclear track methods by Hoecker and Roofe for rat?’
and human?®® bone. The intense deposition in haversian systems and
other units of bone formation (Figure 4-3) that were undergoing
mineralization at times of high radium specific activity in blood are
called hot spots and have been studied quantitatively by several
authops 26-28.85.77

Hoecker and Roofe?® determined the dose rate produced by the
highest concentrations of radium in microscopic volumes of bone
from two former radium-dial painters, one who died in 1927 with
an estimated terminal radium burden of 50 ug 7 yr after leaving
the dial-painting industry, and one who died in 1931 with an esti-
mated terminal burden of 8 ug 10 yr after last employment as a dial
painter. These body burden estimates presumably include contribu-
tions from both 23%Ra and 2®Ra. They reported that about 50% of
the Haversian systems in the os puhis were hot spots, while hot spots
constituted only about 2% of the Haversian systems in the femur
shaft, They conclude from their microscopic measurements that the
average density of radium in the portions of the pubic bone studied
was about 35 times as great as that in the femur shaft; this subject
developed a sarcoma in the ascending and descending rami of the os
pubis,

In a study of microscopic volumea of bone from a radium-dial
painter, Hindmarsh et al.3* found the ratio of radium concentrations
in hot spota to the average concentration that would have occurred if
the entire body burden had been uniformly distributed throughout
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the skeleton to range between 1.5 and 14.0, with 3.5 being the most
frequent value. In a similar study on bone from a man who had been
exposed to radium for 34 yr, they found concentration ratios in the
range of 1-16.2° Rowland and Marshall % reported the maximum
hot-spot and average concentrations for 12 subjects. The ratics of
maximurm to average lay in the range 8-37. The higher values of the
ratios were associated with shorter exposure times, usually the order
of a year or less.

Marshall®” summarized results of limited studies on the rate
of diminution of ***Ra specific activity in the hot-spot and diffuse
components of beagle vertebral bodies that suggest that the rates
of change with time are similar for the maximum hot-spot concen-
tration, the average hot-spot concentration, and the average diffuse
concentration. If this is true for all dose levels and all bones, this
would ensure that the ratio of lifetime doses for these different com-
ponents of the radium distribution was about the same as the ratio of
terminal dose rates determined from microdistribution studies. This
is not a trivial point since rate of loss could be greatly affected by
the high radiation doses associated with hot spots.

According to Hindmarsh et al.?® the most frequent ratio of hot-
spot to average concentration in bone from a radium-dial painter
was 3.5. When combined with the mean value for diffuse to aver-
age concentration of about 0.5,°%77 this indicates that the hot-spot
concentration is typically about 7 times the diffuse concentration
and that typical hot-spot doses would be roughly an order of mag-
nitude greater than typical diffuse doses. This large difference has
prompted theoretical investigations of the time dependence of hot-
spot dose rate and speculations on the relative importance of hot-spot
and diffuse components of the radioactivity distribution for tumor
induction. Marshall*® showed that bone apposition during the pe-
riod of hot-spot formation, following & single intake of radium, would
gradually reduce the dose rate to adjacent bone surface tissues far
below the maximum for the hot spot and concluded that the accu-
mulated dose from a hot spot would be no more than a few times
the dose from the diffuse component.®” Later, Marshall and Groer®®
stated that most hot spots are buried by continuing appositional
bone growth and do not deliver much of their dose to endosteal cells
that may lie within the alpha-particle range. This, plus the high level
of cell death tbat would occur in the vicinity of forming hot spots
relative to that of cell death in the vicinity of diffuse radioactivity
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and the increase of diffuse concentration relative to hot-spot concen-
tration that occurs during periods of prolonged exposure led them to
postulate that it is the endosteal dose from the diffuse radioactivity
that is the predominant cause of osteosarcoma induction.

A different hypothesis for the initiation of radiogenic bone cancer
has been proposed by Pool et al * They suggest that the cells at risk
are the primitive mesenchymal cells in osteons that are being formed.
Because of internal remodeling and continual formation of haversian
systems, these cells can be exposed to buried radicactive gites.

It should be borne in mind that hot-spot burial only occurs to
a significant degree following & single intake or in association with
a series of fractions delivered at intervals longer than the time of
formation of appositional growth sites, about 100 days in humans.
When the average exposure period 1s several hundred days, as it was
for humans exposed to 2%325Ra, there will be only a minor reduction
of hot-spot dose rate because the blood level is maintained at a high
average level for the whole period of formation of most hot spots.5?
Autoradiographs from radium cases with extended exposures such as
those published by Rowland and Marshall% bear this out and form
a sharp contrast to autoradiographs of animal bone following single
injection®® on which the model of hot-spot burial was based.

The increase of diffuse activity relative to hot-spot activity, which
is suggested by Marshall and Groer®® to cecur during prolonged in-
take, has s strong theoretical justification. As stated earlier, aver-
age hot-spot concentrations are about an order of magnitude higher
than average diffuse concentrations, leading to the conelusion that
the doses to bone surface tissues from hot spots over the course of a
lifetime would also be about an order of magnitude higher than the
doses from diffuse radioactivity.

If cell survival is an exponential function of alpha-particle dose
in vivo as it is in vitro, then the survival adjacent to the typical
hot epot, assuming the hot-spot-to-diffuse ratio of 7 derived above,
would be the Tth power of the survival adjacent to the typical diffuse
concentration. If the survival adjacent to the diffuse component
were 37%, as might occur for endosteal doses of 50 to 150 rad,
the hot-spot survival would be 0.09%. When one considers that
endoateal doses from the diffuse component among persons exposed
to 226228Rp who developed bone cancer ranged between about 250
and 25,000 rad, it becomes clear that the chance for cell survival in
the vicinity of the typical hot spot was infinitesimal. For this reason,
diffuse radioactivity may have been the primary cause of tumor
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in a radium-dial painter who had died with fibrosarcoma 58 yr after
the cessation of work and who had developed an average skeletal dose
of 6,590 rad, roughly the median value among persons who developed
radium-induced bone cancer. The layer was 8 to 50-um thick, was
sometimes acellular, and sometimes contained celle or cell remnants
within it. Cells with a fibroblastic appearance similar to that of the
cells lining normal bone were an average distance of 14.9 um from
the bone surface compared with an average distance of 1.98 um for
normal bone. The probability of survival for cells adjacent to the
endosteal surface and subjected to the estimated average endosteal
dose for this former radium-dial painter was extremely small, The
authors concluded that bone tumors most likely arise from cells that
are separated from the bone surface by fibrotic tissue and that have
invaded the area at long times after the radium was acquired. Such
cells could accumulate average doses in the range of 100-300 rad,
which is known to induce transformation in cell systems in vitro, If
Lloyd and Henning®? are correct, current estimates of endosteal dose
for ¥°Ra and ?*Ra obtained by calculating the dose to a 10-um-thick
layer over the entire time between first exposure and death may bear
little relationship to the tumor-induction process.

The time course for development of fibrosis and whether it is a
threshold phenomenon that occurs only at higher doses are unknown.
Therefore, no judgment can be made as to whether such a layer would
develop ir response to a single injection of 224Ra or whether the layer
could develop fast enough to modify the endosteal cell dosimetry for
multiple 2?*Ra fractions delivered over an extended period of time.

TIME TO TUMOR APPEARANCE AND TUMOR RATE

The times to tumor appearance for bone sarcomas induced by
2 Ra and ??%22%Ra differ markedly. For 2¢Ra tumors have been
observed between 3.5 and 25 yr after firat exposure, with peak occur-
rence being at 8 yr. The mean and standard deviation in appearance
times for persons first injected at ages less than 21 are 10.4 + 5.1 yr
and for persons exposed at age 21 and above, the mean and atan-
dard deviation are 11.8 + 5.2 yr.*® In contrast, tumors induced by
?38.228Ra have appeared as long as 63 yr after first exposure.! The
average and standard deviation of tumor appearance times for fe-
male radium-dial workers for whom there had been a measurement
of radium content in the body, was reported as 27 + 14 yr; and for
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persons who received radium as a therapeutic agent, the average and
standard deviation in appearance times were 29 + 8 yr.%®

Spiess and Mays?* have shown that the distributions of appear-
ance tirmes for leukemias among Japanese atomic-bomb survivors and
bone sarcomas induced by ?¢Ra lie approximately parallel with one
another when plotted on comparable scales. For the atomic-bomb
survivors and the ??* Ra-exposed patients, the exposure periods were
relatively brief. Leukemias induced by prolonged irradiation from
Thorotrast (see Chapter 5) have appeared from 5 to more than 40
yr after injection, similar to the broad distribution of appearance
times associated with the prolonged irradiation with 228228Rg ]t is
not known whether the similarity in appearance time distribution for
the two tumor types under similar conditions of irradiation of bone
marrow is due to a common origin.

Groer and Marshall?® estimated the minimum time for osteosar-
coma appearance in persons exposed to high doses of ?2Ra and
22 Ra. Among these individuals the minimum observed time to os-
tecsarcoma appearance was 7 yr from first exposure. They used
the method of hazard plotting, which corrects for competing risks,
and concluded that the minimum time to tumor appearance was
54 yr with a 95% confidence interval of 1.3-7.0 yr. In addition,
they reported a tumor rate of 1.8%/yr for these subjects exposed te
high doses and suggested that the sample of tumor appearance times
investigated had been drawn from an exponential distribution.

DOsSE-RESPONSE RELATIONSHIPS

Cancer induction by radiation is a multifactorial process that
involves hiological and physical variables whose importance can vary
with time and with age of the subject. For the presentation of empir-
ical data, two-dimensional representations are the most convenient
and easiest to visualize, Thus, most data analyses have presented
cancer-risk information in terms of dose-respanse graphs or functions
in which the dependent variable represents some measure of risk and
the independeat variable represents some measure of insult. There is
no common agreement on which measure is the most appropriate for
either variable, making quantitative comparisons between different
studies difficult.

Three-dimensional representation of health effects data, althcugh
less common, is more realistic and takes account simultanecusly of
incidence, exposure, and time. This is sometimes in the form of
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a three-dimensional dose-time-response surface, but more often it
is in the form of two-dimensional representations that would result
from cutting a three-dimensional surface with planes and plotting
the curves where intersections occur,

Dose is used here as a generic term for the variety of dosimetric
variables that have been used in the presentation of cancer inci-
dence data. Among these are the injected activity, injected activity
normalized to body weight, estimated systemic intake, bedy bur-
den, estimated maximal body burden, absarbed dose to the skeleton,
time-weighted absorbed dose, and pure radium equivalent (a quan-
tity similar to body burden used to deseribe mixtures of %Ra and
2% Ra). The type of dose used is stated for each set of data discussed.

724Rn, *?°Ra, and ??*Ra all produce bone cancer in humans and
animals. Because of differences in the radioactive properties of these
isotopes and the properties of their daughter products, the quantity
and spatial distribution of absorbed dose delivered to target cells for
bone-cancer induction located at or near the endosteal bone surfaces
and surfaces where bone formation is under way are different when
normalized to a common reference value, the mean absorbed dose to
bone tissue, or the skeleton. Sinee it is the bombardment of target
tissues and not the absorption of energy by mineral bone that confers
risk, the apparent carcinogenic potency of thege three isotopes differs
markedly when expressed as a function of mean skeletal absorbed
dose, which is a common way of presenting the data.

The dosimetric differences among the three isotopes result from
interplay between radioactive decay and the site of radionuclide de-
position at the time of decay. As revealed by animal experiments and
clearly detailed by metabolic models, alkaline earth elements deposit
first on bone surfaces and then within the volume of bone. The ra-
dioactive half-life of ?*/Ra is short enough that most of the absorbed
dose to target tissues is delivered while it is resident on bone surfaces,
a location from which absorbed dose delivery is especially efficient.
In contrast, **Ra delivers most of its dose while residing in bone
volume, from which dose delivery is much less efficient. With ?%*Ra,
dose delivery is practically all from bone volume, but the ranges of
the alpha particles from this decay series exceed those from the 228Ra
decay series, allowing ***Ra to go deeper into the bone marrow and,
possibly, to irradiate a larger number of target cells.
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RADIUM-226 AND RADIUM-228 BONE CANCER

The original cases of radium poisoning were discovered by symp-
tom, not by random selection from a defined population. This
method of selection, therefore, made such cases of questionable suit-
ability for inclusion in data analyses designed to determine the prob-
ability of tumor induction in an unbiased fashion. To circumvent this
problem, two strategies have been developed: (1) classification of the
cases according to their epidemiological suitability, on a scale of 1 to
5, with b representing the least suitable and therefore the most likely
to cause bias and 1 representing the most suitable and therefore the
least likely to cause bias; and (2) definition of subgroups of the whole
population according to objective criteria presumnahly unrelated to
tumor risk, for example, by year of first exposure and type of expo-
sure. The latter method does not, in effect, correct for selection bias
because there is no way to select against such cases. For radium-dial
painters, however, the number of persons estimated to have worked
in the industry is not too much greater than the number of subjects
that have been located and identified by name.%” This fact inplies
that coverage of the radium-dial painter segment of the population
is reasonahly good, thus reducing concerns over selection bias.

The first comprehensive graphical presentations of the dose-
response data were made hy Evans.!® In that study both tumor
types (bone sarcoma and head carcinoma) were lumped together,
and the incidence data were expressed as the number of persons with
tumor divided by the total number known to have received the same
range band of skeletal radiation dose. These were plotted against
a variety of dose variables, including absorbed dose to the skeleton
from ?2°Ra and 2**Ra, pure radium equivalent, and time-weighted
absorbed dose, referred to as cumulative rad years. This type of
analysis was used by Evans’® in several publications, some of which
employed epidemiological suitability classifications to control for case
selection bias. Regardless of the dose variable used, the scatter dia-
gram indicated a nonlinear dose-response relationship, a qualitative
judgment that was substantiated by chi-squared tests of the linear
functional form against the data.

Concern over the shape of the dose-response relationship has
been a dominant theme in the analyses and discussions of the data
related to human exposure to radium. In simple terms, the main is-
sue has been linear or nonlinear, threshold or nonthreshold. Evans et
al. provided an interesting and informative commentary on the back-
ground and misapplications of the linear nonthreshold hypothesis.t7
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Concurrently, Mays and Lloyd** anelyzed the data on bone tumor
induction by using Evans’ measures of tumor incidence and dosage
without correction for selection bias and presented the results in a
graphic form that leaves a strong visual impression of linearity, but
which, when subjected to statistical analysis, is shown to be non-
linear with high probability. Although the conclusions to be drawn
from Evans’ and Mays’ analyses are the same—that a linear non-
threshold analysis of the data significantly overpredicta the observed
tumor incidence at low doses—there is a striking difference in the
appearance of the data plots, as shown in Figure 4-4, in which the
results of studies by the two authors are presented side by side.

Following consolidation of U.S. radium research at a single cen-
ter in October 1969, the data from both studies were combined and
analyzed in & series of papers by Rowland and colleagues.?4—% Bone
tumors and carcinomas of the paranasal sinuses and mastoid air cells
were dealt with separately, epidemiological euitability classifications
were dropped, incidence was redefined to account for years at risk,
and dose was usually quantified in terms of a weighted sum of the
total systemic intakes of %*Ra and **®*Ra, although there were anal-
yees in which mean skeletal dose was used. The use of intake as
the dose parameter rested on the fact that it is a time-independent
quantity whose value for each individual aubject remains constant as
a population ages. In contrast, mean skeletal dose changes with time,
causing a gradual shift of cases between dose bands and confusing
the intercomparison of data analyses carried out over a period of
years. The outcome of the analyses of Rowland and colleagues was
the same whether intake or average skeletal dose was employed, and
for comparison with the work of Evans and Mays and their coworkers,
analyses based on average skeletal dose will be used for illustration.
Another difference between the analyses done by Rowland et al.
and those done earlier was division of the radium-exposed subjects
into subpopulations defined by type of exposure, that is, radium-dial
workers (mostly dial painters), thoss medically exposed, and others.
In this way, some problems of selection bias could be avoided, because
most radium-dial workers were identified by search, and coverage of
the radium-dial worker groups was considered to be high. Coverage of
other groups, especially those with medical exposure, was considered
low, and many subjects were selected by symptom. Dose-response
data were fitted by a linear-quadratic-exponential expression:

{C + aD + pD%exp(—1D), {4-1)
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group than female radium-dial workers first employed before 1930
(1,468 versua 759}, the only acceptable fit was again provided by the
functional form (C + 8D?) exp(—+D). When the size of the study
group was reduced by changing the criterion for acceptance into
the group from year of first entry into the industry to year of first
meagurement of body radioactivity while living, the observed number
of bone tumors dropped from 42 to 13, because radioactivity in many
persons was first measured after death. Under these circumstances,
the forms € + aD and (€ + §D?) exp(—+D) gave acceptable fits.

The sscond analysis is that of Marshall and Groer, in which
a carefully constructed theoretical model wae fitted to bone-cancer
incidence data. The model was based on a series of three differential
squations that described the dynamics of cell survival, replacement,
and transformation when bone is irradiated by alpha particles. The
outcome of the fitting procedure was presented in graphic form, with
total unweighted estimated systemic intake of **Ra and ?2?Ra nor-
malized to body weight as the dose parameter. Cumulative incidence,
which is the total number of tumors per intake group divided by the
numbers of persons alive in that group at the start of observation,
was the response paramster. An acceptable fit, as judged by a chi-
squared criterion, was obtained. At low doses, the model predicts a
tumor rate (probability of observing a tumor per unit time) that is
proportional to the square of endasteal bone tissue absorbed dose.
In the model, this dose is directly proportional to the average skele-
tal dose, and tumcr rate is an analog of the response parameter,
which is bone sarcomas per person-year at rigk. Thus, the model
and the Rowland et al. analysis are closely parallel and, as might
be expected, lead to the same general conclusion that the respcnse
at low doses {where exp(—4D) = 1] is best described by a function
that varies with the square of tbe absorbed dose. The analysis of
Marshall and Groer®® is noteworthy, not only because it provides a
good fit to the data but also because it links dose and events at the
cellular level to epidemiological data, an essential step if the results
of experimental research at the cellular level are to play a serious role
in the eatimation of tumor risk at low doses.

The third analysis was carried out by Rasbe et sl 8162 with
time to death by bone cancer and average skeletal dose rate as the
response and dose parameters, respectively. The analysis is most
relevant to the question of practical threshold and will be discussed
again in that context. Raabe et al. employed a log-normal dose-rate,
time-response model that wasg fitted to the data and that could be
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For functions that lack an exponential factor, such as I = 1.75 x
10-5 + (2.0 + 0.6} x 10~% D, redefinition is not required to avoid
negative expected values, and radiogenic risk is set equal to the
difference between total risk and natural risk.

There have been two systematic investigations of the 2?22 Ra
data related to the uncertainty in risk at low doses. Rowland et al.®
examined the class of functions I = {C + aD; + AD:?) exp(—1D;)
with positive coefficients, not all of which were determined by least-
square fitting to the data, based on year of entry and found that:

I, = (0.7 % 1075 + 1.3 x 1075D; + 4.3 x 1072 D7)
exp(—0.9 x 10~%D;}, and (4-11)
I = (0.7 % 107% + 7.0 x 107%D:*}exp(—1.1 x 1072D;)  (4-12)

determined the upper and lower boundaries (I, and I;, respectively)
of an envelope of curves that provided acceptable fits to the data, as
judged by a chi-squared criterion, When the radiogenic risk functions
(I, — 0.7 x 107%) and (; — 0.7 x 107°) are used to determine a
range of values based on the envelope boundaries, a measure of the
uncertainty in estimated bone sarcoma risk st low doses can be
formed as:

(La = ) /(T = 0.7 x 1079), (4-13)

where [ is the best-fit function [0.7 x 10~* + 7.0 x 10~*D;?]exp(-1.1
% 10~2 D), based on year of entry. This ratio increases monotonically
with decreasing intake, from a value of 1.5 at D; = 100 xCi to a value
of 480 at D; = 0.5 uCi.

Schlenker™ presented = series of analyses of the 2#322Ra tumor
data in the low range of intakes at which no tumors were observed
but to which substantial numbers of subjects were exposed. For each
of the seven intake groupings in this range (e.g., 0.5-1, 1-2.5, 2.5-5),
there was about a 5% chance that the true tumor rate exceeded
10-2 bone sarcomas per person-year when no tumors were observed,
and there waz a 48% chance that the true tumor rate, summed over
all seven intake groups exceeded the rate predicted by the best-fit
function I = (10~% + 6.8 x 1074 D;?)exp(~1.1 x 10~3D;). With smooth
curves, this analysis defined envelopes for which there was & 9, 88, or
95% chance that the true tumor rate summed over the seven intake
groups fell between the envelope boundaries when no turmnors were
observed. The 9% envelope was obtained by allowing the parameters
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This work allows one to specify a central value for the risk,
based on the best-fit function and a confidence range based on the
envelopes. For example, the central value of total risk, including that
from natural causes, is J = (1078 + 6.8 x 1078D;)exp(—1.1 x 1072Dy)
with 95% confidence that total risk lies between I; = 1075 and I, =
10~% 4 1.8 x 10~* D; — 3.6 x 10~% D3 for D; between 0.5 and 100
uCi. The ratio of the 85% confidence interval range, for radiogenic
risk, to the central value,

Iu-fl
I-10-%

increases with decreasing intake from 1.7 at D; = 100 xCi to 700 at
D; = 0.5 uCi, the lower boundary of the lowest intake cohort used
when ftting functions to the data.

When radiogenic risk is determined by setting the natural tumor
rate equal to O in the expressiona for total risk and by eliminating
the natural tumor rate (10~° /yr) from the denominator in Equation
4-14, the value of the ratio increases more slowly, reaching 470 at
D; = 0.5 uCi. At D; = 0.05 uCi, the total systemic intake in 70 yr
for a person drinking 2 liters of water per day at the Environmental
Protection Agency’s maximum contaminant level of 5 pCi/liter, the
ratio is 4,700. These high ratios emphasize, in quantitative terms,
our ignorance of risk at low exposure levels.

The risk envelopea defined by these analyses are not unique.
Other functions can be determined that meet this 95% probability
criterion. This emnphasizes that there is no unique way to specify
the uncertainty in risk at low exposures when the shape of the dose-
response curve is unknown. Regardless of the functions selected as
envelope boundaries, however, the percent uncertainty in the risk
cannot be materially reduced.

(4-14)

224R A BONE CANCER

Internal radiation therapy has been used in Europe for more than
40 yr for the treatment of various dissases. Between 1944 and 1951
it was injected in the form of Peteoathor, a preparation containing
221Ra, eosin, and colloidal platinum, primarily for the treatment of
tuhereulosis and ankylesing spondylitis. Its use with children came
to an end in 1951, following the realization that growth retardation
could result and that it was ineffective in the treatment of tuberculo-
gis. Since then it has been used with adults as a clinically successful
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treatment for the debilitating pain of ankylosing spondylitis. Plat-
inum and eosin, once thought to focus the uptake of #>*Ra at sites of
disease development, have been proven ineffective and are no longer
used.

Two extensive studies of the adverse health effects of “*4Ra are
under way in Germany. Roughly 900 persons who were treated with
Peteosthor as children or adults during the period 1946-1951 have
been followed by Spiess and colleagues®~5@ for more than 30 yr and
have shown a variety of effects, the best known of which is bone
cancer. Tb supplement these investigations of high-level exposure,
& second study was initiated in 1971 and now includes more than
1,400 individuals treated with small doses of *?*Ra for ankylosing
spondylitis and more than 1,500 additional patients with ankylosing
spondylitis treated with other forms of therapy who serve as controls.

Ase with other studies, the shape of the dose-response curve is
an important issue. Based on their treatment of the data, Mays et
al.** made the following observation: “We have fit a variety of dose-
response relationships through our follow-up data, including linear (y
= az), linear multiplied by a protraction factor, dose-squared expo-
pential (y = az®¢~**), and a threshold function. None can be rejected
because of the scatter in our human data.” Rowland® published lin-
ear and dose-squared exponential relationships that provided good
visual fits to the data. Recent analyses with a proportional hazards
model led to a modification of the statement about the adequacy of
the linear curve, as will be discussed later. However, the change was
not so great as to alter the basic conclusion that the data have too
little statistical strength to distinguish between various mathemati-
cal expressions for the dose-response curve. As a convenient working
hypothesis, in several papers it has been assumed that the linear
form is the correct one, leading to analyses that are illuminating and
easily underatood.

In the first dose-response analyses, average skeletal dose was
adopted as the dose parameter, and details of the dose calculations
were presented. With only two exceptions, average skeletal dose
computed ip the manner described at that time has been used as the
dose parameter in all subsequent analyses. As a response parameter,
the number of bone sarcomaa that have appeared divided by the
number of persons known to have been exposed within a doae group
was used. The data for persons exposed as juveniles (less than 21 yr
of age} were analyzed separately from the data for persons exposed as
adults, and different linear dose-response functions that fit the data
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adequately over the full range of dosea were obtained.®® The linear
slope for juveniles, 1.4%/100 rad, was twice that for adults, 0.7% /100
rad. The analysis took into account tumors appearing between 14
and 21 yr after the start of exposure in 43 subjects that received a
known dose. These constitute about 85% of the subjects with bone
sarcoma on which the most recent analyses have been based. The
importance of this work lies in the fact that it shows the maximum
difference in radiosensitivity between juvenile and adult exposures
for this study. In later work, juvenile-adult differences have not heen
reported.

The removal of the difference came in two steps associated with
analyses of the influence of dese protraction on tumor induction.
Based on a suggestion by Muller drawn from his observations of
mice, Speiss and Mays? reanalyzed their 22Ra data in an effort to
determine whether there was an association between dose protraction
and tumor yield. In the analyses, a linear dose-response relationship
was postulated, and the data were sorted according to the time
period over which ??Ra was administered. The found that the
slope of the linear dose-response curve increased with increasing
time period, suggesting that bone-cancer incidence increased with
decreaszing average skeletal dose rate, in accordance with results
in rnice. Although the change of tumor incidence with exposure
duration was not statistically significant, an increase did oceur both
for juveniles and adults. In a subsequent analysis,’® the data on
juveniles and adults were meeged, and an additional tumor was
included for adults, bringing the number of subjects with tumors
and known dose to 48. A single function was fitted to these data to
describe the change of the dose-response curve slope with the length
of time over which injections were given:

y = 40 + 160(1 — ¢~0-0°=) (4-15)

where y is the number of bone sarcomas per millon person-rad and z
is the length of the injection span, in months. The asymptotic value
of this function is 200 bone sarcomas/million person-rad, which is
considered applicable both to childhood and adult exposure. For
comparison with the values given previously for juveniles and adults
separately, this is 2.0% incidence per 100 rad, which is somewhat
higher than either of the previous values.

The case for a dose rate or dose-protraction effect rests on the ob-
servation of an association of the linear dose-response slope with doge
rate in humans and the unequivocal appearance of a dose-protraction
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with their standard errors result from the proportional hasards analysis of
Chemeleveky at al.®

dose for the exposed group, based on patients for whom there were
extant records of treatment level, was 65 rad. In discussing these
cases, Wick and Gadssner®® noted that three cases of bone cancer
were within the range expected for naturally occurring tumors and
also within the range expected from a linear extrapolation downward
to lower doses from the Spiess et al.3® series. However, 80% of the
bone tumors in the this series, for which histologic type is known,
are osteosarcomas, while ibrosarcomas and reticulum cell sarcomas
each represent only about 2% of the total, and multiple myeloma was
not observed at all. Based on this, the chance of randomly selecting
three tumors from the this distribution and coming up with no cs-
teosarcomas is about (0.2)* = 0.008, throwing the weight of evidence
in favor of a nonradiogenic origin for the three bone cancers found
in this study.?>%* However, this could occur if there were a dramatic
change in the distribution of histologic types for tumors induced by
224Ra at doses below about 90 rad, which is approximately the lower
limit for tumor induction in the Spiess et al.®® series. If the tumors
are nonradiogenic, then the linear extrapolation gives a substantial
over prediction of the risk at Jow doses, just as a linear extrapolation
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220 at 25 rad, which is the lower boundary of the lowest dase cohort
used in Schlenker’s”™ analysis.

PRACTICAL THRESHOLD

The term practical threshold was introduced into the radium
literature by Evana,*® who perceived an increase of the minimum tu-
mor appearance time with decreasing residual radium bedy burden
and later with decreasing average skeletal dose.'®* A plot showing
tumor appearance time versus average skeletal dose conveys the im-
pression that the minimum tumor appearance time increases with
decreasing dose. The practical threshold would be the dose at which
the minimum appearance time exceeded the maximum human life
span, about 50 rad. Below this dose level, the chance of developing
& radium-induced tumor would be very small, or zero, as the word
threshold implies. Evans et al.!” suggested an increase of median tu-
mor appearance time with decreasing dose based on observations of
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tumors in & group of radium-dial painters, radium chemists, and per-
sons who had received or used radium for medicinal purposes. This
trend was subsequently verified by Polednak®? for bone tumors in a
larger, all female group of radium-dial workers. Polednak cautioned
that the shorter median appearance time at high doses might simply
reflect the shorter overall median survival time., Mays et al.*” showed
that mean survival time increased with decreasing dose in beagles
that had contracted osteosarcoma following radionuclide injection.

Raabe et al. demonstrated an increase of median tumor appear-
ance time with decreasing average skeletal dose rate for a subset of
radium-induced bone tumors in humans®® and for bone tumors in-
duced in experimental animals by a variety of radionuclides.®® The
validity of the analysis of mouse data has been challenged,®? but not
the analysis of human and dog data. As suggested by Polednak’s
analysis,” the reduction of median appearance time at high dose
rates in the work by Raabe et al.®2% may he caused by early deaths
from competing risks. It is striking, however, that the graph for
radium in humans®!*? lies perallel to the graphs for all long-lived
nuclides in dogs,?® where death from bone tumor tends to occur ear-
lier than death from other canses. This is evidenced by the fact that
bone tumor incidence rises to 100% with increasing dose. This sug-
gests that competing risks exert no major influence on the analysis
by Raabe et a],91:62,

The work by Raabe et al.®1%? permits the determination of a
practical threshold dose and dose rate. They based their selection
on the point of intersection between the line representing the human
lifetime and “a cancer risk that occurs three geometric standard
deviations earlier than the median.® This yielded a dose rate of
0.0039 rad/day for humans and a cumulative dose of 80 rada to the
skeleton.51

The increase of median tumor appearance time with decreasing
doge rate strengthens the case for a practical threshold. Whether
the practical threshold represents a dose below which the tumor risk
is zero, or merely tiny, depends on whether the minimum tumor
appearance time is an absolute boundary below which no tumors can
oceur or merely an apparent boundary below which no tumors have
been observed to occur in the population of about 2,500 people for
whom radium doses are known. The data provide no answer.

The theory of bone-cancer induction by alpha particles®® offers
some insights. The theory postulates that two radiation-induced ini-
tiation steps are required per cell followed by a promotion step not
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dependent on radiation. The chance that two independent initiations
will occur close enough together to permit a short turnor appearance
time increases with increasing dose rate, in agreement with the ob-
servations of Raabe et al.%1%2 When the total dose is delivered over
a period of time much shorter than the human life span, both initi-
ations must occur within the period of dose delivery, and there is a
high probability of short tumor appearance times, regardless of dose
level, as confirmed by the human ?*Ra data.*® Reasoning from the
theory, there is always a nonzero chance for both initiations to oceur
elose together, regardless of dose rate or tatal dose. Therefore, the
minimum observed tumor appearance time is not an absolute lower
bound, and there is a small nonzero chance for tumors to occur at
dozes less than the practical threshold,

CARCINOMA OF THE PARANASAL SINUSES AND
MASTOID AIR CELLS

The paranasal sinuses are cavities in the cranial bones that ex-
change air and mucue with the nasal cavity through a emall ostium.,
The sinuses are present as bilateral pairs and, in adulthood, have
irregular shapes that may differ substantially in volume betwen the
left and right sides. The ethmoid sinuses form several groups of in-
terconnecting air cells, on either side of the midline, that vary in
number and size between individuals.?® The sinus surfaces are lined
with a mucous membrane that is contiguous with the nasal mucosa
and consists of a connective tissue layer attached to bone along its
lower margin and to a layer of epithelium along its upper margin.
The cilia transport mucus in a more or less continuous sheet acroas
the epithelial surface toward the ostium,.!?

The mastoid air cells, like the ethmoid sinuses, are groups of
interconnecting air cavities located bilaterally in the left and right
temporal bones, The mastoid air cells communicate with the na-
sopharynx through the middle ear and the eustachian tube. Radium-
induced carcinomas in the temporal bone are always assigned to the
mastoid air cells, but the petrous air cells cannot be logically excluded
a8 g site of origin.

The mucosal lining of the mastoid air cells is thinner than the
lining of the sinuses. The epithelium is of squamous or cubeidal type
with scattered ciliated cells but no goblet cells. It shows no signs of
significant secretory activity but is always moist. The typical adult
maxillary cavity has a volume of about 13 ¢m3; one frontal sinus has
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a volume of about 4.0 cmn®, and one sphenoid sinus has a volume
of about 3.5 cm3, The collective volume of one set of ethmoid air
cells is about 3.5 cm?; there are nine cells on the average,®® for an
average volume per cell of 0.4 cm®. The pneumatized portion of cne
mastoid process has a volume of about 9.2 cm®. The individual cells
range from 0.1 to more than 1 cm across and are too numerous to be
counted. The distance across a typical air cell is 0.2 cm,™ equivalent
to & volume of about 0.004 cm?® if the cell were gpherical.

The total thickness of the mucosa, based on the results of various
investigators, ranges from 0.05 to 1.0 mm for the maxillary sinuses,
0.07 to 0.7 mm for the frontal sinuses, 0,08 tc 0.8 mm for the ethmoid
sinuses, and 0.07 to 0.7 for the sphenoid sinuses. The thickness of the
simple calumnar epithelium, including the cilia, is between 30 and
45 pm.

The difference between mucosal and epithelial thickness gives
the thickness of the lamina propria a quantity of importance for
dosimetry. In the simple columnar epithelium, the thicknesses for
the lamina propria implied by the preceding information range from
about 10 um upward to nearly 1 mm. Direct observations of the
lamine propria indicate that the thicknesa lies between 14 and 541
um.2!

Mucosal dimensions for the mastoid air cells have been less well
studied. Littman et al.*! report a single value of 17 um for the lam-
ina propria in a person who head contracted mastoid carcinoma. In
a more complete series of measurements on normal persons and per-
sons exposged to low 224228 Ra doses, Harris and Schlenker?! reported
total mucosal thicknesses hetween 22 and 134 um, with epithelial
thicknesses in the range of 3 to 14 gm and lamina propria thicknesses
in the range of 19 to 120 um.

The normally functioning sinus is ventilated; that is, its ostium
or ostia are open, permitting the free exchange of gases between the
sinus and nasal cavities. When the sinus becomes unventilated due
to ostial closure, the gas composition of the ginus cavity changes and
slight overpressure or underpressure may occur.!®* When radioactive
gases (radon) are present, as with persons exposed to 226:223Ra there
is the potential for & much higher concentration of those gases in the
air of the sinus when unventilated than when ventilated. Ventilation
of the mastoid air cells occurs through the eustachian tube which
normally allows little air to move. Thus, there is a potential for the
accumulation of large quantities of radon.
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Cancer of the paranasal sinuses and mastoid air cells has been
associated with %26228Ra exposure since the late 19305*% following
the death of a radium-dial painter who had contracted epidermoid
carcinoma of the epithelium lining of the ethmoid air cells.?

The natural tumor rate in these regions of the skull is very low,
and this aids the identification of etiological agents. Malignancies of
the auditory tube, middle ear, and mastoid air cells (ICD 180.1) make
up only 0.0085% of all malignancies reported by the National Cancer
Institute’s SEER program.*? Those of the ethmoid (ICD 160.3),
frontal (ICD 160.4), and sphenocid (ICD 160.5) sinuses together make
up 0.02% of all malignancies, or if the nonspecific classifications, other
(ICD 160.8) and accessory sinus, unspecified (ICD 160.9), are added
as though all tumors in these groups had occurred in the ethmoid,
frontal, or sphenoid sinuses, the incidence would be increased only
to 0.03% of all malignancies. In 1977 it was estimated that only
15 people died in the United States from cancers of the auditory
tube, middle ear, and mastoid air celle.*® Comparable statistics are
lacking for cancers of the ethmoid, frontal, and sphenoid sinuses;
but mortality, if acaled from the incidence data, would not be much
greater than that caused by cancers of the auditory tube, middle ear,
and mastoid air cells.

Carcinomas of the paranasal sinuses and mastoid air cells may
invade the cranial nerves, causing problems with vision or hearing%%®
prior to diagnosis. Littman et al.** have presented a list of symptoms
in tabular form gleaned from a study of the medical records of 32
subjects who developed carcinoma of the paranasal sinuges or mastoid
air cells following exposure to 22¢?28Ra, The most frequent clinical
symptoms for paranasal sinus tumors were problema with vision,
pain (not specified by location), nasal discharge, cranial nerve palsy,
and hearing loss. The most frequent symptoms for mastoid air cell
tumors were ear blockage or discharge and hearing loss.

Some 35 carcinomas of the paranasal sinuses and mastoid air
cells have occurred among the 4,775 22632 Ra-exposed patients for
whom there has been at least one determination of vital status. For
31 of the tumors, estimates of skeletal dose can and have been made.
Data on tumeor locations and histologic type are presented in Table
4-4. No manxillary sinus carcinomas have occurred, but 69% of the
tumors have occurred in the mastoids. For tumors of known histo-
logic type, 56% are epidermoid, 34% are mucoepidermoid, and 10%
are adenocarcinomas, For the sinuses alone, the distribution of types
is 40% epidermoid, 40% mucoepidermoid, and 20% adenccarcinoma,
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complexities of sinus dosimetry and emphasized the rapid decrease
of dose with depth in the mucous membrane.

The first explicit description of the structure of the sinus and
mastoid mucosa in the radium literature is probably that of Haster-
lik,3? who described it as “thin wisps of connective tissue,” overlying
which "is a single layer of epithelial cells. . . . He placed the
total thickness of connective tisaue plus epithelium at between 5
and 20 pm. A clear implication of these data is that the connective
tissue in the mastoid is thinner than the connective tissue in the
paranasal sinuses. In a dosimetric study, Schlenker™ confirmed this
by determining the frequency with which the epithelium lay nearer
to or farther from the bone surface than 75 gm, at which level more
than 75% of the epithelial layer in the mastoids would be irradiated.
Commenting on the mucosal thickness data of Ash and Raum,?
Littman et al.’* observed: “If the dimensions of the sinus walls are
applicable to the radium cases, it would appear that only a relatively
sparse population of epithelial cells in the submucosal glands of the
paranasal sinuses would receive significant dose from alpha particles
originating in bone.”

Equations for the dose rate averaged over depth, based on a sim-
plified model of alpha-particle energy loss in tissue, were presented
by Littman et al.®® for dose delivered by radium in bone and by
radon and its daughters in an airspace with a rectangular cross sec-
tion. They also presented an equation for depth dose from radon and
its daughters in the airspace for the case of a well-ventilated sinus,
in which the raden concentration was equal to the radon concentra-
tion in exhaled breath. For the 27 subjecta for whom radium body
burden information was available, they estimated that, for airspace
thicknesses of 0.5 to 2 cm, the dose from radon and its daughters
averaged over a 50-um-thick mueous membrane would be 2 to 5% of
the average dose from *°Ra in bone. Clearly, under these assump-
tions, dose from radon and its daughters in the airspaces would be
of little radiological significance.

The quantitative impact of cell location on dosimetry was em-
phasized by Schlenker™ who focused attention on the relative impor-
tance of dose from radon and its daughters in the airspaces compared
to dose from radium and its daughters in bone. He emphasized that
current recommendations of the ICRP make no clear distinction be-
tween the locations of epithelial and endosateal cells and leave the
impression that hoth cell types lie within 10 pm of the bone surface;
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this leads to large overestimates of the dose to epithelial cells from
bone.

In & more complete development, Schlenker™ investigated the
dosimetry of sinus and mastoid epithelia when 22Ra or 72Ra was
present in the body. He used the same assumptions about linear
energy transfer as Littman et al.;3' adopted a spherical shape for
the air cavities; and considered air cavity diameters from 0.2 mm,
representing small mastoid air cells, up to 5 ¢m, representing large
sinuses. He took into account the dose rate from #*Ra or *8Ra in
bone, the dose rate from **?Rn or *°Ru in the airspaces, the impact
of ventilation and blood flow on the residence times of these gases in
the airspaces, measured values for the radioactivity concentrations
in the bones of certain radium-exposed patients, and determined
expected values for radon gas concentrations in the airspaces. For
five subjects on whom he had autoradiographic data for the **Ra
specific activity in bone adjacent to the mastoid air cells, the dose
rate at death from ?2Rn and its daughters in the airspaces exceeded
the dose rate from 2?°Ra and its daughters in bone. On average, the
dose rate from airapaces was about 4 times that from bone.

He also estimated dose rates for situations where there were no
available autoradiographic data. The dose rate from the airspaces
exceeded the dose rate from bone when >3 Ra or **®Ra was present
in the body except in one situation. For #¥Ra the dose rate from
the airspace to the mastoid epitheliumn was about 45% of the dose
rate from bone. These results are in marked contrast to those of
Kolenkow®® and Littman et al.?! Under Schlenker’s™ assumptions,
the airspace is the predominant source of dose, with the exception
noted, whether or not the airspace is ventilated.

Working from various radium-exposed patient data bases, several
authors have observed that carcinomas of the paranasal sinuses and
mastoid air cells begin to occur later than bone tumors 19:38:68,71 [y
the latest tabulation of tumor cases,! the first hone tumor appeared
5 yr after first exposure, and the first carcinoma of the paranasal
sinuses or mastoid air cells appeared 19 yr after first exposure; among
persons for whom there was an estimate of skeletal radiation dose,
the flrst tumors appeared at 7 and 19 yr, respectively. The frequency
distribution for appearance times shows a heavy concentration of
paranasal sinus and mastoid carcinomas with appearance times of
greater than 30 yr. For bone tumors there were approximately equal
numbers with appearance times of less than or greater than 30 yr.9?
Based on the most recent summaery of data, 32 bone tumors occurred
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with appearance times of less than 30 yr among persons with known
radiation dose and 29 tumors had occurred with appearance times of
30 yr or greater. Within the same group, four carcinomas occurred
with appearance times equal to or greater than 30 yr. Unless there
is a bias in the reporting of carcinomas, it is clear that carcinomas
are relatively late-appearing tumors.

Rowland et al.®® plotted and tabulated the appearance times of
carcinomas for five different dosage groups. On the basis of minimurm
and median appearance times, they concluded that the appearance
times do not change with dose. Rowland et al.?” performed a dose-
response analysis of the carcinoma data in which the rate of tumor
occurrence {carcinomas per person-year at risk) was determined as a
function of radium intake. The linear relationship that provided the
best Kt to the data predicted a tumor rate lower than the rate that
had been observed recently, and led the authors to suggest that the
incidence at long times after first exposure may be greater than the
average rate obgerved thus far,

An analysds of the tumor appearance time data for carcino-
mas based on hazard plotting has been as employed by Groer and
Marshall?®? to analyze bone tumor rate in persons exposed to high
doses from radium. The data are subdivided into three groups based
on the ?®Ra intake. *?*Ra intake was excluded because it was
assumed that 22 Ra is ineffective for the production of these carci-
nomas. Data points fall along m straight line when the tumor rate
is constant. The intersection of the line with the appearance time
axis provides an estimate of the minimum appearance time. The
analysis shows that the minimum appearance time varies irregularly
with intake (or dose) and that the rate of tumor occurrence increases
sharply at about 38 yr after first exposure for intakes of greater than
470 uCi and may increase at about 4B yr after first exposure for
intakes of leas than 260 xCi.

As of the 1980 follow-up, no carcinomas of the paranasal sinuses
and mastoid air cells had occurred in persons injected with 22Ra,
although Mays and Spiess?® catimated that five carcinomas would
have occurred if the distribution of tumor appearance times were the
same for 224 Ra as for 2252383,

Carcinomas of the frontal sinus and the tympanic bulla, a por-
tion of the skull comparahle to the mastoid region in humans, have
appeared in beagles injected with radium isotopes and actinides.
Based on epizootiological studies of tumor incidence among pet dogs,
Schlenker’ estimated that 0.08 tumors were expected for 789 beagles
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from the University of Utah beagle colony injected with a variety of
alpha emitters, while five tumors were abserved. Three of the five tu-
mors were induced by actinides that have no gaseous daughter prod-
ucts. Their induction, therefore, cannot be influenced by dose from
the airspace as can the induction of carcinomas by *?*Ra in humans.
The beagle data demonstrate that a gaseous daughter product is not
essential for the induction of sinus and mastoid carcinomas, while
Schlenker’s™ dosimetric analysis and the epidemiclogical data®:%7
indicate that it is an important factor in human carcinoma induc-
tion. The conclusion from this and information on tissue dimensions
is that the sinuses, and especially the mastoids, are at risk from alpha
emitters besides ¥2%Ra, but that tbe risk may be significantly lower
than that from 3%®Ra and its decay products.

Rowland et al.®” have reported the only separate ansalyses of
paranasal sinus and mastoid carcinoma incidence. As the response
variable, they used carcinomas per person-year at risk and regressed
it against a measure of systemic intake of ***Ra and against average
skeletal doss. They fit mathematical functions of the general form:

I=(C+aD+pD%e 2, (4-21)

in which all three coefficients (e, §, v} were allowed to vary or one
or more of the coefficients were set equel to zero. In this expression,
C ia the natural carcinoma rate and D is the systemic intake or
mean skeletal dose. The best fit of response against systemic intake
was obtained for the functional form I = C + aD, obtained from
Equation 4-21 by setting 8 = v+ = 0. The poorest fit, and one that
is unacceptable according to a chi-squared criterion, was obtained
for I = C + gD? All other functional forma gave acceptable fits.
When persons that had entered the study after exhumation were
excluded from the analysis, in an effort to control selection bias, all
six forms of the general function gave acceptable fits to the data.
The extlusion of exhumed subjects removed from analysis 23 of the
759 individuals in the population and 1 of the 21 carcinomas that
had occurred among them. This change had no effect on the fitted
value of a, the free parameter in the linear dose-responae function.

The analysis of response as a function of ?*®Ra dose was con-
ducted with exhumed cases included. The best fit was obtained for
the functional form I = (€ + aD) exp(—+D), an unacceptable fit was
obtained for f = ¢ + gD?, and all other forms provided acceptable
fits.

The linear functions obtained by Rowland et al.?” were:
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I=10"%+(1.6+0.2) x1075D;, and
I=10"%+(18+0.3) x 107°D,, (4-22)

where D, is ?2°Ra intake, and D, is **Ra skeleta! dose. In the data
analyses that lead to these equations, a 10-yr latent period is assumed
for carcinoma induction, This latent period must be included when
the equations are applied to risk estimation. For example, if a person
is exposed to #®Ra at time zero, the person is not considered to he
at tisk for 10 yr; the total numher of carcinomas expected to occur
among N people with identical systemic intakes D; is IN (t — 10)
for ¢ > 10 yr and O for ¢ < 10 yr. This is also true for N people, all
of whom accumulate a skeletal dose D,.

The analysis of Rowland et al.%” assumes that tumor rate is
constant with time for a given intake D;, and when based on skeletal
dose assumes that tumor rate is constant for a given dose D,. The
analysis also yields good fits to the data. It should be noted that if
tumor rate were constant for a given dose, it could not be constant
for a given intake because the dose produced by a given intake is
itself a function of time; therefore, the tumor rate wounld be time
dependent. The success achieved in fitting dose-response functions
to the data, both as a function of intake and of dose, indicates that
the outcome is not sensitive to assumptions about tumor rate. No
firm conclusions about the constancy or nonconstancy of tumor rate
should be drawn from this dose-response analysis. Recall that the
preceding dizcussion of tumor appearance time and rate of tumor
appearance indicated that tumor rate increases with time for some
intake bands, verifying a suggestion by Rowland et al.®” made in
their analysis of the carcinoma data.

The subjects used in this analysis were all women employed
in the radium-dial-painting industry at an average age of about 19
yr. There is no assurance that women exposed at a greater age
or that men would have yielded the same results. This represents
a nonquantifiable uncertainty in the application of the preceding
equations to risk estimation.

The statistical uncertainty in the coefficient a is determined
principally by the variance in the high-dose data, that is, at exposure
levels for which the observed number of tumors is nonzero. In this
analysis, there were one or more tumcrs in the six intake groups
with intakes above 25 4Ci and no tumors observed in groups with
intakes below 25 xCi. Therefore, caleulations of the uncertainty of
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The above results, based on observations of several thousand
individuals over periods now ranging well over 50 yr, make the recent
report by Lyman et al.®® on an association between radium in the
groundwater of Florida and the occurrence of leukemia very difficult
to evaluate. Florida has substantial deposite of phoaphate, and this
ore contains 2**U, which in turn produces ?*Ra and ??*Rn. 'The
radium from this ore evidently finds its way into the groundwater
supplies. By mensuring the radium content of 50 private wells in
27 selected counties, the counties were divided into 10 low-exposure
and 17 high-exposure groups. The high-exposure group was further
divided into three graded groups. These divisions were made on
the basis of the number of these private wells in each county that
contained more than 5 pCi/liter of water.

Lyman et al.3® show a significant association between leukemia
incidence and the extent of groundwater contamination with radium.
The majority of the leukemias were acute myeloid leukemiaa, Fur-
ther, a dose-response relationship is suggested for total leukemia with
incrensing levels of radium contamination,

Lyman et al.*® do not claim, however, to have shown a causal
relationship between leukemia incidence and radium contamination.
They point out that there is no information on individual exposure to
radium from drinking water, nor to other confounding factors. Since
leukemia rates are not elevated in the radium-dial worker studies,
where the radium exposures ranged from near zero to many orders
of magnitude greater than could be attributed to drinking water, it
is difficult to understand how radium accounts for the observations
in this Florida study.

In summary, the evidence indicates that acquisition of very high
levels of radium, leading to long-term body contents of the order of
5 uCi or more, equivalent to systemic intakes of the order of several
hundred microcuries, resulted in severe anemias and aleukemiiss.
However, at lower radium intakes, such as those experienced by the
British luminizers and the bulk of the U.S. radium-dial workers,
incorporated ?**Ra does not appear to give rise to leukemia.

The 3.62-day half-life of ?4Ra resultes in a prompt, short-lived
pulse of alpha radiation; in the case of the German citizens injected
with this radium isotope, this pulse of radiation was extended by
repeated injections. Nevertheless, the time that bone and adjacent
tissues were irradiated was quite short in comparison to the irra-
diation following incorporation of 22¢Ra and *?2Ra by radium-dial
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workers. In spite of these differences, *Ra haa been found to be an
efficient inducer of bone cancer.

In the case of leukemia, the issue is not as clear. Leukemia has
been seen in the Germans exposed to 2?*Ra, but only at incidence
rates close to those expected in unexpcsed populations. When an
excess has occurred, there exist confounding variables.

Mays et al.*® reported on the follow-up of 899 children and adults
who received weekly or twice-weekly intravenous injections of 224Rae,
mainly for the treatment of tuberculosis and ankylesing spondylitis.
While five cases of leukemia were observed emong 681 adults who
received an average skeletal dose of 206 rad, none were observed
among 218 1 - to 20-yr-olds at an average skeletal doze of 1,062
rad. The expected number of leukeminas for the adult group was twe,
but the authors point out that the drugs often taken to suppress the
pein associated with ankylcsing spondylitis are suspected of inducing
the acute forms of leukemia. Four of the five leukemias occurred in
patients with ankylosing spondylitis; two were known to be acute; it
iz not known whether the other three were acute or chronic.

It is evident that leukemia was not induced among those receiving
74 Re before adulthood, in spite of the high skeletal doses received
and the postulated higher sensitivity at younger ages. There may be
an excess of leukemia among the adults, but the evidence is weak.

Wick et al.”® reported on another study of Germans expcsed to
224Ra. While the report of Mays et al.* dealt with persons injected
with 24 Ra between 1946 and 1930, the study of Wick et al.®® exam-
ined the consequences of lower doses as a treatment for ankylosing
spondylitis and extended from 1948 to 1975, The average skeletal
dose to a T0-kg male was stated to be 56 rad. There were 1,501
exposed cases and 1,556 ankylosing epondylitis controls. Each group
congisted of about 80% males. There were 11 bone marrow failures
in the exposed group, and only 4 in the control group. Similarly,
there were six leukemias in the exposed group versue five in the con-
trol group. All five leukemias in the control group were acute forms,
while three in the exposed group were chronic myeloid leukernia. The
authors drew no conclusions as to whether the leukemias observed
were due to ?**Ra, to other drugs used to treat the disease, or were
unrelated to either.

This population has now been followed for 34 yr; the average
follow-up for the exposed group is about 168 yr. A total of 433
members of the exposed group have died, leaving more than 1,000
still alive. It may be some time before this group yields a clear answer
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to the question of radium-induced leukemia. At this time, it is clear
that it is not a primary consequence of radium deposited in human
bones.

Thus, while leukemnia and diseases of the blood-forming organs
have been seen following treatment with ??4Ra, it is not clear that
these are consequences of the radiation insult or of other treatments
experienced by these patiente. The extremely high radiation doses
experienced by a few of the radium-dial workers were not repeated
with 3?4Ra, so clear-cut examples of anemias following massive doses
to bone marrow are lacking.

RADIUM IN WATER

Since uranium is distributed widely throughout the earth’s cruat,
its deughter products are also ubiquitous. As a consequence, many
pources of water contain small quantities of radium or radon. In the
United States there have been at least three attempts to determine
whether the papulations that drink water containing elevated levels of
redium had differeat cancer experience than populations consuming
water with lower radium levels.

A cooperative research project conducted by the U.S, Public
Health Service and the Argonne National Laboratory made a retro-
spective study of residents of 111 communities in lowa snd Illincis
who were supplied water containing at least 3 pCi/liter by their pub-
lic water supplies. Comtrol cities where the radium content of the
public water supply contained less than 1 pCi/liter were matched for
size with the study cities. A total of almost 908,000 residents con-
stituted the exposed population; the mean level of radium in their
water was 4.7 pCi/liter.

The final report of this study by Petersen et al.’® reported on the
number of “deaths due in any way to malignant neoplasm involving
bone.” They found that, for the period 1950-1962, the age- and sex-
adjusted rate for the radium-exposed group was 1.41/100,000/yr.
The rate for the control group was 1.14; the prohability of such a
difference occurring by chance alone was reported as 8 in 100.

However, Petersen®® wrote an interim report for a review board
constituted to advise on a proposal for continued funding for this
project. This report indicates that the age- and sex-adjusted os
teosarcorna mortality rate for the total white population in the com-
munities receiving elevated levels of radium for the period 1850-1962
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where F(D) is the lifetime risk, as specified by the analyses of Spiess
and Mays*® and r is a coefficient based on the time of tumor ap-
pearance for juveniles and adults in the ?*Ra data analyses. The
half-life for tumor appearance is roughly 4 yr in this data set, giving
an approximate value for r of 0.18/yr. For ¢ less than 5 yr, M{D,t)
is essentially 0 because of the minimum latent period. Thereafter,
turnors appear at the rate M (D,t).

The age structure of the populatian at risk and competing causes
of death should be taken into account in risk estimation. An ideal
circumnstance would be to know the dose-response relationships in
the absence of competing causes of death and to combine this with
information on age structure and age-specific mortality for the pop-
ulation at large. With the analyses presently available, only part of
this prescription can be achieved. An approximate approach would
be to take the population as a function of age and exposure and apply
the dose-response relationship to each age group, taking into account
the projected survival for that age group in the coming years. At the
low exposures that occur environmentally and occupationally, expo-
sure to radium isotopes causes only a small contribution to overall
mortality and would not be expected to perturb mortality sufficiently
to distort the normal mortality statistics. Also, mortality statistics
as they now exist include the effect of environmental exposures ta
radium isotopes.

Table 4-7 illustratea the effect, assuming that one million U.S.
white males receive an excess skeletal dose of 1 rad from 224Ra at
age 40. The excess death rate due to bone cancer for ¢t > 5 yr is
computed from:

M(D,t) = (200 x 1079 /rad) x {0.18/yr)exp[-0.18{t — 5)].  (4-24)

This assumes the ?*Ra dose-response analyses described above and
further assumes that tumors are fatal in the year of occurrence.
After 25 yr, there would be 780,565 survivors in the absence of
excess exposure to ??*Ra and 780,396 survivors with 1 rad of excess
exposure at the start of the follow-up period, a difference of 169
excess deaths/person-rad, which is ahout 15% less than the lifetime
expectation of 200 x 10~%/person-rad calculated without regard to
competing risks.

If there were a continous exposure of 1 rad/yr, the tumor rate
would rise to an asymptotic value. If this were substituted for the
tumor rate caused by ?**Ra exposure in Table 4-7 and the survival
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and then take the square or to take the square for each annual incre-
ment of dose. Taking the former choice, it is implied that the doses
given at different times interact; with the latter choice it is implied
that the doses act independently of one another. On the microscale
the chance of a single cell being hit more than once diminishea with
dose; this would argue for the independent action of separate dose
increments and the squaring of separate dose increments before the
addition of risks. In the model of bone tumor induction proposed
by Marshall and Groer,®® however, two hits are required to cause
transformation. This argues for the interaction of doses and in the
extreme cese for squaring the cumulative dose. Unlesa bone cancer
induced by ??%Ra and ??2Ra is a pure, single-hit phenomenon, some
interaction of dose increments is expected, although perhaps it is
a less strong interaction than is consistent with squaring the total
accumnulated intake when intake is continuous.

The advantage of using & tabular form for the calculation of
the effect of radiation is that it provides a general procedure that
can be applied to more complex problerms than the cne illustrated
above. With environmental radiation, in which large populations are
exposed, 8 spectrum of ages from newborn to elderly is represented.
Knowing the death rate as a function of time for each starting age
then allows the impact of radiation exposure to be calculated for
each age group and to be summed for the whole population. The
use of a table for each starting age group provides a good accounting
syatem for the calculation. The same goals can be achieved if normal
mortality is represented by a continuous function and radiation-
induced mortality is so represented, as for *Ra sbove, and the
methods of calculus are used to compute the integrals obtained by
the tabular method.

SUMMARY AND RECOMMENDATIONS

As documented above, research on radium and its efects has
been extensive. With continued research the full fruits of these labors
in terms of lifetime risk estimates for ?° Ra and other long-half-life
alpha-emitters which are deposited in bone should be realized. In
the case of 24Ra, the relatively short half-life of the material per-
mits an estimation of the dose to bone or one that is proportional
to that received by the cells at risk. Correspandingly, relatively sim-
ple and complete dose-response functions have been developed that
permit numerical estimates of the lifetime risk, that is, about 2 x
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102 /person-Gy for bone sarcoma following well-protracted expo-
aure. In the case of the longer-half-life radium isotopes, the interpre-
tation of the cancer response in terms of estimated dose is less clear.
The dose is delivered continuously over the balance of a person's
lifetime, with ample opportunity for the remodeling of bone tissues
and the development of biological damage to modulate the dose to
critical cells, Deposition (and redeposition) is not uniform and tis-
sue reactions may alter the location of the cells and their number
and radiosensitivity. Therefore, estimates of the cumulative average
skeletal dose may not be adequate to quantitate the biological insult.
Investigation of other dosimetric approaches is warranted.

Equally important is ensuring the availability of information on
the rate at which tumors have occurred in the populations at risk.
Hazard functions which consider the temnporal eppearance of tumors
have shown some promise for delineating the kinetica of radium-
induced bone cancers, and may provide insight into the temporal
pattern of the effective dose. Combining this information with results
observed with 3*Ra may lead to the development of & general model
for bone cancer induction due to alpha-particle emitters.

Further efforta to refine dose estimates as a function of time in
both man and animals will facilitate the interpretation of animnal data
in terms of the risks observed in humnans. As indicated in Annex 7A,
the radium-dial painter data can be a useful source of information
for extrapolating to man the risks from transuranic elements that
have been observed in animal studies. A more complete description
of the radium-dial painter data and paralle] studies with radium in
laboratory animals, particularly the rat, would do much to further
such efforta,

The committee believes a balanced program of radium research
should include the following elementa.

e The bone-cancer risk appears to have been completely ex-
pressed in the populations from the 1840s exposed to 9¥*Ra and
nearly completely expressed in the populations exposed to ?*Ra
and ??®Ra before 1930; the bone-cancer risk data from the two epi-
demiological studies should be integrated and analyzed with newer
statistical methods to extend tbe usefulness of human data. The
committee recommends that these studies continue to include dosi-
metric evaluation, especially at the tissue and cellular level, and
evaluation of uncertainties from all sources.

» The committee recommends that the follow-up studies of the
patients exposed to lower doses of ?**Ra since the 19408 now in
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progress in Germany and of similar groups of patients exposed to
#%6Ra and ??Ra should continue. The detection of bone cancer or
sinus end mastoid cancer at dose levels comparable to those en-
countered in occupational exposures would significantly reduce the
uncertainties of bone-cancer risk estimation at low dose levels.

» Research should continue on the cells at risk for bone-cancer
induction, on cell behavior over time, including where the cells are
located in the radiation field at various stages of their life cycles,
on tissue modifications which may reduce the radiation dose to the
cells, and on the time behavior and distribution of radioactivity in
bone. Meaningful estimates of tissue and cellular dose obtained by
these efforts will provide a quantitative linkage between human and
animal studies and cell transformation in vitro.

e The sinus and mastoid carcinomas in persons exposed to
*¥Ra and ??*Ra are produced largely by the action of 2*Rn and its
progeny; continued study may offer insights into the effects of oc-
cupational and environmental radon. The dosimetry of the mastoid
air cell systern is much simpler than the dosimetry of the bronchisal
tree; the mastoid mucosa may be the respiratory tissue for which the
epithelial structure may permit accurate target cell dose estimates
80 that the risk to epithelial tissues per unit dose and the specific
energy that has an impact on cella can be determined; this may im-
prove our estimation of the carcinogenic risk in the epithelium of the
respiratory tract.
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Thorium

INTRODUCTION

Thorium-232 is a primordial element that is distributed through-
out the environment. It has a very long physical half-life (1.41 x 101
yr} and decays by emission of an alpha particle creating a series
of radicactive daughters, many of which also emit alpha radiations,
One of these daughters is an isotope of radon, ?*Rn, viz., thoron.

The high density and atomic number of thorium led to its use as
a contrast agent in medical radiography, as commercially prepared
Thorotrast, a 25% colloidal solution of thorium dioxide (ThO3). Un-
til after the end of World War II, Thorotrast was used extensively
as an intravascular contrast agent for cerebral and limb angiography
in Europe, the United States, and Japan. It was also injected di-
rectly into the spleen for hepatolienography and into abcess cavities
in the brain and elsewhere. Direct instillation of Thorotrast into
the nasal cavity and paranasal sinuses was also practiced in the past
and resulted in a number of epithelial tumors.!® Because of Thoro-
trast’s colloidal characteristics, thorium and its decay products were
deposited in body tissues and organs, most {requently in the reticu-
loendothelial tissues and in bone. Deposition resulted in continuous
alpha-particle irradiation throughout life at a low dose rate.

Patients who received alpha-radiation exposure due to radiclog-
ically administered Thorotrast in the late 19208 through 1955 have
been followed in epidemiological surveys in Germany,® Portugal,®
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cells closest to the aggregates are subject to multiple alpha-particle
traversals of critical targets within the cells. Such over irradiation of
sensitive cells at risk increases the likelihood of cell killing or steril-
ization. To the extent that this occurs, it diminishes the opportunity
for the same cells to be transformed later and adds to the overall
oncogenic risk. This is illustrated in Figure 5-2, which shows a high-
resolution autoradiograph of a Thorotrast aggregate surrounded by
dense fibrotic tissue in the human liver.!®* Quantitative aspects of
this exposure situation are discussed in Appendix I and Chapter 4.

Radioactivity and, therefore, dose increase with the size of the
Thorotrast aggregation. However, this is offset to some extent
by alpha-energy absorption within the aggregate. With increasing
amounts of Thorotrast injected, an increase in the effective average
aggregate diameter and a corresponding decrease in the fraction of
alpha-energy emitted by the aggregate are found.®® Table 5-2 showas
the mean tissue doses in the liver and red bone marrow based on
measuremnents from the German Thorotrast study®® and indicates
the magnitude of dose modification to tissue afforded by the self-
absorption of the alpha particles in thorium dioxide aggregates. For
example, in the case of the liver, an increase in the injected quantity
of Thorotrast by a factor of 10 is associated with only a fourfold
increase in annual radiation dose. The lower uptake of Thorotrast
by the bone marrow and the consequent smaller mean aggregate size
produced less of an effect.

Following Thorotrast injection and deposition within the body, a
buildup of daughter products proceeds, but it never reaches equilibri-
um.?* The lack of equilibrium is indicated by the relative excretion
rates of 23?Th and its daughters; thorium is excreted at a slow rate
relative to that of radium isotopes.3®

Kaul and Noffz?? calculated absorbed doses to the liver, spleen,
red bone marrow, lunga, kidneys, and bone for long-term burdens of
intravascularly injected Thorotrast. The estimates were performed
for typical injection levels of 10, 30, 60, and 100 ml based on best
estimates of 223Th tissue distribution and steady-state activity ratios
between subsequent daughters. The typical tissue distribution of
232Th in patients was estimated in the German Thorotrast Study
to be as follows: hLver, 59%; spleen, 29%; red bone marrow, 9%;
calcified bone, 2%; lungs, 0.7%; kidneys, 0.1%.%2 The thorium dioxide
concentration in regional lymph nodes of the liver and spleen was
high, but very low in other lymph nodes in the body.
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to Thorotrast. Gamma rays from 22* Ac, 2'2Pb, and **T! and alpha
rays from *2Th and 2?*Th emitted from autopay samples make it
possible to estimate the steady-state activity ratio of thorium daugh-
ters to 2°2Th. The steady-state activity ratio of 228 Th to 232Th can
be determined from an alpha-ray energy spectrum and that of 2**Ra
to 2*Th and ?**Ra can be determined from a gamma-ray energy
spectrum.?! For estimation of average absorbed dose in an organ,
the distribution of Thorotrast aggregate sizes must be assumed. Ex-
smination of Thorotrast-exposed patients and results of laboratory
animal experiments demonstrate that the concentration of Thoro-
trast throughout the liver varies considerably, perhaps by a factor
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ANIMAL STUDIES

LIVER AND SPLEEN TUMORS

Several animal studies provide a better understanding of the car-
cinogenic potency of Thorotrast in humans. Early reports discussed
whether, in addition to radiation, a foreign body effect or the chem-
ical properties of Tharotrast should be taken into consideration as
potential causal factors in tumor induction. Bemﬂ;ed2 examined the
effects of zirconium dioxide aquasol (erconotrast] and conventional
and ?*Th-enriched Thorotrast in mice, and found ne clear evidence
of an increased incidence of Thorotrash-speciﬁc tumors compared
with Zirconotrast. Faber® injected rabbits with various amounts
of 9Th-enriched Thorotrast and found a shortened latency pe-
riod for hemangicendotheliomas when compared with that caused
by commetcial Thorotrast. Riedel et al.3%3 examined the distri-
bution of colloidal thorium, zirconium, and hafnium dioxides and
found that the organ distribution of Thorotrast and the kinetics of
thorium daughters demonstrated comparable biological behavior in
mice, rats, dogs, rabbits, and humanas. The other colloids studied
failed to show any significantly different effecta due to their distribu-
tion from those of the thorium dioxide sol.

The investigations by Wesch et al *¢5% are of particular interest
since their objectives were to test for a dose response for carcino-
genesis and to determine whether a foreign body effect was invelved.
In these experiments, ?*?Th was enriched with different fractions
of P°Th to allow variation in dose rate for constant volumes of
Thorotrast injected or varying volumes for a constant burden of ra-
dioactivity. They found that the frequency of liver and spleen tumors
following = eingle injection of Thorotrast followed a linear dependence
on radiation dose rate, but was not correlated with the volume of
Thorotrast injected. At a constant dose rate, an increase in the vol-
ume of Thorotrast did not increase the tumor risk but did decrease
the mean latent period. For a constant activity injected, a factor of
10 increase in the mass injected resulted in further life-shortening. A
linear dose-response relationship for liver cancer was found; I{D) =
3.3 + 0.79D, where J(D) is the cruds incidence (I) of all liver tumors
and D is the dose rate. The correlation between dose and incidence
was 0.97. The value of I at D = 0 did not differ from the obaerved
control incidence of 2.7%.

In later studies, Wesch et al.?® studied rats injected with Zir-
conotrast (colloidal ZrQO;) in which **2Th was incorporated. The
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liver cell carcinomas, intrahepatic bile duct carcinomas, and heman-
giosarcomas induced were similar to Thorotrast turmnors in humans.
The number of hepatic or splenic tumors increased by a factor of
15 compared to controls; the frequency was dose rate dependent but
did not correlate with the number of injected particles. The inactive
colloid (without ??2Th) did not induce primary hepatic or splenic tu-
mors in excess, nor did it increase the tumor incidence at a constant
dose rate,

Taylor et al.*? examined the liver carcinogenicity of 34* Am and
Thorotrast in mice and found that at comparable doses, in rad,
of 22 Am and Thorotrast it was approximately equal. The toxicity
ratio {?** Am/Thorotrast) for liver cancer induction approximated
1.2, with a range of 0.6-1.6. This further suggests that nonradiation
factors of Thorotrast were not significant in liver tumor induction.

Brooks et al.® injected hamsters with Thorotrast and found that
the chromosome aberration frequency in liver cells increased linearly
as a fTunction of time and radiation dose. The slope of the dose-
response relationship was estimated to be 0.56 aberrations/cell/Gy.
This slope can be compared to the value of 0.48 aberrations/cell/Gy
observed with injected #>°Pu citrate. The data suggest that the dose
distribution, chemical effects, or particle loading in the liver do not
increase the frequency of chromesome aberrations induced by Thoro-
trast above that predicted for the more homogeneously distributed
alpha radiation from 2*Pu citrate. This pravides some evidence
that the data from Thorotrast-exposed patients may not overesti-
mate the rigk for primary liver damage from internally deposited
alpha-emitting radicnuclides,

Wegener and Hasendhrl®® examined rats injected intravenously
with different quantities and different alpha doses of Thorotrast.
The total frequency of liver and spleen tumors in animals receiving
¥%Th-enriched Thorotrast was dependent on the dose given. The
relationship between dose and effect was almost linear. The volume
of injected Thorotrast, given a constant dose rate, had only a slight
influence on the number of tumors induced.

The experimental evidence from studies on laboratory animals
suggeats that Thorotrast-induced tumors appear to arise in large
measure from the effects of radiation, and that the carcinogenic effect
may not be directly related to the physical presence of the particulate
material in the tissues, to the chemical properties of thorium, or to
the fibrotic tissue formed by cells killed by the radiation. Tiesue
destruction of significance does not precede the development of liver
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average skeleta] dose at 1 yr after death. *Th was about 9.1 + 2.5
times as effective as 22°Ra when skeletal doses were compared at the
time of death.

HUMAN STUDIES

The studies in humans are almost all done following administra-
tion of Thorotrast. When Thorotrast is injected intravenously, the
particles are taken up by the macraphages of the reticuloendathelial
system; and the organs that show the greatest concentrations of ag-
gregates of crystals are the liver, spleen, bone marrow, and lymph
nodes. Hematological studies of Thorotrast-exposed patients demon-
strated that it is common to find anemia, with an increase in the early
forms of the myeloid series.5? Because of Thorotrast deposition in the
bone marrow, destruction of erythrapoietic and myelopoietic tissues
and the subsequent appearance of circulating immature blood cells
would be expected.

The use of Thorotrast for hepatolienography and angiography
in order to examine the reticuloendothelial system resulted in the
induction of primary sarcomas, carcinomas, and mixed neoplasms
in the liver.’? Since hepatic carcinomes are associated with other
pathologic conditions of the liver, for example, cirrhosis, and since in
some of these patients Thorotrast was administered to diagnose and
evaluate liver disease, it is difficult to assess the role of precancerous
conditions that may have existed at the time of the administration of
Thorotrast and the extent to which the radioactive colloid may have
accelerated the induction of malignancy.

Many Thorotrast-exposed patients have been reported to have
hepatocellular and cholangiocellular carcinoma of the liver.d While
histologically sirnilar, these neoplasms were classified as hepatosarco-
mas, hemangioepitheliomas, endothelial cell sarcomas, and heman-
gioendotheliomas. On the basis of the limited clinical and experimen-
tal material available, it has been suggested that the hemangicen-
dotheliomas may very well he almost a Thorotrast-specific tumor.!

There are five epidemiclogical follow-up studies of Thorotrast-
exposed patients, namely, the German Thorotrast study,*®~*! the
Japanese Thorotrast cases,?”:21:29-32 the Thorotrast exposed patients
in Portugal, %17 the Danish Thorotrast study,*~! and the American
study.!4
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FIGURE 5-5 The German Thorotrast study., Cumulative incidence of liver
tumors in examined Thorctrast-treated patients with different liver dose rates.
SOURCE: van Kaick et al.>°

THE PORTUGUESE THOROTRAST STUDY

The epidemiological study of Thorotrast-exposed patients in
Portugal®® 17 represents a 30-yr follow-up of about 2,500 patients
exposed mainly between 1929 and 1955 and approximately 2,000
controls, Some 60% of the patients were given Thorotrast for cere-
bral angiography; the remainder were given Thorotrast for reasons
that included limb arteriography and venography, acrtography, hep-
atosplenography, and examination of the paranasal sinuses. By the
end of 1976, 955 of the 1,244 traced Thoratrast-exposed patients and
656 of the control cases had died; 137 of the patients died from malig-
nant tumors, 87 of which were primary liver cancers, Of the 32 liver
cancers with confirmed histological classification, 18 were heman-
gioendotheliomas and 4 were biliary duct carcinomas. There were
eight carcinomas of the stomach, five carcinomas of the lung, two
carcinomas of the larynx, and five primary bone tumors. A total of
23 patients died of blood disorders {12 from leukemias, mostly acute
and myeloid) and 27 died of cirrhosis of the liver. There was only 1
case of liver cancer in the 656 deaths in the control group, na cases
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cholangiocarcinoma, 25 cases of angiosarcoma, 10 cases of hepatocel-
lular carcinoma, and 4 cases of multiple hepatic malignancies. The
latent periods were as follows: cholangiocarcinoma, mean, 34.1 + 8.8
yr (range, 23—45 yr); angiosarcoma, mean, 36.4 + 5.4 yr (range, 2749
yr); hepatocellular carcinoma, mean, 35.3 + 5.8 yr (range, 23—41 yr).
No unusual histological features were recorded in liver cancers in the
Thorotrast- and non-Thorotrast-exposed patients. The coexistence
of two or three different malignant neoplasms of the liver was found
in 4 (5.3%) of the 75 Thorotrast-induced hepatic malignancies. In
55 Japanese patients who received Thorotrast intravaseularly 29-50
yr previoualy, significant dose-dependent changes were found both
in the appearance of Howell-Jolly bodies in the erythrocytes, which
increased significantly with thorium body burden, as was an increase
In osmotic resistance of erythrocytes with an increase in thorium
deposition.*?

THE DANISH THOROTRAST STUDY

A follow-up study of Danish neurcsurgical patients injected with
Thorotrast during the years 1935-1946,"!! wasa begun a few years
after the cessation of the radioclogical use of Thorotrast. The control
population used is derived from the Danish Cancer Registry. The
malignant tumors found in excess in 1979 were as follows: cancers of
the digeative tract, 71 observed versus 21 expected; liver tumars, 50
vergus 0.75; lung cancers, 14 versus 7.5; and leukemias 14 versus 1.6,
In the 1986 report of resulta to the end of 1983,3! 1,169 patients had
died and 150 were alive. Cancer types have shown little difference
over time, and only liver tumors and leukemias show great divergence
from expected rates. Liver tumors were the largest single cause of
death from 1980 to 1983. There have been 93 liver cancers versus
0.89 expected, and 23 leukemias versus 3.12 expected. There also
appeared to be an excess of lung cancer {19 observed versus 9.1
expected). This apparent difference is unexplained.

THE AMERICAN THOROTRAST STUDY

Falk et al.'* carried out a preliminary epidemiological investiga-
tion of Thorotrast-expased patients in the United States covering the
years 1964-1974 and found 26 cases of Thorotrast-induced hepatic
angiosarcoma. All patients had undergone either hepatolienography
or cerebral angiography. This hepatic tumor incidence was still in-
creasing in the early 1970s, and a larger proportion of the more recent
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TABLE 5-5 Liver Cancer Data from Thorotrast Studies

Na. of Years  Average Total No. of Liver
Therotrast  Followed Liver Dose  Cohort  NMo. of Liver Cancers/
Study (date) (rad/yr) Size Deceased Cancers  Nao. of Controis
German 40 (1984) 25 2,334 1,564 M7 2/1.409
Japancse 40 (1984) 36 254+ 180 50 5/446
Portuguese 30 {1976} i 1,244 9ss 87 1/656

401 261 cages, 7 are untraced.

Both the German and the Japanese Thorotrast cases have been
followed for about 40 yr, and in the Portuguese study, results are
available as of 1976, at which time those cases had been followed for
about 30 yr. Table 5-5 lists the information from these three studies
needed to make approximate estimates of the liver-cancer risk.

The major assumptions in this calculation are (1) the rate at
which the study group is dying {(which determines the total lifetime
of the etudy) and {2) the latency period. Figures 5-3 and 5-5 appear
to provide evidence that the latent periad is about 20 yr. Estimation
of the rate of dying is more difficult from the information available.
The rate is expected to increase with age, and the simple linear
model following liver-cancer deaths should be a rough approximation
to what will actually occur. An example calculation of the risk is
given in the box entitled *Example Risk Estimate for Liver Cancer
in the German Thorotrast Study.”

Using these assumptions, excess lifetime risks have been cal-
culated for liver cancer for the three different Thorotrast studies,
namely, the German, the Japanese, and the Portuguese studies.
These risks are shown in Table 5-6.

An assumption of a shorter latent period, for example 10 yr as in
the Biological Effects of Ionizing Radiation (BEIR) III report,®* will
reduce these risk values because the effective dose will have increased
due to the longer time at risk. A 10-yr assumed latent period will
reduce the risk estimates by about one third. The 1980 BEIR III
report>* based jta projections on an azssumed minimal latent periad of
10 yr and ohserved mortality to the end of life for the total population
in the three studies still alive and at risk; it estimated approximately
300 excess liver cancers/10° person-rad of alpha radiation to the
liver.

It must be remembered that these estimates are for Thorotrast,
not thorium. The dosimetry of thorium in other forms will likely be
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(including acute myeloid and chronic myeloid leukemia), multiple
myeloma, and hemangiosarcoma confined to the bone marrow; and
(2) malignant disease arising in the lymphoid tissues, that is, ma-
lignant disease that includes thymoma, reticulosarcoma, and acute
lymphoid leukemia. By 1978, the total of the former category in the
combined surveys exceeded 40 cases, which ie a combined rate of
about 12 cases/1,000 persons.?” The expected number of cases would
depend on the age distribution of the population of Thorotrast-
exposed patients. If an expected value of 2/1,000 patients is as-
sumed, the excess due to Thorotrast would be 10/1,000,372% The
average dose to bone marrow was about 150-200 rad.?” This would
result in an estimated lifetime linear riek coefficient of 50-80 excess
leukemia casea/10° person-rad.?’

In the second category, a total of 11 cases have been recorded,”
which is a combined incidence rate of about 3/1,000 patients. If the
expected rate were 1.5/1,000, this excess would be significant. How-
ever, no risk coefficient can be estimated since diseases a8 uncommon
a8 those listed are difficult to distinguish in national registries, and
there are no reliable data on the dose to the lymphoid tissues in the
Thorotrast-exposed patients,37

Mole®® reported that by 1979, of 8,772 Thorotrast-exposed pe-
tienis in the German, Danish, and Portuguese Thorotrast surveys,
26 died from bone marrow failure, that is, 6.9/1,000. If the expected
control value were approximately 1.6/1,000 and the bone marrow
dose is taken as 270 rad over 30 yr for a 25-ml injection, then a
lifetime linear risk coefficient of 20 excess cases/10% person-rad can
he estimated. However, the risk coefficient may be nearer to 30/10¢
person-rad since the deaths in the Danish subjects occurred at 7-24
yr (mean, 18 yr)* and in the Portuguese subjects at 8-37 yr (mean,
25 yr)® after Thorotrast administration.

Mays and Spiess?® have estimated the risk of bone-tumor in-
duction in Thorotrast-exposed patiente. In Germany, Portugal, and
Denmark, 3,000 patients followed for more than 10 yr had con-
tributed about 45,000 person-yr at risk beyond the first 10 yr by
1979; 3-8 bone sarcomas had occurred, compared with 0.5 expected
cases. Rowland and Rundo®” have calculated tbat a typical intravas-
cular injection of 25 ml of Thorotrast gave an average dose rate
from translocated 2**Ra of about 1 rad/yr to the marrow-free skele-
ton of an adult. Assuming that translocated ??*Ra is the source
of exposure, tbe risk coefficient estimated is 56-120 excess bone
sarcomas;/10% person.rad (average dose to the skeleton without bone
marrow). For comparison, the risk coefficient for protracted injec-
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TABLE 5-7 Lifetime Exeess Cancer Risks
from Thorotrast

Risk Coefficient/ Latent Periad (yr) far
Tissue t* Person-rad Colloidal *3ThOy
Liver 260=300 20
Leukemia 50-60 3
Bone 55-120 10

The extent to which these risk numbers apply to other thorium

radionuclides in other forme is unknown.
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Uranium

INTRODUCTION

Minerals containing uranium are widely distributed in the sur-
face areas of the earth’s crust. Some are of commercial value and
contain various oxides of uranium, including uraninite, pitchblende,
carnotite, and brannerite. Uranium is also found in phosphate rock,
lignite, and monazite sands. The potential health efects of uranium
in mining or in refining operations are complicated by the presence of
other alpha-emitters in the ore, such as radium and radon. Natural
uranium contains about 89.283% of ***U by weight, 0.711% 2°5U,
and 0.0054% 3%\, 28] has a very long half-life of 4.5 x 10° yr so
that this isotope, although accounting for the largest fraction, by
weight, of natural uranium in the soil, accounts for only half of the
radioactivity, The remainder is derived from 235U and 2311,

Uranium is a dense metal (19.07 g/cm® at 25°C) that is chem-
ically reactive and combines with most elements. Its chemistry has
been studied in great detail. In the erystalline state it can have va-
lences ranging from +3 to +8. Only the uranic compounds, U{IV),
and the hexavalent uranyl compounds, UO;?*, are sufficiently stable,
both thermodynamically and kinetically, in aqueous solution to be
of biclogical importance,

Uranium forms & highly complex series of oxides, including UQ,,
UyQg, and UUQs. Uranates are obtained when uranium is fused
with alkaline earth carbonates. Uranium hexafluoride, UFg, is an

276
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important industrial compound since it is readily volatile {melting
point, 64.1°C).

Uranium has assumed enormous importance as a result of its use
in nuclear fuel. Previously, however, its industrial use was limited,
and most uranium that was recovered as a by-product of vanadium
mining was discarded. It has some utility a5 an intensifier in photog-
raphy, in dry copying ink, as a colorant in ceramics or glass, in the
production of armor-piercing projectiles, and for use as ballast.

ABSORPTION AND DISTRIBUTION OF NATURAL URANIUM

Uranium is ubiquitous in soil and, following uptake into craps, is
a trace constituent of food, particularly cereals. Food is the principal
origin of the natural uranium content of the body for most popula-
tions, although water may be an important source in certain areas.
Gastrointestinal uptake is generally low—about 1% of soluble salts
and less than 1% of insoluble compounds.®* Absorption is reasonably
independent of the mass of uranium ingested.? As expected, there
appears to be no preferential biological uptake of 23¢U compared to
238U, and their ratio in the body is similar to that ingested.!® There
are considerable regional variations, particularly in the concentra-
tions in water supplies, and these are reflected in variations in the
body content of uranium of populations in those areas.!?

The distribution of uranium found in human postmortem studies
has been reviewed by Wrenn et al,®® who noted a range in total body
content of 2 to 62 ug. The skeleton is a major storage depot, and
the differences between the concentrations obaerved in various pop-
ulations is considerahle. The concentrations of uranium in skeletal
tissue from Nepal was about six times that observed in the United
States.!* There appears to be no increase in skeletal content with
increasing age,'? and this has been interpreted as suggesting that
equilibriuin is established between intake and excretion during life
and that the biological half-life of uranium in hone is fairly short.
However, the natural uranium content of lung, liver, kidney, and ver-
tebra was found to be age dependent.!! Fisenne and Wellord!! also
noted that the skeletal content in their material was only one-tenth
of that predicted by the International Commission on Radiological
Protection (ICRP).?®
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PHARMACOKINETICS AND TOXICOLOGY

The uranyl ion, UQ;2%*, is central to an understanding of the
toxicology of uranium, because it forms stable complexes with car-
bonate and phosphate ligands in biological fluide and, to a smaller
degree, with carboxyl and hydroxyl ligands. The stability of the
UO,HCO3% complex depends on the pH of the solution, and the pH
at different anatomic sites affects ita distribution in the body.

Early toxicological studies were reviewed by Hodge,?® who noted
that the toxic effects of uranium were first examined after uranium
waas extracted from pitchblende, followed by the preparation of urany}
nitrate, sulfate, and chloride. In 1853 Leconte (cited by Hodge?) dis-
covered that uranium acetate could induce glycosuria in doga. This
discovery resulted in its widespread use as a homeopathic remedy in
the treatment of diabetes mellitus because of the mistaken conclu-
sion that the effect was an abnormality of carbohydrate metabolism.
However, extengive research soon showed that it was the result of
renal damage, and uranium compounds became the agent of choice
in the production of chronic renal lesions in experimental animals,
Chronic nephritis was an important and widespread disease at the
time, and the discovery of an experimental model that appeared
to mimic the human disease attracted much interest. The renal le-
sion was found to be unique, and was later assumed to be the only
toxic effect of uranium important to man, in that uranium was not
thought to accumulate in bone or to constitute a radiation hazard.
However, the enrichment of natural uranium and the production
of artificial isotopes with high specific activities stimulated inten-
give research, which has been reviewed by various authors who used
data drawn largely from the original Manhattan Engineering District
studies, 20:48,61,85

A classic handbook of experimental pharmacology comprehen-
sively treating uranium, plutonium, and transplutonic elements was
edited by Hodge et al.2? It contained seven chapters devoted solely
to uranium and uranium mining. Chapter 1?2 summarized the early
history of uranium poisoning {1824-1942), Chapter 3%¢ the results
of toxicologic experiments in animals since 1942, and Chapter 42°
the direct information on the metabolism of uranium in humans.
Chapter 5%° described the development of criteria for the protection
of humans against uranium intoxication. This bock was followed by
a conference®® on occupational health experience with uranium up
to 1975. The proceedinge included a comprehensive review of the
metabolism and effects of uranium in animals.? In 1975, a Brazilian
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and bicarbonate anions emphasize the importance of distinguishing
between solubility in water and solubility in biological fluids.

Results of animal studies®® have suggested that uranium in the
tetravalent state, U(IV), is oxidized to U(VI) before abscrption,
unless given intravenously; the metabolism of U(IV) is therefore
less relevant to occupational or environmental exposure of man and
will not be reviewed here., After absorption from the lungs or af-
ter intravenous injection in experimental animals, soluble salts of
U(VI) are partitioned in the bloodstream—approximately 60% in
a form generally accepted to be the bicarbonate complex and the
remaining 40% bound to plasma proteins, primarily transferrin.6-47
The low-molecular-weight bicarbonate complex is filtered out of the
bloodstrearn in the renal glomeruli and passed into the tubules. The
fraction bound to plasma protein cannot penetrate the glomerular
lining, but because equilibrium between the two fractions in the
bloodstream is maintained, in due course all plasma uranium passes
to the renal tubules, except for that which is diverted to the skeletal
tissue. Between 10 and 30% is reversibly bound to the surface of
the bony structures. During glomerular excretion of uranium, the
stores of uranium in the extracellular fluid and skeletal syatem are
mobilized, and the renal tubules continue to excrete uranium; over
80% of a single intravenous dose is excreted in the first 24 h,15.29.48.47

Within the renal tubules, water and bicarbonate are absorbed.
The resulting decrease in pH causes the uranyl-bicarbonate complex
to dissociate and release the highly reactive uranyl jon, This forms
complexes with phosphate ligands on the luminal surface of cells
lining the tubules. The complexing probably suppresses cellular
respiration due to enzyme inhibition and results in slow cell deatb.2?
The accumulation of uranium in the kidneys accounts for about
20% of an intravenous dose during the first 24 h.97 The rate of
excretion depends on the urinary bicarbonate content and acidity.
Very alkaline urine limits dissociation of the uranyl complex and
increases uranium excretion.

The deposition of uranium in bone was originally considered not
to be important, because of the low specific radicactivity of natural
uranium and in view of the obvious severity of the renal effects.
However, uranium behaves chemically like calcium, and the skeletal
systemn might be the target organ in the case of enriched uranium.
The use of autoradiography with isotopes with high specific activities
has provided much experimental information on the mechanism of
deposition of uranium in bone. It has shown that uranium shares
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characteristice with radium, which is distributed throughout bone (a
volume seeker), and with plutonium, which remains on the surface of
the bone.?®42 The initial deposition is nonuniform and is at the sites
of active calcification.3"*! Subsequently, there is a slow relocation
throughout the volume of the bone. The mechanisms are uncertain.

Many inhalation experiments using uranium have been carried
out in animals. In general, soluble salts, such as UF¢, UQ;F3, and
UQL(NO;),-6H, O, are rapidly cleared to the kidneys and bones, with
none rematning in the lungs after 30 days. In contrast, less soluble
compounds such as UQ; are largely cleared from the pulmonary
tissue to the ciliated airways and eliminated by the gastrointesti-
nal tract. A fraction is retmined in the lung tissue or hilar lymph
nodes, and little accumulates in tissues outside the thorax. Recent
studies have shown that the distinction between compounds which
are soluble in water and those which are insoluble is not a reliable
indicator of clearance rates because of the rapidity of formation of
the bicarbonate-uranyl complex in biological fluids. For example,
using UOy which was classified by ICRP?® as a clans W compound
on the basis of solubility, Stradley et al.*® exposed rata to an aeroscl
and by direct injection of an aqueous suspension of the dust into
the pulmonary region of the lung. The aerosol had an activity mean
diameter of 1.4 um (o 4.0). Retention of uranium in the lung was
represented as the sum of two exponential terms with half-times of
0.9 (96%) and 60 (4%) days. This unexpectedly rapid clearance
of uranium from the lungs resulted from its solubility in biological
Auids with translocation in the bloodstreamn and later excretion in
urine. The size of the aerosol particles was such that they had a high
probability of deposition in the alveoli where clearance to the ciliated
airways would take months in the case of insoluble particles.

Data derived from human experience are sparse. Human in-
travenous exposures for experimental purposes were carried out
in gix hospital patients (Rochester, N.Y.}, in eight terminally ill
brain tumor patients (Boston, Mass.}, in studies to investigate bone
metabolism in seven patients with different bone diseases, and in
healthy control subjects.?* These experiments provided information
on the distribution and renal effects of acute exposures, but are of
less velue in predicting the effects of chronic low-level exposure. In
an inhalation experiment reported by Harris and Davies,'¢ a subject
inhaled approximately 80 mg of UQ; or UF, over a period of 24 days.
The particle gize of the aerosol was not stated. Retention was esti-
mated by measuring total excretion of uranium from the body. The
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contained in the model and emphasize the large uncertainties in
estimating risks.

NEPHROTOXIC EFFECTS

In the case of natural uranium, the toxicological data identify the
kidney as the target organ, although specific acute toxic effects are
associated with the inhalation of certain compounds such as UF, and
UC),. Studiea done after the acute administration of soluble uranium
to animals?*>® indicated that substantial renal damage occurred
when the concentration of uranium in the kidney exceeded 3 ug/g
of renal tissue. If the same concentrations were relevant to human
experience and renal tissue of a standard man?? of 310 g is used, this
corresponds to a total uranium content in the two kidneys of 930 ug.

Wrenn et al.®® have recently reviewed metabolic models of the
accumulation of uranium in the human kidney under conditions of
equilibriurn where the intake rate equals the excretion rate. The
several models used?®4¢% gimilar equilibrium values of uranium in
kidney if the same daily input to blood 18 assumed for each. The
ICRP model® uses & two-compuonent exponential retention function
in kidney with half-times of 6 days associated with 12% of the dose
to blood and 1,500 days associated with 0.05% of the dase to blood.
The model of kidney retention adopted by Wrenn et al.®® is that of
Spoor and Hursh.*® Spoor and Hursh used a 15-day half-time in the
kidney with 11% transfer from blood to kidney. Durbin®* has recently
evaluated the information on retention of uranium in the kidney in
seven mammalian species and concluded that the rate of elimination
of uranium deposited in kidney has two phases, with the first (95%
of the dosage) having a half-time from 2 to 6 days and the second
having & half-time from 30 to 340 days. Under equilibrium conditions
of intake and excretion, the daily urinary excretion predicted by these
models associated with the buildup of 3 sg/g in humen kidney would
be about 400 to 500 ug of uranium, of which only a part is contributed
from the release of uranium deposited in kidney. In man about 70%
of injected uranyl nitrate was excreted in urine in 24 h.*¢ For a rapid
acute exposure of man to soluble uranium compounds, if 11% were
deposited in kidney, an acute intake of uranium to blood of 8,400
pg would be required to produce an initial concentration of 3 ug/g
kidney, and about 70% (5,900 uxg) would be excreted in urine during
the subsequent 24 h,
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The mechanism of the renal lesions has been extensively investi-
gated.***® The kidney responds to toxic levels of uranium within
the first 1 to 2 days after a single injection3® but, unlike mercury
poisoning, the changes are progressively severe over the first 5 days;
whether this is due to the continuous release of further uranium by
mobilization from the skeleton or the progression of the initial lesion
ia not known. The renal deposite formed after a single administration
are also excreted rapidly, either because of reversal of the phosphate-
binding sites in the tubular cells or because of the asloughing and
excretion of dead cells that contain uranium. This acute phase of
damage can be followed by repair with modified epithelium consist-
ing of flattened, imperfectly differentiated cells that are remarkably
resistant to the toxic effects of further injections of uranium. Young
animals have considerably more resistance than clder animals, and
there are important species differences in sensitivity, possible owing
to differences in urinary pH.* Rats are much more resistant than
dogs. Humans are probably close to dogs in sensitivity (P. Mor-
row, personal communication, 1986); this is considered below in the
discussion of thresholds of toxicity.

The lesions in the proximal conveoluted tubules result in the
appearance of glucose, low-molecular-weight proteins, and amino
acids in the urine. These substances are normally reabsorbed from
the tubular fluid, and their appearance in urine is due mainly to
malabsorption by the damaged tubular cells and partly to tubular
excretion, but not to increased glomerular permeability. They are
of practical relevance, because they make it possible to detect early
renal damage in industrial workers through routine monitoring of
urine for abnormal proteins.

The work of Morrow et al.*® has cast some doubt on the validity
of the conclusion that 3 ug/g is the threshold level of nephrotoxicity.
In the dog kidney, they concluded that <1 ug/g was associated
with histological and transient biochemical abnormalities for injected
doges of 0.01 mg/kg UO,;F;. In the female Wistar rat, Bentley et
al.’ showed that renal concentrations were 10 ug/g at 0.05 mg/kg of
injected uranyl nitrate at 24 h postinjection, and that 0.01 mg/kg
produced a transient proteinuria.

Morrow et al.®® report half-times of 18 days in rat kidney after
single exposures to UOgF;, whereas Bentley et al.® report on a two-
phase retention, with the first component having a half-time of 2.2
days and the second a half-time of 18 days, consistent with the
general mammalian metabolic model of Durbin.*¥ Morrow ot al.3¢
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find a rapid (unspecified rate) and slower (hali-life, 9.3 days) release
rate from dog kidney.

Whether the rat or dog is more senzitive is not clear. Morrow
et al.?® believe the rat is more resistant than the dog, but exper-
iments in which the 50% lethal dose (LDgg) i8 determined suggest
that the dog is more resistant based on lethality.? The question of
which animal is a better model for uranium effects in man deserves
further investigation, as does the pharmacokinetics of early uranium
deposition in kidney up to 10 days postinjection and ite relationship
to biochemical and histological indicators of response and damage.

In the absence of reliable epidemiological evidence, the interpre-
tation of animal toxicological data has mssumed considerable impor-
tance as a source of inference about the likely effects of human ex-
posure. However, it is clear from the preceding discussion that there
are important species differencea in sensitivity and in the effects of
single versus chronic exposure. Both single and chronic exposures are
relevant to human populations. The laboratory experiment of single
acute exposure mimics accidental exposures, but chronic exposure
experiments are more important in estimating environmental effects
or those in working populations. The major difficulty is in choos-
ing the animal species that is the best model for predicting human
toxicity.

The literature contains a sufficient number of investigations in
which injected UO3(NQO;); was used to compare relative species
gensitivity. Durbin and Wrenn,? in their review of toxicity in the
rabbit, guinea pig, dog, cat, and mouse noted a variation in sensitivity
of 2 orders of magnitude, from 0.1 mg/kg in rabbit to 20-25 mg/kg
in C3H mice. The greater sensitivity of the rabbit and guinea pig
may be due to the greater acidity of urine in herbivores. Information
on humans is inadequate to estimate an accurate LDyo for man,
but there is information on levels that are not acutely toxic, and
systemic doses of 0.1 to 0.3 mg/kg of soluble uranium have not
produced mortality due to kidney lesions in man.9-3%4% The LDy for
man is probably similar to that in the rat or dog. Generally one-tenth
the LDgy produces no or few acute deatbs in experimental animals.
Thus, the LDy in man should be no lower than that for the rat or
dog, about 1 to 2 mg/kg. Parentally administered UO;(NQ;)2 and
UO,F; are equally toxic in mice and rats and twice as toxic aa less
soluble UCL, .27
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In the adult male Wistar rat, there is a gender sensitivity, with
the LDsg for the male being about 2.5 mg/kg and that for the female
being about 1 mg/kg, for intraperitoneal injection of UO,F;.1"

Thirty-day feeding experiments in rats with compounds of ura-
nium that are insoluble in water (UO;, UaOs, and UF,) were found
to be nontoxic, whereas water-soluble compounds were relatively
more toxic. For the toxic compounds, 2 to 10% in the diet produced
100% mortality, and at 0.1 to 1% it produced growth depression.
The relative species susceptibility in oral 30-day feeding studies is
rabbit > dog > rat. For interapecies scaling for nephrotoxicity, the
relative absorption from the gastrointestinal tract is important. The
recent article by Wrenn et al.®® summarizes what is8 known about
mammalian metabolism of uranium, including gastrointestinal ab-
sorption.

Tolerance has sometimes been used in the literature to mean the
ability of animals to resist the toxic action of uranium more effectively
when a dose is given repeatedly rather than acutely. Although the
experiments of Haven'” in the rat showed that survival to an LDsg
could be increased two- to fourfold by administering conditioning
doses up to one-third that of an LDgo, the tolerance induced was
temporary; it was accompanied by histological alterations in the
kidney, with some cells excreting atypical amounts of citric acid;
and there were gross elterations of kidney appearance at autopsy.
Tolerance does not develop at lower doses. Therefore, it seems to be
& laboratory phenomenon of little practical importance, especially as
applied to occupational protection of workers.

There is some evidence in mice and dogs that the combination of
alpha radiation and chemical toxicity produces a greater nephrotoxic
effect than either does seperately.'® The relevance of this to human
risk estimates is difficult to determine.

In one of the few studies to show an effect of uranium on humans,
Thun et al.? evaluated kidney function among uranium mill workera
and found a statistically significant excretion of beta-2-microglobulin
and five amino acids. Although the levels of tubular proteinuria
were low, a correlation existed between the clearance of beta-2-
microglobulin, relative to that of creatinine, and the length of time
that the uranium workers had spent in work areas with the high-
est exposures to soluble uranium. Thun et al.?? believe that these
data suggest reduced renal proximal tubular reabsorption, which is
consistent with uranium nephrotoxicity.
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2%1] in dogs is uniformly distributed throughout the bone volume.
Schlenker and Oliman*?! have found diffuse fission-induced tracks
in bone volume obtained at autopsy from a person given #**Pu by
injection: They interpreted the effect as being due to naturally
accurring 335U, Thus, the most reasonahle assumption is that the
alpha-emitting uranium isotopes are as effective as ®Ra in inducing
bone sarcomas. This assumptior should be experimentally investi-
gated in an animal with appropriate skeletal remodeling properties,
such as the dog, with #3°U and 2327],

For ingestion in water or food at a constant daily rate of 5
pCi/day, Mays et al.*? estimated that the risk of bone-sarcoma in-
duction over a lifetime is 1.5 bone sarcomas/million persons for 233y,
A4y, 233y, 238, or 298, if the dose response is linear. In a million
people in the United States, the naturally occurring bone sarco-
mas would number about 750.°2 If the dose-response relationship is
quadratic, virtually no effect is expected at environmental natural
uranium levels. I 23°U contains 3*3U, as is normal with reactor-
produced 233U from n, 2n reactions, the 23U should be considered
separately. It should be noted that the isotopes 2921, 233, and 23U
are special cases without direct relevance to the general papulation.

The work of Finkle, with retrospective dose estimates by Durbin
and Wrenn,” suggested that 232U and 233U are equally effective in
inducing bone sarcomas in mice, on the basis of average dose to the
skeleton. But longer-lived animals such as dogs and humans afford
a greater opportunity for the buildup of the first daughter, #2*Th, in
the skeleton, and the equal efficiency of bone-sarcoma induction by
23U and 2V in mice might not exist in longer-lived animals and
humans. In an experiment comparing the efficacy of bone-sarcoma
induction in dogs, injected 22*Ra was about 2.5 times as effective as
2%Ra (per average rad delivered to the skeleton).’? Because 3% Ra
decays by beta emission to 2?*Th (the same first daughter of 237U),
these results in animals are the most relevant empirical results for
use in the assessment of human risk.

BONE MARROW

Mays et al.*? have summarized the relevant epidemiological ex-
perience with alpha emitters in human bone and concluded that “the
risk from radiation-induced leukemias has been insignificant relative
to that for bone sarcoma.” They noted that, in 2,940 located work-
ers, mostly women, who were radium workers before 1970, 63 cases of
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irradiation with these long-lived isotopes in humans afforded by the
much longer expected residence time (and consequently larger dose)
in the human skeleton than in the lung. This experiment did not
provide enough information for confident extrapolation of either risk
coefficients or ostecsarcoma-to-lung tumeor ratios to humans. Inhala-
tion studies in a longer-lived animal such as the dog are required for
a more confident extrapolation to humans.

EPIDEMIOLOGICAL EVIDENCE

Workers engaged in the extraction of uranium have long been
known to be at risk of increased mortality fromn cancer. More than
one etiologic agent might be involved,? but the dominant source
of radiation damage to the respiratory system in miners is gener-
ally considered to be the inhsalation of radon daughters, rather than
the uranium content of the ore. Miners are also exposed to quartz
(silica), arsenic, and vanadium at substantial concentrations. The
mines in the Colorado Plateau were, in fact, started for the purpose
of obtaining vanadium rather than uranium. Even exposure to non-
specific underground dust, regardless of its composition, is known to
have adversge respiratory health effects on the basia of studies of coal
miners.*’ These multiple exposures constitute confounding factors
that mitigate against attempts to identify humnan health effects due
specifically to uranium in mining populations.

Enrichment of ore during milling 15 also associated with mixed
exposures, except in the final stages of purification. In the initial
stages, airborne dust in the mills can contain arsenic; vanadium;
226Ra; and equal amounts of #**U, 238, and #°Th,? Concern that
millers, as well as miners, might be at risk resulted in their inclusion in
the epidemiological surveys that began in the United States in 1950.32
That such concern was justified was supported by the frst reports of
increased cancer risk in uranium millers in Europe.4® These results
were at variance with other claims!® that, despite the large numbers
of uranium millers studied for years in the United States, there had
been little evidence of ill health associated with this occupation. The
validity of the latter claim must be assessed in relation to the power
of surveys to detect an effect if one were present,.

In the design of epidemiological studies to investigate health risks
due specifically to uranium, and not to concomitant exposure to other
substances, it would be reasonable to search for bone, hematopoietic,
or lung tumors as an expression of the radiation effect and for the
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renal pharmacological effects that have been demonstrated in experi-
mental studies. The distribution of pathological effects in an exposed
population would be expected to be a function of the solubility of the
uranium compound, with renal effects being dominant in association
with more soluble compounds or ores.

In an early mortality study by the U.S. Public Health Service
of uranium miners and millers in the Colorado Plateau, Wagoner
et al.%® reported no apparent increase in mortality in a cohort of
611 white uranium millers who had no apparent previous uranium-
mining exposure. Archer et al.? presented a more detailed analysis
with a longer follow-up of the same population. The study included
white millers who were available for medical examinations in 1950,
1851, and 1953. The total number studied was 662, but it is not clear
whether all millers were included in the medical examinations, nor
whether nonwhite millers were excluded. Follow-up through 1967
was achieved by various sources, and more than 8#9% of the cohort
was traced. In a life-table analysis, expected deaths were calculated
from the populations of the areas whose mills were studied { Colorado,
Utah, New Mexico, and Arizona). The report stated neither what
precautions were taken to exclude men with previous underground
mining exposure nor the number with such exposure.

A total of 104 deaths were available for analysis—almost identical
with the number expected (105.11). An apparent excess of malignant
neoplasms of the type in 6th ICD code 200-203, 205 (lymphatic
and hematopoietic other than leukemia) was noted; four cases were
observed, instead of the 1.02 expected, and the excess {standardized
mortality ratio {SMR], 392) was unlikely to be due to chance (P
< 0.05). Interpretation of this finding is difficult, because the four
cases, a8 noted below, included three diagnostic categoriea.

Exposure data were not available, nor was the analysis under-
taken in relation to duration of employment. In general, employment
appears to have been fairly brief, between 2 and 13 yr. The four
cases noted above (one of giant follicular lymphoina, one of multiple
myeloma, and two of lymphosarcoma) were in millers who had not
worked in the furnace areas where uranium exposure and vanadium
exposure were highest. However, they had all worked in 1943-1953,
when hygiene was probably poor; it was concluded that the excess
mortality was due to occupational exposure. The specific cause of
the hazard was less easy to identify.

In considering this problem, Archer et al? noted that the air-
borne dust in the plant contained almost equal amounts (in curies)
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of 2387, 2347, and 2%Th. But animal exposure experiments®® have
shown that, after exposures to uranium ore dusts, the radioactivity
in tracheobronchial lymph nodes due to 23°Th was 20-50 times that
due to #**1 or 238U, This difference led Archer et al.? to conclude
that the excess mortality observed in uranium workers was a mani-
festation of *Th exposure. It should be noted that they observed
no excess mortality due to tumors of bone or liver, and there was
no excess of renal lesions. However, the epidemiological power of
the study indicates that it constitutes fairly weak evidence against
& specific toxic effect of uranium. For example, malignant disease of
the digestive system (ICD 6th revision codes 150-159) was associated
with an expected number of deaths of 5. The power to detect a 50%
increase in cause-specific mortality was only about 25%. In the case
of other cardiovascular and renal diseases (ICD codes 330-334, 444-
468, and 592-594), the expected number of deaths was 9.15, and the
corresponding power was about 40%.

A direct approach to the question of specific uranium toxicity is
provided by surveys of workers exposed to enriched uranium. Such
an investigation was published by Polednak and Frome®® in connec-
tion with a cohort of 18,869 white men employed between 1943 and
1947 at a uranium conversion and enrichment plant in Qak Ridge,
Tennessee. The plant was engaged in the enrichment of uranium
with an electromagnetic separation process. Workers were exposed
to uranium dust, including uranium oxide and urapium tetrachlo-
ride. Airborne uranium concentrations decreased over a number of
years, but this was probably not associated with a concomitant de-
crease in the radiation hazard, because the product was more highly
enriched in ?**U and 23U, which have much higher specific activities
(radioactivity per unit mass) than 2**U, The type and solubility of
the uranium compounds alse changed over time. In the earlier years,
insoluble oxides were present with the more soluble chloride {UCL,).
Later, UF¢ was received directly from another facility, so that insol-
uble oxides were partly replaced by more soluble compounds (UFg
and UF;0,). However, the UFq gas was immediately converted to
oxides and then to green ealt (UF). Even though the process was
mostly enclosed, exposures to oxides and UF, could have occurred.
Radium (the source of radon gas) had been largely removed from
the uranium before it entered the plant. As a result, the pulmonary
radiation hazard to these workere was related only to the inhalation
of dust containing the various uranium isotopes and compounds.
Ascertainment of deaths was obtained through the Social Security
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TABLE €-3 Cumulative Lung Dose Odds Ratios (OR)

Cases versus Deceased Controls

Cases versus Deceased OR (%5% confidence mterval; Cases versus Controls
Expasure* P = 0,05 OR {93% confidence tnterval)
Hire age = 45yt

Low 0.84 (0.50-1.41) 0.5{0.34-0.62)

Meodium 0.49 {0.26-0.92) 0.31 {D.17-0.56)

High 0,65 (0.36-1.17) 0.54 {0.31-0.97)
Hire age = 45 yr

Low 2.27 (0.85-6.07) 1.03{0.44-2.42)

Medium 2.86 (0.70-11.54} 1.81 {0.510-6.50)

High 4,48 (1.20-16.85) 3,79 (1,01-134.3)

“Low, 0.001-5 rads; medium, 5.001-20 rads; high, 20.001-75 rads.

resulting from the inhalation of uranium compound dust and other
potential carcinogenic agents was calculated for each member of the
study population. Data were subjected to Mantel-Haenszel stratified
analysis and logistic regression. The results of the logistic model are
shown in Table 6-3.

The data show thet, among the older group, the relative risk
increased with exposure. The pattern was reflected in subgroups of
known smoking status. The data support the hypothesis that radia-
tion exposure of the lungs resulting from the inhalation of uranium
dust and the dust of uranium compounds is a risk factor for lung
cancer among white men who were 45 yr old or older when first
exposed. No increased risk was noted in those who received lesa
than 5 rad to the lungs. Two hypotheses might help to explain this
apparent interaction between age of hire and cumulative lung dose:
Either older workers are more susceptible to uranium-induced lung
cancer or the latent period is longer for younger workers than for
older workers. Increased susceptibility in older workers could have
many explanations, including delayed clearance of uranium dust and
previous tissue damage.

Another retrospective study of mortality patterns among a co-
hort of uranium mill workers was reported by Waxweiler et al 58
Records from seven uranium mills throughout the Coloradeo Plateau
were obtained, and 2,002 men who had worked for at least 1 yr in
the milla were selected for study. Only those who stated on their job
applications that they had never worked in uranium mining were in-
cluded; the purpose of this restriction was to examine the health risks
of uranium exposure in the absence of uranium mining. The cohort
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rates of mortality from gastric cancer in several northern New Mex-
ico counties with substantial deposits of uranium, compared with
counties without such deposits. The differences persisted after so-
cioeconomic status or ethnic group was accouated for. A number of
eticlogic possibilities were considered, including exposure to radon
or radon daughters and trace elements, such as arsenic, cadmium,
selenium, and lead. These are &ll commonly found in areas with ura-
nium deposits, and the study did not provide evidence of an effect of
uranium itself.

In summary, these investigations have provided suggestive but
not convincing evidence of deleterious human effects of chronic ex-
posure to uranium dust. There has not yet been any clear indication
of renal disease in man due to low-specific-activity uranium, and
the only positive finding involved the relative risk of lung cancer in
the case-control study of Cookfair et al.” Caution is required in the
interpretation of these results as an indication of the absence of any
effect. The surveys generally included a large number of workera
who were exposed for only a short time, and environmental exposure
estimates were poor. Clearly, long-term follow-up of workers with
adequate documentation is required.

RISK ESTIMATES

Uranium presents two separate potential risks due to its nephro-
toxic action and as a result of alpha radiation. At present there is
little convincing epidemiological evidence that serious renal disease
has occurred in human populations as a result of chronic low-level
exposure nor of increased rates of malignant tumors. However, this
does not constitute reliable evidence of the absence of important
health effects in occupationally exposed groupa asince the available
epidemiological studies had limited power to detect increased rates
of disease if these were present. It is for this reason that much weight
has been given to inferences drawn from the results of animal stud-
ies and from tumor rates in human populations expcsed to other
alpha-emitting elements.

The renal threshold concentration of uranium that results in sig-
nificant damage is a matter of controversy, and estimates range from
3 to < 1 upg/g. The appropriate level depends, to an extent, on the
choice of animal species and metabolic model. Adoption of a specific
toxic threshold level and its relation to an airborne concentration for
control purposes in the occupational environment requires further

Copyright © National Academy of Sciences. All rights reserved.



Health Risks of Radon and Other Internally Deposited Alpha-Emitters: BEIR IV

Copyright © National Academy of Sciences. All rights reserved.



Health Risks of Radon and Other Internally Deposited Alpha-Emitters: BEIR IV

URANIUM 209

10.

11.

12,

13.
14.

16.

16.

17.

14.

18.

Bentley, K. W., D. R. Stockwell, K. A. Britt, and C. B, Kerr. 1886.
Transiant proteinuria and aminoscidurea in rodents following uranium
intoxication. Bull. Environ. Contam. Toxicol. 34:407-418.

Boback, M. W, 1875. A review of uranium excretion snd clinical urinalysia
dats in accidental exposure cases, Pp. 226-231 in the Conference on
Occupationsl Health Exparience with Uranium. ERDA-93. Washington,
D.C.: U.5, Energy Rasearch and Dovolopment Administration.

Cookfair, D. L., W. L. Beck, C. Shy, C. C. Lushbaugh, and C. L. Sowder.
1983. Lung cancer among workars at a uranium processing plant. Prosented
st Epidemiclogy Applied to Health Physics. Pp. 398-404 in Proceedings
of the Health Physice Society.

Donaghue, J, K., E. D, Dyson, J. S. Hislop, A. M. Leach, and N. L. §poor.
1972. Human exposure to natural uranium. Br, J. Ind. Mad. 20:81-89,
Durbin, P. W., and M, E. Wrenn. 1975. Metaboliam and sffects of
uranium in enimals. In M. E. Wrenn, ed. Pp. 87120 in the Conferenca an
Occupational Health Expertence with Ursnium, ERDA-p3. Washington,
D.C.: U.S. Energy Research and Development Administration.

Ely, T. S. 1869. Medical indings summary. Symposiums on Occupational
Henlth Experience and Practices in tha Uranium Industry. HASL-58.
Washington, D.C.: Office of Tachnical Services, Department of Coramerce.
Fisenne, L. M., G, A, Welford. 1988. Naturel U concentrations in soft
tisauves and bona of New York city residents. Health Phye. 60:738-748.
Fisenne, I. M., P. Porry, N. Y, Chu, and N. H. Harley. 1983. Maasured B4
3387) pnd fallous 231;"'3"t'Pu in human bone ash from Nepal and Australia.
Health Phys. 44 (Suppl 1):467-467.

Fisenne, I. M., H. W. Keller, and P. Perry. 1984. Uranium and ?*®Ra in
bumen bone ash from Russia. Health Phys, 46:438—440,

Haley, D. P. 1982. Morpholegic changes in uranyl mitrate-induced acute
renal failure in saline- and water-drinking vats, Lab. Invest. 46:196-208.
Haley, D. P, R. E. Bulger, and D. C. Dobyan. 1882, The long-term saffects
of uranyl nitrate on the structure snd function of the rat kiduey, Virchows
Arch. {Cell Pathol.) 41:181-192.

Harris, W. B., and E. Davies. 1981. Experimental ¢learance of uranium
dust from the human hody. Inhaled particles and vapours. London:
Pargamon.

Haven, F, L. 1948. Tolerance to uranium compounds, Pp. T29-758 in
The Pharmacology and Toxicology of Urenium Compounds, New York:
MeGraw-Hill.

Heven, F. L., and H. C. Hodge. 1953. Texicity following parenteral
administeation of certain soluble uwranium cempounds. Pp. 281-308 in
The Pharmacology and Toxicology of Uranium Compounds. New York:
McGraw-Hill.

Haven, F. L., and H. C. Hodge. 1953. Toxicity following the parenteral
administration of certain soluble uranium compounds. Pp. 281-308 in
The Phermacology end Texicology of Uranium Compounds, New York:
McGraw-Hill.

Hodge, H. C. 1953. Mechanism of uranium poisoning. Arch. Ind. Health
14:43-47.

Copyright © National Academy of Sciences. All rights reserved.



Health Risks of Radon and Other Internally Deposited Alpha-Emitters: BEIR IV

300

21.

22.

23.

24.

25.

4.

7.

28.

29,

31.

32.

33.

35,

38.

HEALTH RISKS OF RADON AND OTHER ALPHA-EMITTERS

Hodge, H. C. 1973. A history of urenium poisoning (1824-1942), Pp. 5-68
jin Uranium, Plutonium, snd the Transplutonic Elements. Handhaok of
Experimental Pharmacology, Vol. 38, H. C. Hedge, J. N. Stannard, and I.
B. Hureh, eda. New York: Springer-Verlng.

Hodge, H. C., J. N. Stannard, and J. B. Hursh. 1973, Uranium, Plutonium,
end the Transplutonic Elementa. Handbook of Experimental Pharmacol-
ogy, Yol. 38, New York: Springer-Verlag,

Hursh, J, B,, and N. L. Spoor. 1973, Chepter 36 in Uranium, Plutonium,
end the Transuranic Elements. Handbook of Experimental Pharmacology,
Vol. 38, H, C. Hoedge, J. N. Stennard, and 1. B, Hursch, eds. New York:
Springer-Verlag.

International Commission on Radislogical Protection (ICRP). 1859, Per-
missible dose for internal radiation, ICRP Publication 2. Oxford: Perga-
mon,

Internations] Commission on Radiokogical Protection (ICRP). 1975. Ra-
port of the Tusk Group on Reforence Man., ICRP Publication 28, Qxford:
Pergamon.

International Commission on Radiological Protection (ICRP). 1979. Limita
of Intakes of Radionuclidea by Workers. ICRP Publication 30, Pert L
Oxford: Pergamon.

Leach, L. J., E. A, Maynurd, H. C. Hodge, 1. K. Scott, C. L. Yuile, G.
E. Sylvester, and H. B. Wilson. 1870, A Bve-year inbalation study with
netursl uranium dioxide (UO3) dust—I, Retention and biologic effect in
the monkey, dog, and rat. Health Phys. 18:598-812,

Leach, L. J,, C. L. Yuile, H. C. Hodge, G. E. Sylvester, and H. B. Wilson.
1973. A five-year inhalation study with natnral ursnium dioxide (UOj)
dust—II. Postexposure retention and biclogic efecta in the monkey, dog,
and rat. Health Phys. 25:239-258.

Lorens, E, R. 1944. Radionctivity and lung cancers A critical review of
lung cancer in the miners of Schneeburg and Joachimathal, J. Natl. Cancer
Inst. 51:1-15.

Luessenhop, J., J. C. Gallimore, W. H. Sweet, E. (. Strucness, and J.
Robinsen. 1958, The toxicity in man of hexavalent uranjum following
intrevenous administration. Am. J. Roentgenol. 79:83-100,

Lundia, F. E., J. W. Lloyd, E. M. Smith, V. E. Archer, and D. A. Holaday.
1969, Mortality of uranium miners in relation to radiation exposure, hard
rock mining and cigaratte smoking—1950 through 1067. Health Phys.
16:571-578,

Mays, C. W, R. E, Rowland, and A, F. Stehney. 1085, Cancer risk
from the lifetime intake of radium and ursnium isotopes. Health Phys.
48:835-G47,

Miller, S. E,, D. A. Holidny, and H. N, Doyls. 1956. Health protection of
uranium miners and millars. Arch. Ind. Health 15:48-55.

Moore, R. H,, ed. 1884. Bickineticsa and Analysis of Uranium in Man,
USUR-65 HEHF-47. Richland, Wash.

Morrow, P., R Gelein, H, Beiter, J. Scott, J. Picauo, and C. Yuile. 1982.
Inhslation and intravenous atudies of UFa/UO;F; in dogs. Health Phys,
43:850-873.

Morrow, P. E., L. J. Lesch, F. A. Smith, R. M. Galein, J. B. Scott, H.
D. Beiter, F. ]. Amato, J. J. Picans, C. L. Yuile, and T, G. Conslsr.
1983. Metabolic fate and evalustion of injury in rats and dogs following

Copyright © National Academy of Sciences. All rights reserved.



Health Risks of Radon and Other Internally Deposited Alpha-Emitters: BEIR IV

URANIUM 301

7.

38,

39,

40,

41.

42.

43,

A4.
45,
48,
47,

48.

49,

0.

B1.

52,

exposurs to the hydrolysis products of uranium hexafluoride, July 1879-
October 1981. Raport NUREG/CR-2288. Washington, D.C.: U.S. Nuclear
Reguletory Commission December.

Neuman, W. F., C. Voegtlin, and H. C. Hodge. 1949. Deposition of
uranium in bone. Pp. 1911-1991 in National Nuclear Eusrgy Series, Part
1 of Div. VI, Vol 1, W, F. Neuman, ed. New York: McGraw-Hill.
Polednak, A. P, and E. L. Frome. 1988, Mortality among men employed
between 1943 and 1947 at a ueanium processing plant. J. Oeccup. Med.
43:180-178.

Priest, N. D., G. R, Howells, D. Green, and J. W. Haines. 1582, Uranium
in bone; metabelic and autoradiographic studies in the rat. Human Toxicol.
1:87-114.

Rockstroh, H, 1959, Zur Atiologie des Bronchialkrebses in arsen verarbeit-
enden Nickalbutten. Beitrag sur Syncarcinogenese des Berufkrebes. Arch.
Geschwulstforsch. 14:151-162.

Rogan, J. M., M. D. Attfield, M. Jacobeen, S. Rae, D. D. Walker, and
W. H. Walton, 1873, Hole of dust in the working environment in the
development of chromic bronchitis in British cosl miners. Br, J. Ind. Med.
30:217-226.

Rowland, R. E., snd J. E. Farnham, 1969. Tha depenition of vranium in
bone. Health Phys. 17:139-144.

Rowland, R. E., A. F. Stehney, and H. F. Lucas. 1983, Dose-response
n;lationnhips for radium-induced bons sarcomas. Heslth Phys. 44(Snppl.
1):16-31.

Schlenker, R. A., snd B. G. Oltman. 1981, Pp. 473-475 in Actinides in
Men and Animels, M. E. Wrean, ed. Salt Lake City: RD Presa.

Spiers, F. W,, H. F. Lucas, J. Rundo, and G. A. Anpaat. 1988, Leukemia
incidencs in the U.S. dial workers. Health Phys. 44(Suppl. 1}:05-72.
Spoor, N. L., snd 1, B. Hursh. 1973, Protection criteria. Pp. 241-370
jo Uranium, Plutonium, and the Transplutonic Elements. Heandbook of
Experimental Pharmacology, Vol. 38, H. C. Hodge, J. N, Stanpard, and H.
B. Hursh eds. New York: Springer-Verlag.

Stevens, W., F. W, Bruenger, D. R. Atherton, I. M. Smithb and G, N.
Taylor. 1980. The distribution and retention of hexevalent 33U in the
beagle. Radiat. Res. B3:100-126.

Stockinger, H. E. 19638, In Metals Excluding Lead in Industrial Hygiene
and Toxicology, Vol. II, D. W, Fassett and D. D. Iriah, eds. New York:
Interscience,

Stradley, G. N., J. W, Stather, M. Ellender, 8. A. Sumner; J. C. Moody, C.
G, Towndrow, A. Hodgson, D. SBedgwick, and N. Cook. 1885. Metabolism
of an industrial uranium trioxide dust after deposition in the rat lung.
Humen Toxicol, 4:568-572.

Stuart, B. O, and T, M. Heasley. 1964. Selection tissue accumulation of
uranium and therium in rets sfter inhalation of uranium ore dust. Pp.
22-24 in Hanford Biology Research Annual Report for 1964. BNWL-122.
Richlaud, Wash.: U.8. Atomic Energy Commission.

Tannebsum, A. ed, 1951. Toxicology of uranium. National Nuclear
Energy Series, Div. IV, Vol. 23, New York: McGraw-Hill.

Thomas, R. G. 1968. Transport of relatively insoluble materials from lung
to lymph nodes. Henlth Phys. 14:111-117.

Copyright © National Academy of Sciences. All rights reserved.



Health Risks of Radon and Other Internally Deposited Alpha-Emitters: BEIR IV

302

53.

64.

5.

58,

57,

58.

59.

60.

81,

62,

aa.
64,
5.

ée.

HEALTH RISKS OF RADON AND OTHER ALPHA-EMITTERS

Thun, M. 1., T}, B. Baker, K. Steenland, A. B, Smith, W. Halperin, and
T. Berl. 1985, Renal taxicity in wranium mill workers, Scesnd. J. Work
Environ. Health 11:83-90.

Voegtlin, €., and H. C. Hodge, ads. 1849. In The Pharmacology end
Toxicolegy of Uranium Compounds. Nationel Nuclenr Energy Series; Div.
1V, Vel. 1. New York: McGraw-Hill.

Voegtlin, C., and H. C. Hodgs, ede. 1953. Pharmacology and Texicology
of Urenium Compounds. New York: McGraw-Hill

Wagoner, J. K., V, E, Archer, B, E. Carroll, and D. A. Holaday. 1564.
Cancer mortality patterns amoogst U.S. uranium miners and millers, 1850
through 1962. J, Natl, Cancer Inst, 32:T87-801.

Walinder, ., B. Fries, and B, Billsudelle. 1967, Incorporation of nranium.
Distribution of uranium ahsorbed through the lungs and the skin. Br. J.
Ind. Med, 24:313-319,

Waxwailer, R. J., V. E. Archer, R. J. Roscoe, A. Watanshe, and J. J.
Thun. 1983. Martality patterns ameng a retrospective cohort of uranium
mill workers. Presented at Epidemiology Applied to Health Physics. Pp.
428-4356 in Proceedings of the Heaith Physics Society.

Wilkinson, G. 5. 1985. Gastric cancer in New Mexico counties with
significant deposits of uranium. Arch. Environ. Health. 40:307-312,
Wilson, H. B., H. E. Stockinger, and Q. E, Eylvester. 1963. Acute toxicity
of carnotite ore dust. Arch. Ind. Hyg. Occup. Med. T:301.

Wilson, J. 19683. An Epidemiologic Investigation of Nonmalignant Respi-
ratory Disease Among Workers at a Uranjum Mill, Pbh.D. thesis, Chapel
Hill: University of North Carolins.

Wrenn, M. E., ed. 1975, Conference on QOccupational Heslth Experience
with Uranium. ERDA-33, Washington, 1).C.: Energy Resenrch and
Development Administration.

Wrenn, M. E. 1888. Pp, 131-157 in Symposium on Areas of High Natural
Radicactivity. Internal Dose Estimates.

Wrenn, M. E., ed, 1988, Actinides in man and snimals. Proceediogs of
the Bnowbird Actlnide Workshop. Salt Lake City: RD Press.

Wreno, M. E.,, P. W. Durbin, B. Howard, J. Lipastein, J. Ruado, E. T.
Still, and D, L. Willis. 1985. Metabolism of ingested U and Ra. Heslth
Phys. 48(5):601-633.

Yulls, C. L.. 1973, Pp. 185-196 in Uranium, Platonium, snd the Traunsplu-
tonic Elements. Handbook of Experimental Pharmacology, Vel. 36, H. C.
Hodge, 1. N, S8taunard, and J. B, Hursh, eds. New York: Springer-Verlag.

Copyright © National Academy of Sciences. All rights reserved.



Health Risks of Radon and Other Internally Deposited Alpha-Emitters: BEIR IV

Copyright © National Academy of Sciences. All rights reserved.



Health Risks of Radon and Other Internally Deposited Alpha-Emitters: BEIR IV

304 HEALTH RISKS OF RADON AND OTHER ALFHA-EMITTERS

TABLE 7-1 Transuranium Muclides of
Potential Biological Significance

Mecan @ Energy

Element Isotope  Half-Life (yr)  {MeV}
Neptunium YNp 2.1 % 100 4.7
Plutonium zilipy, 86 5.6
i 24,400 52
Hopy 6,580 5.3
Mipy 13 5.1
My 379,000 5.0
Americium A 455 5.6
MAm 7,370 5.4
Curium Bem 0.45 6.0
Mem 17.6 5.9
Californium Lol 2.7 6.2¢
Einsteinium e 0.5 6.7

“Includes energy of fission fragments, ncutrons, and gamma
rays.

Plutonium-239 is a constituent of nuclear weapons and, since 5
metric tons were dispersed into the atmoaphere and the environment
by the nuclear weapons tests of the 19508 and 1960s, trace amounts
can be found almost everywhere. Since relatively large amounts are
present in nuclear power reactors, the patential release of plutonium
in a reactor accident is a concern, although none was released in the
Three Mile Island accident and anly small amounts were released at
Chernobyl.*? Plutonium-238, with a half-life of 86.4 yr, is 280 times
more radioactive per unit mass than 2**Pu. Because of this high
specific activity, it is used as a heat source to power thermoelectric
devices used in cardiac pacemakers and apace vehicles. The use of
very small amounts of 2°*Pu in pacemakers has not caused concern,
but the potential for the reentry and destruction of space vehicles,
dispersing kilogram quantities of 2*®Py into the environment, is a
concern. Americium-241 is a contaminant of plutonium in nuclear
weapons and thus has been distributed throughout the environment.
Very small amounts have become a dependable source of ionizing
radiation required in battery-powered smoke detectors. This use has
not caused public health concern. Relatively large quantities of 27 Np
are produced in fission reactors and, with plutorium, americium, and
curium isotopes, must be dealt with as a contaminant in cooling wa-
ter and as a long-lived component of nuclear reactor waste. For all
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of the {ransuranic elements, occupational exposures pose a greater
potential for causing detectable health effects than environmental ex-
posures, but there is a greater potential that much larger populations
will be exposed to it by environmental exposures, but only to trace
amounts, Occupational exposures at nuclear materials production
facilities have resulted from inhalation of airborne transuranic ele-
menta accidentally released from containment equipment and from
entry through wounds occurring in the hands of persons handling
these materials in glove boxes.

The biological effects of plutonium and other alpha-emitting
transuranic elements, unlike gamma-emitting radionuclides, are pri-
marily dependent upon their entering the hody and being deposited
in radiosensitive tissues. Further, the presence of transuranic ele-
ments in the environment doe¢s not necessarily infer their deposition
in human tissues. In the following discussion it will be seen that
transuranic elementa are not readily absorbed from the gastrointesti-
nal tract and are even less readily absorbed through intact skin. If
environmental conditions lead to transuranic elements becoming air-
borne, there is a chance of their being inhaled and deposited in the
respiratory tract. Deposition in the respiratory tract represents the
highest probability for eventual health effects.

This chapter describes the disposition of transuranic elements
that enter the body and the biological effecta that may result; it
also discusses methods for estimating risks and suggests estimates of
risk derived from other sources that might be applied to transuranic
elernents in human beings. Nearly all of the information on health
effecta has come from laboratory experiments since there are few hu-
man data. However, there are human data to supplement extensive
animal data on the distribution of transuranic elements in the tissues
of the body. For example, since the beginning of the Manhattan
Project in 1943, from 5,000 to 10,000 persons have been employed in
positions in the United States involving risk of plutonium exposure.
Follow-up of the distribution of plutonium in tissues has been ac-
complished by obtaining tissue samples at autopsy, or infrequently,
from surgical specimens from persons who received such exposure.
By 1986, the U.S. Transuranium Registry has collected data from
about 200 autopsies on exposed workers whose tissues showed in-
creased concentrations of plutonium.!** Elevated concentrations of
plutonium in tissues of the general population are attributed to fall-

out from atmospheric nuclear weapons testing during the period from
1945 to 1063,119
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Since this is not intended as an exhaustive or definitive review of
the subject, no attempt is made to ensure comprehensive or specific
documentation of the information presented. It is intended, however,
that all information can be traced to its source through the literature
cited, especially the several reviews and symposia publications from
which much of the information was obtained.?438:41,76,80,117,118.126
Although the committee intended to use only information published
in the open literature, reference is made to geveral recent highly
relevant Jaboratory annual reports.

ROUTES OF INTAKE AND DEPOSITION IN THE BODY

PERCUTANEOUS

Because of the relatively sbort range of alpha particles in tis-
sues, the radiation-sensitive cells of the basal layer of the skin are
not irradiated unless the alpha-emitting radionuclides penetrate the
stratum corneum or horny layer of the epidermis. The unbroken
skin has been shown to be an effective barrier to the penetration of
transuranic elements. This has been observed in skin contamination
incidents in nuclear industries and in animal experiments,1:46:47.81,83

Insoluble forms such as oxides are easily removed from intact
skin by washing. Soluble transuranic compounds, such as nitrates, ci-
trates, chlorides, and complexes with organic solvents, have a greater
potential for absorption, even though it is very small. The most
common human skin exposures involve plutonium nitrate in nitric
acid solutions, plutonmm tributylphosphate in carbon tetrachloride,
and plut.omum in hydrochloric acid. These can be effectively washed
from skin with chelating compounds or dstergents.

If plutonium, americium, neptunium, or einsteinium is deposited
on human or animal skin in a wide range of nitric acid concentrations
(0.1to 10 N) for 1 h, about 5 x 10~ is absorbed. Americium nitrate
in tributylphosphate exhibits nearly a factor of 10 greater percu-
taneous absorption, about 3 x 10-%.4¢ While data for transuranic
oxidea are sparse, one can predict that percutaneous absorption
through intact skin would be less than 1 x 10~% during the first
hour after deposition. An approximate 10-fold increase in absorp-
tion was seen when soluble transuranic compounds remained on the
skin for 3-5 days; over this prolonged time, there was evidence that
higher concentrations of nitric-acid-enhanced percutaneous absorp-
tion. Under the most extreme conditions, such as plutonium nitrate
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apply to inhaled material cleared from the respiratory tract to the
gastrointestinal tract, as well as to ingested material. For all other
plutonium compounds and compounds of all other transuranic ele-
ments, including those incorporated in food products and drinking
water, the ICRP adopted an absorption factor of 10 x 10~* for
application to exposures of both workers and the public.*

Ingestion of alpha-emitters is not considered a radiological haz-
ard to the gastrointestinal tract since the range of alpha particles is
insufficient to penetrate the mucus and intestinal contents and reach
the crypt cells.

The neonatal rat and guinea pig absorb about 100 times more
plutonium than the adult, while newborn swine absorb 20 timea more
plutonium than either the newborn rat or guinea pig. In addition to
the increased fraction absorbed, a substantial fraction of transuranic
elernents given in soluble form waa retained for several days within the
mucosa of the small bowel.2®® The ICRP has adopted an absorption
value of 100 x 10~ for the firat year of life in contrast to the value
of 10 % 10~* cited above for all later years.**

RESPIRATORY TRACT

Inhalation is probably the most common pathway by which
transuranic elementa crogs the barriers of the body and penetrate
into and across living cells. The acrodynamic particle size of the
aercsol, which accounts for not only the sizes of particles but also
their density and shape, determines the fractional deposition and
sites of deposition in the respiratory tract. The subsequent rates and
routes of clearance; the translocation to, deposition in, and rate of
clearance from other tissues; and the excretion in urine and feces
of inhaled transuranic compounds depend on particle size, solubil-
ity, density, shape, and other physicochemical characteristics of the
aerosol. In this way the physical and radiclogical properties of the
transuranic compound, and the physiological characteristics of the
exposed individual determine the amount deposited and thus, the
radiation dose rates and total doses delivered to the tissues of the

*These are revised from those used to calculate snnual limits on intake b{
the ICRP.4! The /, values {fraction transferred to blood) used were 0.1 X 10~
for plutonium oxides; 1 X 10™% for nitrates and other plutoninm compounds;
5 % 10™* for sll americinm, curium, snd californium compounds; and 100 X
10~4 for neptunium compounds.
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of inhaled ***PuQ; deposited in the alveoli can be removed from ex-
perimental animal lungs by multiple lavage,”"? with most particles
having been phagocytized by pulmonary macrophages. This phago-
cytosis of plutonium particles may facilitate their transport from the
lungs by the mucociliary epithelium and possibly contributes to their
transport to lymphatic tissues.

The distribution of transuranic elements within the lungs is rel-
atively uniform after inhalation, more uniform for the moat soluble
forms. Following the initial ¢clearance process and especially the ab-
sorption of the more transportable material by the blood circulating
through the lungs, the distribution within the lungs becomes much
less uniform. The material retained in the lungs for long times is lo-
calized primarily in bronchiolar, alveolar, and lymphatic structures
of the lung parenchyma, frequently in regions of fibrasie and scar
tissue.2¢ This pattern appears to be consistent among all experimen-
tal animals studied, and while there are few observations, there is no
evidence to the contrary for human lungs.

Respiratory tract clearance of inhaled plutonium in human ac-
cidental exposure cases is similar to that seen in PuQ; studies
with large animals (dog,?™ sheep,!°® baboon,? burro,'™ and rhesus
monkey®®) with half-times for three exponential phases of approxi-
mately 1, 30, and 300 to over 1,500 days, respectively.!?* The second
phase is not always distinguishable. Early clearance of plutonium is
from the nasal passages and upper tracheobronchial regions, while
clearance with longer half-times is from the bronchiolar and alveolar
or pulmonary regions. High fecal to urine **Pu ratios (between 50
and 500), indicative of a high insclubility, are observed in humans
for long periods following inhalation of 22°PuQ,. A large fraction, as
much as 50%, of inhaled and deposited inacluble 2*?PuQ; and up to
about 25% of 2*¥ PuQ, may eventually be traneported to the thoracic
lymph nodes of dogs.*®

In contrast to #¥®Pu0;, inhaled ?*!Am and #*Cm dioxides, as
well as plutonium nitrates, in hunans and animals are relatively
soluble, with about half of the amounts deposited in tbe bronchiolar
and alveolar regions cleared with a half-life of 10 to 40 days and the
remainder cleared with half-lives generally ranging from 200 to 500
days. Less than 1% of these relatively soluble transuranic compounds
depasit in thoracic lymph nodes.®

While plutonium oxide particles are generally quite insoluble
in the reapiratory tract, there are some exceptions. For example,
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it has been demonstrated in several animal species that the con-
ditions under which plutonium is oxidized may affect the fate of
particles deposited in the respiratory tract.’ Electron micrographs
suggest that plutonium particles exidized at high temperatures have
less surface area than those oxidized at much lower temperatures
and, thus, ¢ould have lower dissolution rates in body fluids. This
was verified in studies in which plutonium oxide particles formed at
high temperatures (over 1,000°C} tended to have lower transloca-
tion rates from the lungs than plutonium oxidized in air at ambient
temperatures or calcined at relatively low temperatures. Also, alve-
olar clearance and translocation of **®*PuQ, to other tissuea such as
liver and bone are nearly always more rapid than tbose for com-
parably prepared 23°Pu(;.58:83 Plutonjium-238 is 280 times more
radioactive than an equal mass of #°Py. Radiolysis may cause these
high-specific-activity 2*¢PuQ, particles to fragment within the lungs,
greatly increasing the surface area of the ?*¥Pu particles, and thus
their dissolution rate.

Nanometer-diameter plutonium oxide particles have been found
to be cleared from the respiratory tract very rapidly and appear to
be excreted in the urine as particles.%® If transuranic elements are
inhaled simultaneously with other materials, their disposition may
depend on how the transuranic element is combined with the other
material in the aerosol. For example, calcining ¥ PuQy with a rel-
atively large amount of sodium, potassium, calcium, aluminum, or
uranium increases the solubility of 2*°Pu in the lung.*1% Increas-
ing the ratio of plutonium to sodium in laser-vaporized aerceols of
Pu03-UO, and sodium from 0 to 1:1 and to > 1;10 increased the
rate of clearance from the lungs and translocation to extrapulmonary
tissues from 0.5 to 5.0 and 24%), respectively.’® After inhalation of an
aerosol of 2°PuQ; and #*CmO; calcined as a mixture, both pluto-
nium and curium remained in the lung somewhat longer than when
calcined and inhaled separately.!?! The translocation of curium to
extrapulmonary tissueas waa largely prevented by incorporation into
the much greater mass of the PuO; matrix. However, in rats the rate
of alveolar clearance and translocation of ¥*Yb and 2**Py inhaled
as an oxide, prepared by calcining ***Yb mixed with 3% Pu, were not
significantly different from the rates of clearance and translocation
of 19°Yb, 0, or 2*?Pu0, inhaled separately.l0?

The high rate of accumulation of inhaled insoluble plutonium
in lymph nodes has stimulated considerable interest. Lymph nades
draining the lungs attain concentrations of inhaled plutonium many
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principal recipients of emitted alpha radiation. Transuranic elements
may be found in bone marrow soon after intravenous injection, but
the levels decrease as the levels in the circulating blood decrease. At
long times after exposure, slightly increasing amounts may be seen
in bone marrow, possibly resulting from redistribution of transuranic
elements by bone resorption processes.

Over 20 cases of accidental exposure to 41 Am, mostly by inhala-
tion, have been reported in the literature, with total body burdens
ranging from 10 nCi to 25 xCi.'?" The depositions in skeleton gen-
erally exceeded those in lung. However, the distribution of 24! Am in
one accidental inhalation exposure case treated with DTPA at about
1 yr postexposure was as follows: 41% of body burden in lung, 47%
in liver, and 12% in hone.®* This suggests that DTPA selectively en-
hances the excretion of systemic americium and is consistent with the
results from animal experiments that show that DTPA ia ineffective
in removing transuranic elements from lungs.® In six accidental hu-
man exposures to curium oxide, retention and excretion were similar
to those expected for soluble plutonium compounds.?®

While deposition of transuranic elements in liver and bone are
qualitatively similar among mammalian species, there are quantita-
tive differences. There are also differences in retention, especially in
the liver. The initial fraction of injected 2* Am and ?**Cm found in
rat liver was three times that of injected #°Pu, althoughb clearance
from the liver was rapid in all cases.!™® Deposition and retention
of neptunium in liver appeara to be appreciably lesa than those in
bene, but most of the experiments were done with rats which have
been shown to lose actinides from their livers much more rapidly
than other apecies, including man.''® In studies of dogs,*® following
the inhalation of 2*°PuQ,, up to about 20% may accumulate in liver
(over 1% of the body content) but only 2%a accumulates in skeleton
(less than 1% of the hody content after 15 yr. However, in dogs that
inhaled 23¥Pu0,; or °Pu(NQj;),, liver and skeleton accumulated
comparable fractions of the amount deposited after 6 yr (20%) and
had comparable fractions of the body content (about 40 to 45%).%0-8°
After intravenous injection as a citrate, dog liver accumulated about
30% of plutonium, 50% of americium, and 35% of curium after 1
week.® The retention half-time for both plutonium and americium
in dog liver is about 10 yr. In rats, a large fraction of the plutonium
is lost through hile secretion.’ Leas 23°Pu was taken up hy liver and
bone in monkeys than in doga following inhalation of 2*Pu{NQs)4,
with the liver retention time being much less in monkeys than in
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Pulmonary fibrosis from inhaled PuO; particles is seen most
frequently at sites of particle concentration in subpleural regions.
Epidermoid carcinoma and adenocarcinoma in rats and bronchiol-
alveolar ecarcinoma in dogs, usually preceded by associated meta-
plastic changes, often arise from these areas of intenee fibrosis. The
origin and mode of development of these tumors closely parallel the
development of certain lung carcinomas in the human lung periphery
that can be traced to old peripheral tubercular or trauma-induced
scars.®® Metaplastic lesions oceupy only a small part of the lung vol-
ume when compared with tumor volume. Yet, cell turnover times for
adenomatous metaplasia, adenocarcinoma, squamous cell metapla-
sia, and squamous cell carcinoma of the rat following inhalation of
PuQ; were similar.®® Induction of nrsal or paranasal tumors has not
been seen in any experimental animal or human population exposed
to transuranic elements by inhalation or any other route, nor have
induced primary tumors been seen in the oral-pharyngeal cavity,
larynx, or trachea.

Clinical pathological changes following expoaure to transursnic
elements reflect the quantities deposited and the amounts of cellular
damage or induction of primary tumors in extrapulmonary organs,
particularly the liver and bone. These changes are dose related and
usually occur late in the animal’s life span. They reflect nonspecific
hepatic or skeletal changes and are more significant in dogs inhaling
soluble than insoluble transuranic compounds.®®

The biological effects of inhaled plutonium have been studied for
30 yr in over 1,000 beagle dogs. At the Pacific Northwest Laboratory
this included 116 exposed to 2*°Pu0,,*® 116 exposed to 2% Pu0,,s
and 105 exposed to inhaled 2*Pu(NO;3),;? there were also 86 unex-
posed control dogs. The aerosols were polydispersed with an AMAD
of 2.3 gm for 2*°Pu0; and 1.8 gm for 2%8PuQ,. A total of 172 of
these dogs were alive as of September 30, 1986, Deaths from radiation
pneumonitis resulted from high doses of inhaled 2%°Pu compounds
(~0.5 xCi/kg or 50 nCi/g of lung and a total lung dose of about
4,000 rad), but not from comparable levels of 28 PuQ,, which clears
the lungs more rapidly.

Of 98 deaths that occurred 3 to 15 yr after exposure to 22*PuQ,,
there were 48 lung cancers, There were three bone tumors, all in the
lowest two dose groups, which resulted in an uncertain relationship
between bone tumor formation and plutonium exposure. Other tu-
mors in the exposed animals were also seen among the controls. Of 72
deaths that occurred 3 to 12.5 yr after exposure to 23PuQ,, 4 were
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related to lung tumors and 33 to bone tumors (13 of the doge also
had lung tumors unrelated to death).®® Of 38 deaths that occurred
3 to 9 yr after exposure to 2**Pu{NOs),, 4 were related to lung tu-
mors (2 also had radiation pneumonitis) and 21 to bone tumors (11
of the dogs also had lung tumors unrelated to death).?® There is a
high probability that these deaths were attributed to the plutonium
exposures. The relationship of other causes of death to plutonium
exposures is very uncertain. For example, a number of doge had
malignant lymphoma, but they were distributed among both control
and plutonium-exposed animals. Further analysis of morbidity and
mortality in these dogs would be premature until the experiments
are completed, As a preliminary estimate, the risk of developing a
lung tumor ranged from about 450 to 650 lung tumors/10° rad to the
lung for 2**Pu and 2*°Pu, but time and competing causes of death,
that is, radiation pnsumonitis and bone cancer, were not adequately
accounted for.** The lowest lung doses at which lung tumors have
been observed in this incomplete study were 30 to 120 rad to the lung
for dogs that inhaled #**Pu0; and 100 rad to the lung in dogs that
inhaled 2**PuQ,; the tumors occurred after 166 to 175 months and
after 134 months, respectively. Because of the number of Jung tumors
in unexposed control dogs (4/20, or 25%) and the limited number
of dogs receiving each dose, it may not be possible to evaluate the
lung-tumor risk at doses approaching those in human exposure cases
or at doses comparable to the limits for occupational exposure.®®
Another major life-span inhalation study in dogs is in progress at
the Inhalation Taxicology Research Institute with largely monodis-
perse 2%Pu0, and 2*°Pu0; aercsols with AMADs of 0.75, 1.5, or
3.0 um.”® Initial lung burdens in 578 dogs ranged from 0.0002 to 2
uCi/kg of body weight with 12 dogs in each dose and particle-size
group and a total of 96 unexposed control dogs. An initial lung
burden of 0.00028 uCi/kg of body weight in a dog is approximately
equivalent to 0.016 uCi of plutonium in the lunge of a 70-kg human.
A total of 81 of 72 young adults dogs exposed to 1.5-um and
64 of 72 dogs exposed to 3.0-um °®PuQ, were dead after 11 to
13 yr. Osteosarcoma of the skeleton was the most commonly ob-
served tumor in over half the animals; few primary lung tumors were
present.®® Of 216 dogs expased to **°*PuQ;, 135 were dead after 8
to 10 yr. Radiation pneumonitis and pulmonary fibrosis were the
causes of death in the highest dose groups, and lung carcinoma was
the most frequent cause of death and the only fatal cancers in dogs
at lower dose levels.” No clear pattern of death based on particle
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size of inhaled plutonium has been seen from available data. Studies
of immature (3-month-old) or aged (8- to 10-yr-old} dogs exposed to
monodisperse 2**PuQ, have not yet indicated significant differences
in lung-tumor induction aa a function of age at exposure.”™ Dogs
exposed repeatedly by inhalation to 23®PuQ; at levels high enough
to cause fatal pulmonary pneumonitis and fibrosis died after about
the same curnulative radiation dose to the lung as those exposed only
once to the aerosol.?®

The bronchioloalveclar junction appears to be the site of lung tu-
mor formation following inhalation of plutenium compounds. Lung
tumors arise from peripheral areas of the lung, typically in proximity
to areas of interstitial fibrosia or from small cavities communicating
with bronchioles. The cells of origin are considered to be undifferen-
tiated, nonciliated precursor epithelial cells, with various phenotypes
developing in tumor cells giving different histological patterns. These
were classified as bronchicloalveolar carcinema, combined epider-
moid and adenocarcinoma, adenocarcinoma, epidermoid carcinoma,
and mixed sarcoma and carcinoma. Multiple tumors are frequently
present in the same lung, occasionally with more than one histological
type.”‘

A large body of experimental data exists for carcinogenic effects
of inhaled transuranic compounds in rats.*® Spontaneous lung tumors
are rare in control rats, oceurring in <0.1% of unexposed Wistar rats
and up to 1-2% in other strains, such as in Fischer rats. Among the
inhaled alpha-emitters shown to induce lung tumors in rats are 2*8Pu,
9Py, #1Am, 24Cm, and 25°Es. A statistically significant increase
in lung tumors was seen in experimental animals at alpha-particle
lung doses above 10 rad.

In most life-span studies of inhaled transuranic elements in rats,
average doses are calculated for groups of animals that inhaled
roughly the same amounts of radionuclides. Since large variabil-
ity could occur within a dose group, it was probable that induced
lung tumors in a group would be skewed to the individual rats given
the highest doses. A recent life-span study of inhaled 2**PyQ, with
3,192 rats (including 1,058 sham-exposed controls) at individually
measured initial lung deposition levels ranging from about 0.5 to
180 nCi, indicates a possible threshold dose of 100-200 rad to the
lungs for lung-tumor formation.!®® This result contrasts with the
appearance of tumors at doses as low as 10 rad in an earlier study.*
Both studies were carried out in young, adult, fernale, SPF, Wis-
tar rats. Posaible, as yet undetected, genetic differences, as well as
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Protraction of ®?PuO; inhalation exposures in mice {(bimonthly
intervals for 1 yr to lung burdene of 0.5, 2.5, or 12.5 nCi) resulted
in a greater incidence of pulmonary adenoma and adenocarcinoma
than was observed with a similar radiation dose delivered after a
single inhalation exposure.®” Protraction in mice was calculated to
increase the volume of exposed lung by threefold as compared to
a single exposure. In contrast, protraction of 2°PuQ; exposure in
Syrian hamsters®® or rats®’ had no significant effect on lung-tumor
incidence. However, the Syrian golden hamster appears to be re-
sistant to the induction of lung tumara from inhaled radionuclides,
although the hamster lung is relatively sensitive to lung-tumor in-
duction by intratracheally instilled ?'°Po in saline.5® Although there
are substantial spatial-temporal dose-distribution pattern differences
for alpha irradiation from intratracheally instilled 2:°Po as compared
ta inhaled PuO,, this does not adequately explain the relatively few
lung tumors induced in hamsters with comparable or higher doses
of inhaled 23¥Pu0O; and 2**PuQ,. Hamsters exposed to radon and
radon decay products were also resistant to lung-tumor induction.
Only two lung tumors were seen in 600 hamaters following inhalation
of PuO,, and these occurred only at lung doses of >1,000 rad.** No
malignant lung tumors were seen in about 1,000 hamsters exposed to
inhaled *8PuQ;, #*Pu0;, or 24! Am0,.5%:% Intravenous injections
of highly radicactive 2**Pu microspheres retained in the capillaries
of the lungs resulted in very few lung tumors in hamsters.*

Available published data do not indicate that inhaled transuranic
elements are associated with as high an incidence of respiratory carci-
noma in nonhuman primates as that seen in rate and dogs. Although
the study is not completed, there have been a few lung tumors in
baboons more than 10 yr after inhalation of 2*°PuQ,. These were
generally small lesions associated with regions of severe radiation
pneumonitis. One baboon died because of a large epidermoid carci-
nomsa at 2,528 days postexposure.® A single pulmonary fibrosarcoma
has been found in a rhesus monkey 9 yr after inhalation of 2°Pu0,.%®

None of the results of the many animal experiments with in-
haled transuranic elements have suggested an enhanced risk when
the material is deposited in the form of discrete particles (hot parti-
cles) rather than dispersed throughout the tissue. The experimental
results tend to support the concept that, at relevant levels of occu-
pational and environmental exposures, a slightly greater risk may
be associated with alpha-emitting transuranic elements dispersed
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in deer and grasshopper mice resulted in an increased liver-tumor
ineidence; grasshopper mice were more sensitive than deer mice to
tumor formation.®* The longer life spans for these cricetid rodents
than for the laboratory mouse or rat and the higher retention rate of
transuranic elements in liver combined to give a relatively high liver-
tumor yield. Liver-tumor risks were calculated to be 765 tumors/10°
mice/rad to the liver for deer mice and 1,390 tumors/10° mice/rad
to the liver for grasshopper mice.

Liver-tumor risk is much less following injection of transuranic
compounds in rats or dogs and even rarer following inhalation ex-
posure. The rapid loss of transuranic activity from the liver of rats
may explain the low liver-tumor rates seen in this species. A sig-
nificant increase in liver tumors has not been observed in life-span
studies of beagle dogs that have inhaled any plutonium compound.
However, bile duct carcinoma and a lesser number of sarcomas and
fibrosarcomas have occurred in beagle doge given **Pu or *'Am
citrate intravenously.!® The primary tumors occurred after long la-
tent periods and thus were seen only in the dogs that received doses
of plutonium and americium that were sufficiently low to allow a
long life span. Radiation doses to the liver of dogs that developed
tumors were as low as 10 rad. There were 8 bile duct carcinomas
and 2 hepatic cell carcinomas in 219 dogs given plutonium and 11
bile duet carcinomes and 3 hepatic cell carcinomas in 128 dogs given
americium. The fact that liver tumors are rarely induced by in-
haled transuranic elements in experimental animals does not negate
a potential liver-tumor risk in humans.

BONE

The initial deposition of transuranic elements on bone surfaces is
uneven. For example, in the femur of the dog the relative distribution
of injected 23°Pu is 1.0 for the periosteurn, 1.2 for haversian canals, 1.5
for epiphyseal areas, 2.6 for endosteal areas, and 3.0 for metaphyseal
areas.*? In humans, the ratio of periosteal to endosteal surface area
is 8:100, which implies that, based on area, the endosteum is the
most likely site of malignant change. Plutonium is deposited at
higher concentrations in the vertebrae than in long bones. The
amount and type of a transuranic elements on the bone surface, its
residence time on the bone surface during which it is irradiating
osteoblasts, the number of osteoblasts exposed to alpha particles,
osteoblast migration and proliferation rate, and bone remodeling by
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osteoclastic and osteoblastic activitiea all alter the spatial-temporal
dose-distribution pattern in bone and influence subsequent bone-
tumor formation.

High doses of transuranic elements deposited in bone can result
in pathological fractures, most frequently in the ribs.”® A moderate
but generalized osteoporosis is seen along with cortical thickening
in the long bones. Growth stunting is seen in long bones of young
animals given >3 uCi ***Pu/kg.

A significantly increased incidence of bone tumors was estimated
at 0.38%/rad to the bone in beagle dogs, 0.10%/rad to the bone
in mice, and 0.06%/rad to the bone in rats following intravenous
administration of #**Pu citrate.?? Spontaneous bone tumors occur
so rarely in the rat that they cannot be taken into account.®® In
mice, the monomeric form of ¥*Pu is about twice as effective as
the polymeric form in producing bone sarcomas.? The St. Bernard
dog is about 5§ times more sensitive than the beagle dog to 2%Pu-
induced bone sarcoma formation, but also has a higher spontaneous
incidence.!l4

Inhaled #**PuQ; and 2*°Pu(NQ;)4 but not ¥ PuQ;, are potent
inducers of bone tumors in dogs. After 15 yr postexpoaure, the skele-
tons of dogs had taken up only 1% of the initial alveolar-deposited
239Pu from inhaled #*°PuQy;, in contrast to 20% of initially deposited
238Py from inhaled 2**PuQ; after 12 yr®® and 25% of ®°Pu from
inhaled #°Pu(NOQs), after 9 yr.2® Twelve years after inhalation of
233 PuQy;, a total of 31 dogs had ostecsarcomas of 116 exposed dogs
at cumulative skeletal doses ranging from 50 to 480 rad; 138 of the
tumors originated in the vertebrae.®® After 11 to 13 yr, bone sarcoma
was the primary cause of death in B4 dogs; an initial lung burden of
0.02 uCi of 28 Pu/kg of body weight is the lowest dose at which fatal
bone sarcoma has occurred in this, as yet, incomplete study.®® Skele-
tal radiation doses for these dogs have not been reported. Inhalation
of monedisperse 1.5-um particles did not cause a bone tumor rate
different from that of inhalation of inonodisperse 3.0-um particles.®®
Bone tumors were seen at skeletal doses ranging from 50 to 480 rad in
dogs exposed to polydisperse 232 Pu05.5% Bone tumors are not caused
by inhaled insoluble #**PuQ; because of its long retention time in
respiratory tract tissues and low rate of translocation to bone.

Inhaled transuranic elements are not as carcinogenic in bones of
rats as in those of dogs. The fractionation of inhaled %44CmO; over 10
exposures at 3-week intervals, starting at 70 days of age, resulted in
an increase in the bone-tumor incidence of 27%, compared with 12%
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in rats given a single exposure at that age.®? Intratracheal instillation
of #3EgCl, appeared to cause a higher bone-tumor incidence than
that observed with inhaled 2**Ea(NOj3);.2%*! Intratracheally instilled
2Py godium triacetate resulted in a higher bone-tumor incidence
(20%) than that observed with inhaled Es(NOs)s (4%). Inhaled air-
oxidized 2*9Pu03,*® high-fired **Pu0;,'*® and single or protracted
high-fired 2**Pu0;*"*® in rats and inhaled high-fired ##PuO; and
3¥PuD; in hamsters® did not induce bone tumors.

BONE MARROW

Although radiation leukemogeneais occurs in humans and ex-
perimental animals after and irradiation with x rays and gamma
rays, it is not a significant finding after the internal desposition of
alpha-emitting transuranic compounds, which concentrate more in
bone than in bone marrow. The evidence from either experimental
or epiderniological studies that plutonium or any other transuranic
compound can induce leukemia is scanty.'*® Myeloid leukemia has
been induced in CBA mice following injection of *3*Pu, hut with a
much greater yield of osteosarcoma.3® Currently, on the basis of the
experimental animal studies, no case can be made that transuranic
elements are leukemogenic.

LYMPHOCYTES AND LYMPH NODES

The hematological effects of transuranic element deposition re-
fect irradiation of hematopoietic tissue associated with organs that
concentrate transuranic elements, as well as direct irradiation of
blood cells circulating through the lung, liver, and lymph nodes.
Leukopenia occurs after inhalation of relatively large quantities of
transuranic elements, for example, after inhalation of 4 to 10 uCi
of #*Am in dogs.** However, a reduction in the absolute number
of lymphocytes in the circulating blood is the most sensitive hema-
tological response to the deposition of transuranic elements in the
respiratory tract. This has been an especially notable observation
in dogs exposed to PuQ,;. The time of onset and the degree of
lymphocytopenia is dose-related following inhalation of plutonium
dioxide.®® Lymphocytopenia can be detected after pulmonary depo-
sitiona of >0.7 nCi of PuOg/g of lung. In contrast, the minimum
lung burden required to produce a significant lymphocytopenia in
dogs inhaling 2°°Pu{NO,); was 2 nCi/g of lung. A lung deposition of
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>500 nCi of °Pu0; is required to cause a mean lymphocyte reduc-
tion of 50% in rats® while a significant lymphocytopenia is seen in
the rhesus monkey only at lung burdens of 900 to 1,800 uCi.*® Lym-
phadenitis and replacement of parenchymal cells with scar tissue are
common findings in regional lymph nodes nearest sites containing
PuO, in dogs. A significant risk of primary tumors in lymph nodes
containing very low to high concentrations of plutonium has not been
demonstrated in rats, dogs, or humans.

Lymphocytes are among the most radiosensitive cells in the body,
while reticular cells that act as a source of regeneration lymphocytes
in lymph nodes along with macrophages, plasma cells, and antigen-
stimulated lymphaocytes are radioresistant. Alpha particles exhibit a
relative biological effectiveness (RBE) of about 20 when compared to
x rays in the production of dicentric aberrations in lymphocytes.!
Chromosome aberrations have been quantified in blood lymphocytes
obtained from monkeys that have inhaled 2*°PuQ; and *Pu(NO;)4;
significant results were seen only at cumulative lung doses of >1,000
rad.1”:5% This suggests tbat the chromosome aberration frequency of
lymphocytes of the monkey is an insensitive indicator of transuranic
damage in the lung.

OTHER TISSUES

The deposition of inhaled or injected plutonium compounds in
tissues other than lung, lymph nodes, liver, and bone ia relatively
small. In the relatively emall mass of the mammary tissue of rats
plutonium increased the incidence of mammary tumors;?® however, it
is not reported in other species. Damage to apermatogenic elements
was observed at 5 months in rabbits injected with plutonium at
testicular doses of 735 rem.48

Electrolyte imbalances, including hyperkalemia, hyponitremia,
and hypochloremia, have been seen in dogs exposed to **4PuQ,-
labeled aerosols.?® These changes have been associated with hypoad-
renocorticism (Addison’s disease) in six dogs following inhalation of
>4.5 nCi PuO; /g of lung. The pathogenesis of the syndrome is not
known.

Relatively high concentrations of americium were observed in the
thyroids of beagle dogs.'®” Autoradiography showed that the 241Am
deposited primarily in the interfollicular areas. No adverse effects on
thyreid function or on the incidence of thyroid disease were observed.
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Effects in these other tissues are generally accompanied by much
more severe effects in lung, lymph nodes, liver, or bone.

HUMAN EPIDEMIOLOGICAL STUDIES

Persons residing in the Northern Hemisphere have been exposed
to very low levels of 2*° Py from atmospheric nuclear weapons testing
in the 1950s and 1960s and to ?**Pu from an accidental disintegration
of power sources after aborted spaceflights. However, the levels of
plutonium and other transuranic elements deposited in the general
population are well below those that might cause detectable health
effects. Persons working with nuclear material have also been ex-
posed to transuranic elements. But these, too, have heen relatively
small expcsures; only a few accident victims received relatively high
exposures. Since the beginning of the Manhattan Project in 1943,
from 5,000 to 10,000 persons have been employed in positions in
the United States involving risk of plutonium exposure. In a survey
of 203 U.S. government contractor personnel who incurred internal
deposition of plutonium between 1857 and 1970, 131 cases were con-
tarminated by inhalation, 48 through wounds in the skin, 8 by both
routes, and 16 through an unidentified route.!23

Studies of employees of Rocky Flats Nuclear Weapons Plant and
Los Alamos National Laboratory have been reported.!:2:121-123.135
The most extensive report on the Rocky Flate employees was & mor-
tality study of a cohort of 5,413 white males who were employed there
for at least 2 yr and followed through 1979.12% Individual radiation
exposures were documented from health physica records based on
periodic urine bioassays for plutonium and annual summaries of film
badge readings for external radiation {gamma, neutron, beta, and
x rays). Because systemic depositions of less than 2 nCi of pluto-
nium are not measured reliably, only those workers with exposures of
> 2 nCi were considered exposed. Follow-up investigations identified
the status of 88.9% of the cohort and located the death certificates
for 99.9% of the deceased. Mortality from specific causes waa eval-
uated in two ways. First, standardized mortality ratios were used
to compare the observed deaths among the entire cohort versus the
expected deaths based on U.S. rates. Second, the authors compared
exposed with monitored unexposed workers (unmonitored workers
were excluded) by stratifying on age and calendar period of death.
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Analyses were also conducted separately by 2-, 5-, and 10-year peri-
ods of latency from the date that a worker reached 2 nCi of plutonium
exposure or 1 rem of external radiation exposure.

The average external dose for the entire cohort was 4.13 rem, and
the average plutonium burden was 1.75 nCi. Approximately 25% of
the cohort was exposed to both 2 nCi or more and 1 rem or more. The
mortality experience of the entire cohort was less than that expected
based on U.5. mortality rates, with a standardized mortality ratio of
62 for all causes of death and 71 for all causes of cancer. The only
significant excesa risk was for the category of benign and unspecified
neoplasms, with a standardized mortality ratio of 376.

To minimize biases, such as the healthy worker effect, compar-
isons of exposed to unexposed workers within the cohort were carried
out. After plutonium exposure was lagged for 5 yr, total mortality
and all lymphopoietic malignancy rates were slightly elevated.

No significant linearly inc¢reasing dose-response trends in risk
with plutonium dose were found with a 2-, 5-, or 10-yr induction pe-
riod for any causes of death or total mortality, Nevertheless, the au-
thors concluded that this study suggested that plutonium-burdened
individuals may experience increased risk of lymphopoietic neo-
plasms. This increased risk was based on four deaths, one each from
lymphosarcoma/reticulosarcoma, non-Hodgkin’s lymphoma, multi-
ple myeloma, and myeloid leukemia (the fast two are not uaually
categorized as lymphopoietic neoplasms). Lymphopoietic neoplasms
have not been a common ohservation in the many studies of thou-
sands of experimental animals treated with plutonium over a wide
range of doses. The analysis showed no elevated risks for cancer
of the tissues that show the highest concentration of plutonium in
human autopsy cases and experimental animals, for example, lung,
bone, and liver.

A smaller cohort of 26 former Los Alamos workers with the high-
est known plutonium concentrations at that facility in its early period
of operation hes been followed for 37 yr and repeatedly evaluated
medically.’*® No increased risks attrihutable to plutonium exposure
have been noted in this cohort. An investigation of cancer incidencs
among Los Alamos workers employed from 1989 through 1978 found
no significant excess risks.?
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RISK ESTIMATES

The limited human epidemiological studies of transuranic ele-
ment deposition fail to demonstrate any unequivocal association of
exposure with cancer formation at any anatomical location. Al-
though clearly identified in experimental animala given plutonium,
no significant lung-, bone-, or liver-cancer risk has been found in
plutonium workers exposed 30 yr ago or more. Thus, these lim-
ited epidemiological studies do not indicate a cancer risk apprecia-
bly higher than that estimated from previous calculations made by
United Nations Scientific Committee on the Effects of Atomic Ra-
diation (UNSCEAR) or the Committee on the Biological Effects of
Ionizing Radiations (BEIR). In the absence of adequate human epi-
demiological data, cancer risk for transuranic elements is usually
estimated on the basis of human studies of ather alpha-emitting ra-
dionuclides {e.g., uranium miners exposed to radon and its progeny,
radium-dial painters, patients undergoing treatment with radium, or
thorotrast-exposed patients) and of low linear energy transfer (LET)
radiation exposurea.

LUNG CANCER

In this report, risk estimates for lung cancer resulting from ex-
posure to radon and radon danghters were obtained from analysea of
data on occupationally exposed miners. The BEIR Il Committee™
also used human data to estimate risks from low-LET radiation.
Data on humans exposed to transuranic elements are far too limited
to permit useful quantification of risks. These data have shown no
unequivocal evidence of risk resulting from such exposure, but these
negative findings possibly resulted from small sample sizes and the
limited magnitude of the exposures,

In the absence of directly relevant human data, there are at
least two approaches that can be used to estimate risks. The first
involves the use of estimated lifetime riaks obtained from laboratory
animal experiments. Difficulties with this approach relate to the
many differences between animals and humans, including differences
in histological types of cancers, differences in confounding exposures
{e.g., smoking), differences in spontaneous risks, and differences in life
span. The second approach involves expressing risks obtained from
humans exposed to alpha radiation from radon decay products or to
low-LET x and gamma radiation in terms of dose (or dose equivalent)
to the lung or other relevant tissues, and then applying these risk
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based on human radon data is within about a factor of 2 of the es-
timate obtained through linear extrapolation from animals exposed
to transuranic elements but is considerably larger than the estimates
obtained by using the Mantel-Bryan procedure. However, it should
be recalled that the Committee’s eatirate for radon projects that
most of the cancers occur in smakers. For nonsmokers, the risks are
about a factor of 10 less.

BONE CANCER

Extensive hurman data on bone cancer from alpha irradiation are
available from studies of about 1,700 people exposed to radium from
1910 to 1930 with a follow-up period of more than 55 yr; 54 bone
cancers and 27 cancers of the paranasal sinuses and mastoids were
found in this group by 1974.77 Also, a large number of experimental
animal studies with radium and other alpha-emitting radionuclides
including transuranic elements have produced substantial data on
hone cancer.

Data from several studies on the effect of internal deposition of
two isotopes of radium and two isotopes of plutonium on bone-cancer
death rates have been collected and summarized by the committee
in an easily compared form. Annex TA describes the 15 different
data sets of quantities: n, the number of bone cancer deaths; N, the
number of individuals; D, the total cumulative dose to the skeleton
received by these individuals; and T, the total animal- or person-
years of observation of the individuals by dose group within each
study. These summary statistica are often available in the published
papers that describe each study and are the minimum needed for
each of 5 to 10 well-spaced dose-rate groups within each study. It is
also necessary to assume that the dose rate is roughly constant over
time and over animals within each dose-rate group. The summary
of the radium-dial painter data contained only three broad dose-rate
groups. Because of this, the analyses included here are intended more
as examples of the proposed methodology than as definitive results.

The committee has applied a Bayesian methodology developed
by DuMouchel and Harris?’ to estimate the bone-cancer risk in hu-
mans due to exposura to plutonium (see Annex 7A). Using the sum-
mary data tables, the committee fitted a linear dose-response model
to the data from each study. This produced an estimate of the
bone cancers per rad observed in each study, with an estirnate of
the within-study sampling variation attached to each slope. This
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approach allows the use of 2 Bayesian components of variance model
to estimate how ratios of slopes from different studies differ by more
than can be explained by the within-study sampling variation. How-
ever, there are indications that there may be nc hope of extrapolating
dose-response slopes more accurately than to a factor of 2 or 4. This
would be true even if very good data on the effects of other isotopes
on human bone-cancer rates and of plutonium on several animal
systems were available. This question cannot be settled without
gathering more data from other combinations of isotopes that act on
biclogical systems. The Bayesian methodology employed here allows
quantification and adjustment for prior uncertainty that is impos-
gible to achieve when an approach to statistical inference based on
frequencies is used.

In this regard, it is necessary to consider how each of the stud-
ies fits into the matrix of other studies already performed so that
analysea of all the studies can be most informative. For example,
one crucial hole in the array of studies available was that there were
no measures of the effect of radium on bone cancer in rats. This
gap prevented the analysis from making effective use of the several
plutonium studies on rats. Similarly, the fact that all the radium
studies on beagle dogs used the injected mode of dose administra-
tion, while most of the plutonium studies on beagles used inhalation
as the mode of dose administration, introduced a prior uncertainty
that lessened the accuracy of the analysis.

To summarige the tentative conclusions of the Bayesian analysis
presented here, the potency of plutonium deposition in human bone is
estimated to be 300 bone-cancer deaths/million person-rad received
beyond a latency period of relatively little increased risk. The 95%
confidence interval includes the range from 80 to 1,100 bone-cancer
deaths/million person-rad. These values are 5 to 10 times higher
than the corresponding estimates of the effects of two isotopes of
radium. The chief contribution of this analysis is that it provides a
more realistic appraisal of the interval of uncertainty.

Finally, published data on a few humana injected with plutonium
were reanalyzed and integrated into the larger analysis. The analysis
showed that these data are too meager to provide any important
information on the bone-cancer effects of plutonium deposition.
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LIVER CANCER

Although liver tumors have not been associated with any human
expoaures to transuranic elements, they have occurred in popula-
tions given Thorotrast (colloidal 333ThO;) aa a contrast medium in
diagnostic radiology (see Chapter 5). Liver cancers have also been
observed in experimental animal studies of transuranic elements,
particularly those in which the animals were given transuranic com-
pounds by intravenous injection. Because liver cancers appear to
have a Jong latency period, the only animals at risk are those that
have not succumbed to lung and bone caneera (which have a strong
association with exposure to transuranic elements) or died of other
causes.

Studies of dogs given alpha-emitting transuranic elements by
intravenous injection have led to estimates of liver-cancer mortality
risk in dogs of 920/million rad.” In Chapter 5, a risk estimate is
derived for internally deposited Thorotrast of 260-300 fatal liver
cancers/million person-rad. This suggests that either the effective
dose from Thorotrast aggregates is less than the calculated value or
that dogs may be about 3 times more sensitive to radiation-induced
liver cancer than Thorotrast-exposed patients. Since there are no
human data for transuranic elements and an acceptable method
has not been developed for extrapolating the results from animal
experiments to humans, it might be possible to apply the same risk
estimate to transuranic elements in liver. Before this is done, careful
consideration should be given to the differences between Thorotrast
aggregates and deposits of transuranic elements, as well as to the
uncertainties that are involved.

OTHER TISSUES

Among tissues irradiated by transuranic elements deposited in
the body, only lymph nodes that drain regions containing deposits of
transuranic particles are likely to receive radiation doses approach-
ing or exceeding those received by lungs, liver, and bone. In spite
of the large radiation doses received by thoracic, abdominal, and
regional lymph nodes in thousands of experimental animals, there is
little evidence of primary neoplasia. A few lymphatic vessel tumors
and hemangiosarcomas have been observed in lymph nodes. Lymph
nodes are relatively resistant to radiation carcinogenesis, and the

committee has not attempted to derive a risk estimate for lymphatic
tisaue,
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Risk estimates for transuranic elements are frequently applied
to cancers known to originate in other tissues following irradiation
from other sources such as external gamma and x radiation. For ex-
ample, a risk of 400 leukemia deaths/million/rad of alpha radiation
to the bone marrow and 400 deaths due to gastrointestinal tract can-
cer/million/rad of alpha radiation have been estimated for exposures
to transuranic elements.* These tumors have not been identified as
likely causes of death in animal experimenta with transuranic ele-
ments or obaerved following human exposures. Thus, the validity
of such risk estimates for transuranic element exposures is highly
uncertain. In applying these or other risk estimates to transuranic
elements, however, the most uncertainty may be in the calculation of
the dosea to the tissues. Dose calculations that may be appropriate
for radiation protection purposes, for example, those by the ICRP¥
may be entirely misleading for projecting risks of cancer mortality
from transuranic element exposures.

SUMMARY

The transuranic elements, which are produced in nuclear re-
actors, accelerators, and explosions of nuclear weapons and which
are characterized by a predominance of isotopes emitting alpha ra-
diations with energies ranging from 5 to over 8§ MeV, are domi-
nated quantitatively by plutonium, neptunium, and americium. The
transuranic elements are not readily absorbed from the skin (<5 x
10~*). Absorption of transuranic compounds from the gastrointesti-
nal tract at less than 1 x 10~* may be increased to a level of 1 x
1072 if incorporated into food products. Because of the short range
of alpha radiation in tissues, the alpha-emitting transuranic elements
are not a health concern unlesa they enter the body and deposit in
radiation-sensitive tissues through wounds or the respiratory tract.

Insoluble transuranic compounds, primarily plutonium dioxide,
are avidly retained in the lungs and the thoracic lymph nodes.
Other plutonium compounds and essentially all compounds of other
transuranic elements are more mobile when taken into the body
through the respiratory tract or through wounds and are deposited
in bone, liver, and, to a lesser extent, other tissues. Transuranic
elements deposited in lungs, lymph nodes, bone, and liver are gen-
erally retained for a long time, frequently with half-times of many
months or years. Distribution of transuranic elements within the

Copyright © National Academy of Sciences. All rights reserved.



Health Risks of Radon and Other Internally Deposited Alpha-Emitters: BEIR IV

Copyright © National Academy of Sciences. All rights reserved.



Health Risks of Radon and Other Internally Deposited Alpha-Emitters: BEIR IV

338

HEALTH RISKS OF RADON AND OTHER ALPHA-EMITTERS

transuranic elements, their origin as well as the great uncertainties
associated with their calculation should be remembered.
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scale the bone-cancer risk observed in animals exposed to internal
alpha-emitters, yielding a calibrated bone-cancer risk estimate for
humans exposed to plutonium. However, until now no formal sta-
tistical methods for integrating the data from all these studies have
been proposed or applied in the literature. The problem is that
the many different studies whose results need to be combined into
a “meta-analysis” have differing data collection designs, differing
sample sizes, and thus, differing probable sampling errors. Most im-
portantly, they have differing degrees of relevance to the problem of
estimating the risk from plutonium deposition in humans.

This section gives a brief description of all the data the com-
mittee used to obtain the bone-cancer risk estimate for plutonium
deposition. The endpoint in all studies considered here is bone can-
cer. The data sets were obtained from different publications or, if
unpublished, directly from the investigators. For some experiments,
information on skeletal dose and survival time after exposure for each
individual or individual animal waa available. For other studies, only
rough summary statistics for groups of individuals could he obtained.
This inhomogeneity of available data posed some difficulties for the
data analysis.

A total of 15 sets of data were assembled, reanalyzed as indi-
vidual data sets, and then integrated into one meta-analysis, These
15 data sets came from fewer than 15 studies, because we separated
data according to the isotope of radium or plutonium involved, even
though in some studies they were published together. Table 7A-1
lists the biological systemn, the isotope, and the source of data for
each of the 15 data sets.

A large group of data came from the studies with beagles at the
University of Uteh” and the Inhalation Toxicology Ressarch Insti-
tute (ITRI} of the Lovelace Biomedical and Environmental Research
Institute in Albuquerque.? These data are available in detail. The
Utah studies included in this analysis used beagles injected with
23%Pu, ¥28Ra, and #Ra. For most of the animals, we were ahle to
obtain the mean skeletal dose from published reports.” For a few
beagles, thia information was not available. In these casea, we ap-
proximated the dose by scaling injected doses to that of other beagles
with similar injected activities. The report” listed amount of injected
activities, time to death, and cause of death for all dead beagles. For
most beagles that were still alive at the data reporting date; the
report listed the cumulative dose up to this point, and the time since
injection,
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The data on the 22°Ra- and 2?®*Ra-dial paintera were provided by
R. Schlenker {personal communication). We used tabular informa-
tion on the 32°Ra/%3Ra dose ratio, approximate dose rates, number
of osteosarcomas, and number of person-years of follow-up. Only the
data with a large or small 226Ra to *33Ra cumulative-dose ratio were
uged for this analysis.

The limited information on ?*¥Pu and ?%Pu in man waa taken
from reports by Rowland and Durbin.*® We used survival time since
exposure and cumulative alpha-ray doses to bone for all plutonium
injection cases who lived more than 5 yr after injection. As discussed
later in this annex, the limited nature of these data required that
they be handled differently than the other data sets.

SEPARATE ANALYSES OF EACH DATA SET

STATISTICAL MODEL

For comparative purposes, it is necessary to perform parallel
analyses of the data from each of the studies. Because data from
the different studies are often only available in summarized form,
the choice of analysis method is somewhat restricted. The data
from each study are aggregated by dose group. In each study, all
individuals within a given dose group are assumed to have bsen
exposed to approximately the same dose rate (rads per day), which is
asgurned to be approximately constant over the period of observation
of each individual. For each dose group in each study, four totals
are collected: N is the number of individuals in the dose group, n is
the number of deaths from bone cancer, T is the total person-days
or animal-daye of observation, and D is the sum of the cunmlative
doses in rads up to death, or time of last contact of each individual
in the dose group.

A simple linear-effect model is used to relate the dependence of
n on N, T, and D. For each individual, the hazard rate for bone-
cancer death is assumed to be approximately equal to A D/T, where
the dose rate is set at D/ T for each member of the group, and the
parameter X is the potency of the particular isotope when applied to
the particular hiological system and is measured in cancers per rad.
Within each dose group, the number of cancer deaths, n, would then
be approximately distributed as a Poisson variable with expectation:

E(n) = AD{1 - rN/T). (7A-1)
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The quantities A and r are possibly different for each experiment.
The time period r is the latency of bone sarcomas for a particular
isotope within the given bioclogical system and is measured in years.
The fraction (1 — rN/T) represents the approximate proportion of
the years at risk, T, which fell before the beginning of the minimum
latency period. Thus, the effective total dose to the dose group is D
times this proportion, which is then multiplied by A to produce the
expected number of cancer deaths. (In all of the species considered
here, the natural mortality rate from bone cancer is very low and
will be assumed to be zero.)

For each experiment, the values of A and r are estimated by a
Poisson regression analysis, which also produces appraximate stan-
dard errors for these estimates. Although this statistical model is
presumably only an approximation to reality, it is possible to com-
pute a measure of goodness of fit of the model by comparing the
observed and fitted cancer counts by using the usual likelihood ratio
or Pearson chi-squared statistics. If there are X dose groups in an
experiment, the chi-squared value has K — 2 degrees of freedom.
Unfortunately, in most of the studies under consideration there were
too few observed bone-cancer deaths to give the test of fit much
power.

ADEQUACY OF THE MODEL

It ia very unlikely that such a simple model] holds exactly in each
of the biological systems under consideration. The dose effect may
not be linear in some or all species, the proper concept of latency is
certainly more complicated than Equation 7A-1 indicates, metabolic
differences between species produce different retention times and
patterns of deposition, and the age-specific susceptibility to bone
cancer may differ between species, among many other possibilities.
However, the available data and the available scientific theory do not
permit use of a more detailed statistical model. The chief merit of
the proposed model is that it allows an assessment of how consistent
is a natural and simple measure of carcinogenic potency, namsly,
the cancers per rad for each combination of an isotope acting on a
biological system. Similarly, it is clear that bone-cancer deaths never
appear immediately after exposure, so it is necessary to make some
adjustment for latency. The model in Equation TA-1 is simple, yet it
is about as realistic as possible, given that only N, n, T, and D are
available for each dose group. Use of this model does not deny that
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the mechanisms of carcinogenesis are different for different species;
on the contrary, comparisons of estimated values of A provide a way
of assessing the magnitudes and patterns of these differences.

The model assumes that each individual receives a constant
dose rate during the period of observation. This is a reasonable
assumption in studies in which the dose comes from a one-time
internal deposition of isotopes with long half-lives and clearance
times. All the animal experiments were of this type.

The proper model to use for the radium-dial painter data is
especially uncertain. It is noteworthy that Rowland et al.? report
that a quadratic-exponential model fite these data much better than
doea a linear-effects model. However, the versions of the linear-
effects model that Rowland et al.® fit differed in several respects from
that which we proposed above in Equation 7A-1, g0 the question of
appropriateness of our model is still unanswered until the radium-
dial painter data can be analyzed in greater detail. (The data on the
radium-dial painters have only three very broad dose groups, and are
too broad for the assumptions of our analysis.) With these caveats
in mind, the radium-dial painter data are included in the analysis.

Analysis of the data on the effects of plutonium in man is even
more problematic. These data, presented and described by Rowland
and Durbin A*# consista of records on 18 individuals who were injected
with one of the two isotopes of plutonium under consideration. Since
none of these individuals has so far contracted bone cancer, the data
by themselves can only provide a rough upper bound on the potency
of internal deposition of plutonium in human bone. In addition, one
statistical approximation that occurs in our methodology for com-
bining the results of many studies requires that each included study
have some bone-cancer cases. Therefore, the data on plutonium in
man is not included in the initial analysis in which all studies are
summarized. Instead, those data are used at a later stage of the
analysis (see below).

The assumption that each individual in a dose group received
exactly the average dose given to individuals in the group is not
critical to the analysis. Ifindividual doses were available, the analysis
would gain estimating power. So long as there are at least five or six
well-spaced dose groups, the loss of power is not appreciable.

The model also assumes that the minimum latency period, r,
is approximately independent of the dose level. There is some evi-
dence of this based on examination of the data from the radium-dial
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of radiation-induced bone-cancer studies follows closely the mode] of
the earlier study. Readers interested in the theoretical development
of the Bayesian model for combining studies should refer to that
paper and its accompanying discussion.

COMPONENTS OF VARIATION

The principal goal of the model is to impose a formal theoret-
ical structure on the previously ill-defined problem of interspecies
extrapolation. In this effort, three ideas are central. First, there is
a crucial distinction between the error of measurement within each
dose-response study and the error of imperfect relevance among the
studies. Second, the uncertain relevance between experiments can
be formalized by reference to a hypothetical superpopulation model
that generates all the experimental data. Relevance is then roughly
quantifiable by the fit of the data to the underlying model. Third,
the available biological and physical information about species dif-
ferences, characteristics of isotopes, disease mechanisms, and the
like enters the analysis in the form of prior assumptions about the
parameters of the underlying model relating the experiments.

SUMMARY STATISTICS FOR EACH STUDY

As discussed by DuMouchel and Harris,! each of the separate
dose-response studies is surnmarized by a single number, together
with its estimated standard error. This number is the natural loga-
rithm of the estimated dose-response slope. The slope was denoted
by A in the previous section; we now define § = log A. Let y denote
the estimate of ¢ from a particular study. The standard error of y,
denoted by ¢, iz taken to be the coefficient of variation of the esti-
mate of A, That is, ¢ is log X, y is the estimate of ¢ from a single
experiment and equals the log (estimate of A), and ¢ is the estimate
of the standard error of y and equals (standard error of estimate of
A)/(estimate of A). The values of y and ¢ for each of the separate
studies can be computed directly from the first two columns of Table
TA-2. They are shown in Table 7TA-3.

FORMAL MODEL

Let y;; be the estimated log slope as taken from the ith row
and jth column of Table 7A-3, which is assumed to be an unbi-
ased estimate of 4,;, the true log slope for the particular animal
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pathway to the skeleton than is either ingestion or injection. The
ingestion and injection experiments are designed to be as comparable
as possible, and theoretically, their bone-cancer effects should be the
same if the dose to the skeleton is the same. However, considering the
difficulty in determining dose to the skeleton, metabolic differences,
and other differences between the two groups of beagles, one cannot
rule out the possibility that all of these differences together result
in a systematic difference in the estimated potency of all isotopes.
This poasibility will be described by following the prior probability
statement:

P{laa — a3| > 0.2) = 0.05. (TA-4)

This states that there is only a 5% probability that the ratio
of average potencies (tumors per rad to the skeleton) from the two
modes of administration is greater than 2 in favor of either mode.
In terms of the assumption of normal distributions, this translates to
an assumption that the standard deviation of &3 — ag is 0.1. Since
the variances of each o; have been assumed to equal 100, this implies
that the covariance of «; and oy is $9.995. To summarize, the prior
distributions of the o; are assumed to be normal with means of 0 and
covariance matrix:

100 0 0 0
0 100 99.995 0
0 99.995 100 0
0 0 0 100

The fact that the variances and covariances are chosen to be
exactly 100 and 99.995 is not crucial here. The only important
feature is that the standard deviation of az — a3 is 0.1, and the
standard deviations of all other linear combinations of &; are assumed
to be very large. Any other prior distributions of a; that have these
features lead to almost exactly the same results.

DIFFERENCES BETWEEN ISOTOPES

Next, the prior distributions of +; are considered. These distri-
butions represent the average differences (across species), on a log
scale, of the potencies of the four isotopes under consideration. Here
there is some scientific knowledge. If one really believed “a rad is a
rad is a rad,” then one would assume that every v, = 0. However,
the possibility that the different isotopes have different potencies per
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rad to the skeleton will be assumed here. The hyperparameters v,
and ~, correspond to the isotopes ??*Ra and ??2Ra, respectively. The
latter isotope has a much shorter half-life, a different decay chain
with daughters that emit different radiations of different energies,
and this may interact with the phenomenon of carcinogenesis in un-
predictable waye. It is barely possible that either of the two radium
isotopes is as much as twice as potent as the other. This will be
stated probabilistically as:

P11 — 12| > log 2) = 0.05. (7A-5)

Similarly, s and -4 correspond to the isotopes 2**Pu and #**Pu,
respectively. These two isotopes each have very long half-lives, and
it is harder to find a rationale for the possibility of a consistent dif-
ference between these two isotopes. Accordingly, a ratio of potencies
of 1.5 ia barely possible here. Probabilistically,

P(lvs = 4| > log 1.5) = 0.05. (7A-6)

Finally, compare the potencies of radium and plutonium. Here
there is also scientific knowledge. Because it is known that plutonium
concentrates more in the outer layers of bone cells than does radium,
and because osteosarcomas also tend to originate in these layers of
cells, the same dose to the skeleton of plutonium will tend to produce
more tumors in all species than will radium. The relative potency of
either isotope of plutonium to either isotope of radium is judged to
be almost surely greater than 1 but less than 10, Probabilistically,

P(O <~ — 1 < log10) = 0.95; = 3,4 and k= 1,2, (TA-T)

H one uses the assumed normality of the prior distributions of
n;, the above probabilities can be used to derive the means and
covariance matrix of 4;. The means are {-0.25 log 10, —0.25 log 10,
0.25 log 10, 0.25 log 10). The prior covariance matrix for the +; is:

0.188 0.108 0.0 0.0
0.106 0.166 0.0 0.0
0.0 0.0 0.166 0.145
0.0 0.0 0.145 0.166

Using the terminology of DuMouchel and Harris,! the values of
Y, C, X, b, and V are now specified for the Bayesian analysis. The
values of ¥, C, and X are given in Table 7A-4.
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isotopes § and §* are compared for the pair of biological systems 1 and
#, if individual potencies were perfectly measured. We judge that
this extrapolation is highly unlikely to fail by more than a factor of
10. Probabilistically,

P(|A| > log 10) = 0.05. (TA-8)

Now, conditional on o:

P{|A| > log 10|0) = 21 — ¥(log 10/2¢)], (TA-9)

where ® is the standard normal distribution function. Therefore,

P(|A| > log 10) = E{2{1 — &{log 10/20)1}, (TA-10)

where E{} refers to the expectation with respect to the prior distri-
bution of o. If we asgume that, a priori, o takes each of the 10 values
0.05, 0.15, . . ., 0.95 with a probability of one-tenth, then expectation
in Equation 7A-10 is, in fact, about 0.08, which is in agreement with
the subjective assessment of P(| A | > log 10). Therefore, this prior
distribution for ¢ is used in the Bayesian analysis.

RESULTS OF THE BAYESIAN ANALYSIS

Having defined the quantities Y, C, X, §, V, and the prior distri-
bution of o, it is now straightforward to use the procedures given by
DuMouchel and Harris! to compute the posterior distributions of #
and 9;;. When this is done, the posterior distribution of o ig n{z |Y),
given by:

o=005 015 025 035 045 055 085 075 08 095
rlolY)=0241 0212 0166 0122 0087 0.062 0.043 0.080 0.021 0.015

Thus, although the prior distribution of ¢ was appraximately
uniform over the interval {(0,1), the posterior mean of o is 0.25 and
P(| ¢ < 05| Y) = 0.83. Roughly, this analysis suggests that & is
about half as large as was supposed a priori. Extrapolation on the
basis of the comparison of two isotopes on each of two species is likely
to be off by a factor of 3 to 5 rather than by a factor of 10. The
posterior probability that a new extrapolation will be off by a factor
of 10 or more is P{ | A | > log 10 | ¥) = 0.18, down from the value
of 0.06 computed from the prior distribution.
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TABLE 7A-7 Converting from Log Normal to Gamma Distributions

Parameter of Jsotope
Potteriot Distribution 2Rg 18Ry 28py Wy
Eflog M} —-an =281 -1.11 —1.12
Standard deviation {log A} 0.30 0.46 0.65 0.65
E{ )} 0.042 0.067 0.406 0.405
Standard deviation { )} 0.013 0.032 0.294 0.293
Gamma ¢ 10.3 4.3 1.9 1.8
Gamma 4 246.1 64.1 4,7 4.7

L{X) = exp(—0.4492) (338 Pu), and

= exp(—0.3241) (**® Pu). (7A-12)

Under our model, the expected number of bone-cancer deaths
among the individuals in the studies hy Rowland and Durbin“® would
be 0.449) and 0.324) for those exposed to 2**Pu and #3%Pu, respec-
tively, Since the previous analysis concluded that A is probably less
than 1, human bone-cancer death/thousand person-rad of plutonium
exposure, there cannot be much further information in these data.

The previous analysis approximated the distribution of A by 2
log-normal distribution. However, in order to combine this distri-
bution with the exponential likelihood function given above, it is
convenient to use a gamma-distribution approximation. For a given
mean and variance of A, the gamma distribution with the same first
two moments a8 the log-normal distribution will be considered equiv-
alent to it. The gamma density is:

G(X; ¢, d) = k(c, d)A°exp{—Ad), (7A-13)

where ¢ > 0 and d > O are parameters determining the mean and
variance of A, and k(¢,d) is a normalizing constant ensuring that the
density integrates to unity over the range A > 0. The mean of A is
c¢/d, while the variance of A is ¢/d?. When the distributions from
Table 7A-8 are converted from log-normal to gamma representations,
the resulting values of ¢ and ¢ are shown in Table 7A-7.

I A has the G(); c,d) density, the values of ¢ and d have
a simple interpretation. Bayesian probability intervals for A then
coincide numerically with the frequentist confidence intervals which
would result if ¢ cancers were ohserved in a population exposed to
a total of d (times 1,000) rad {outside the latent period). Thus, the
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A task of the present BEIR committee (BEIR IV} is to estimate
the genetic health consequences of human population exposures to
alpha-emitting radionuclides. In the absence of any positive empirical
human data, or even animal data on many of these radionuclides,
estimates of genetic effects due to alpha-emitters must be based
largely on estimates of the genetic health consequences of exposure to
low linear energy transfer (LET) radiation. Estimates of the genetic
consequences of low-LET radiation are based on experimental data
(mostly on mice) and must be related to the few animal data on
genetic effects due to high-LET alpha-particle radiation.

After some deliberation, the committee decided that attempting
to derive new low-LET genetic-effect estimates or to update earlier
estimates would be unwarranted. The BEIR III*® estimates were
thought to constitute a logical foundation on which to base the
required genetic-effects estimates for alpha-emitting radionuclides.
As noted in the BEIR III report, those estimates are numerically
not very different from estimates that have appeared elsewhere, for
example, in UNSCEAR reports. While the committee believes that
updating of the BEIR IIT genetic-effects risk estimates for low-level
human exposure to low-LET radiation might be desirable, the current
committee was not constituted with the broad expertise required for
such a revision. In addition, some of the issues that would have to
be considered are controversial {e.g., the relative sensitivity of males
and females to mutation induction and whether low to moderate
doses of ionizing radiation induce nondisjunctional events).

Therefore, the committee bases its genetic-effects risks estimates
for alpha-emitting radionuclides on the low-LET estimates provided
in the BEIR III report.?® We have, however, noted the influence that
the adoption of the HEM® would have on the estimates of genetic
risk in the BEIR III report. We have also adopted the demographic
projection techniques developed for the HEM as a logical extension
of the tabulations in the BEIR III report, so that we could project
genetic effects into future generations. Because the demographic
projections require numerical inputs, whereas the BEIR TII estimate
for chromosomal abnormalities was stated as “fewer than 10/million
liveborn offapring at 1 rem/generation,” we have arbitrarily used 9
ad the upper limit and 1 as the lower limit for this endpoint.
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it involves highly subjective approaches to the genetic component of
the diseases.

BEIR II1 ESTIMATES

The BEIR III Subcommittee on Genetic Effects used two some-
what independent methods for estimating human genetic risk: the
so-called indirect and direct methods. These methods adhered to
the following five principles, which were originally enumerated in the
BEIR I report.?®

1. Use relevant dats from all sources, but srmphmnsire human
data when feasible. In general, when data of compareble accuracy
exist, place greater emphasis on organisms closest to man.

2. Use data from the lowest doses and doss-rates for which
reliable data exist as being more relevant to the usual conditions of
homen exposure,

3. Use simple linear interpolation between the lowest reliable
dose date and the spontanecns or gero dose rate. In order to get
any kind of precision from experiments of manageable sise, it is
necessary to use dosages much higher than nre expected for the
human population. Some mathematical assumption i necessary and
the Jinear model, if not always correct, is likely to err on the safe
side, . , .

4. Ifcell stages differ in sensitivity, weight the data in accordance
with the duration of the stage.

8. If the sexes differ in sensitivity, use the unweighted average
of data for the two sexes.

Because there are no positive human data, principle 1 meant that
the bulk of the data used for the low-LET genetic effect estimates
were on the laboratory mouse, the organism ¢losest to man on which
it was deemed practical to accumulate experimental data. Principle 3
provided a reasonable basis for conservative extrapolation, although
many geneticists would argue that the mutation-induction curves for
acute doses of low-LET radiation might best be fitted with a linear-
dose square quadratic model (linear-quadratic), as was in fact done
in the 1985 HEM.® In mammals, the longest-lasting cell stages during
which the largest portion of received radiation would be absorbed are
the immature resting oocyte in females and the spermatogonium in
males. Many mouse mutation-rate data have been obtained on these
stages and applied virtually directly to the derivation of human
genetic-effect eastimates. This makes principle 4 unnecessary. The
degree, if any, of mutational sensitivity difference between males and
females has been controversial. The authors of the 1985 HEM® de-
cided to adopt equal mutation rates, although the BEIR Il report?®
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had adopted a female mutation rate (i.e., oocyte eensitivity) that
was no more than 0.44 times the male (spermatogonial sensitivity),
so application of principle 5 is not straightforward.

The indirect method for estimating genetic risk used by the BEIR
II1?® Subcommittee on Genetic Effects was a mutation relative-risk
method, as had been used in the BEIR I report.?® The newer direct
method was based on directly observed phenotypic damage induced
in a single generation. The relative-risk method is based on the
idea that, whatever the contribution of the current incidence to the
fraction of genetically related ill health in the population caused by
mutation, doubling that incidence ultimately doubles the incidence
of genetically related ill health, if the incremsed mutation rate is
maintained over enough generations to reach genetic equilibrium. If
the amount of radiation required to double the mutation frequency is
known (i.e., the doubling dose), the fractional increase in frequency at
equilibrium due to any added radiation exposure can be calculated by
using the reciprocal of the doubling doss, the relative risk of mutation
per unit exposure. If the current incidence of genetically related ill
health is known, the increase in incidence at equilibrium can easily
be calculated. From several assumptions (hence, the term indirect},
it is possible to extrapolate from the incidence at equilibrium to
the incidence anticipated in the first generation after an increase in
exposure. The BEIR III** Subcommittee on Genetic Effects adopted
a range for doubling dose of 50-250 rem (relative risk of mutation,
0.004-0.02/rem) and a current incidence of 107,100/million liveborn
offspring, of which 10,000 are thought to be expressions of autosomal
dominant and X-linked genes, 1,100 expressions of recessive genes,
6,000 expressions of chromosomal aberrations, and the remaining
90,000 irregularly inherited.

The doubling-dose estimate of 50-250 rem translates into esti-
mates, at genetic equilibrium, of 40-200 autosomal dominant and
X-linked effects and 20-800 irregularly inherited efects/million live-
born offspring for a dose of 1 rem/generation until equilibrium is
reached. For recessively inherited effects, the BEIR III Subcommit-
tee on Genetic Effects made no numerical estimate, noting only that
there would be a very slow increase in such effects. Nor did the sub-
committee make a numerical estimate for chromosomal aberrations,
noting that the numbers of effects would increase only slightly.

The direct method used by the BEIR III subcommittee depends
on observations of phenotypic skeletal anomalies in first-generation
offspring of irradiated mice. The subcommittee used estimates of the
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fraction of all phenotypically expressed anomalies affecting health
that might be represented by the skeletal effects and some assump-
tions, for example, that dose-rate effects and male-fernale mutation
rate differences would apply to this category of mutations, even
though it had been measured only for recessive mutation induction.
It concluded that between 5 and 65 effects might be expected /million
liveborn offspring/rem. No separate estimate was made for irregu-
larly inherited or recessive effects, as the effects in heterozygotes
were expected to be included in the 5-85 autosomal dominant and
X-linked effects. The numerical estimate for first-generation chro-
mosomal aberrations, also a direct estimate, was based on direct
cytogenetic observation of aberrations; fewer than 10 were estimated
to result from a 1-rem parental exposure among a million liveborn
offspring. As noted by the Subcommittee on Genetic Effects,?® the
estimate of 5-85 added genetic effects/million liveborn offspring /rem
of parental radiation is in reasonable agreement with the estimate
that would be derived by extrapolation from the equilibrium estimate
based on the doubling-dose, or relative-risk, method with the same
assumptions as were used by the BEIR I Subcommittee on Genetic
Effects in 1972.%

It is important to recognize that the BEIR III genetic-effects
risk estimates were derived from experiments with laboratory mice
in which specific-locus mutations or first-generation skelstal anoma-
lies were determined after exposure of the parental generation to
relatively high doses of low-LET radiation, often at high dose rates.
The doubling-dose estimates have been corrected for low-dose and
low-dose-rate effects, essentially by reducing the slope of the linear
downward extrapolation by a factor of 3; that factor was determined
experimentally from observations that the spermatogonial specific-
locus mutation rate decreased as a function of decreasing dose rate
until a plateau was reached at about one-third of the high-dose-rate
mutation rate (at about 0.01 rem/min). However, no such obser-
vations have been made for the oocyte or for the dominant skeletal
mutations that provide the basis for the direct estimates. Whether
this dose-rate effect results from the simple loss of a dose-squared
component in & quadratic dose-effect curve has been much discussed;
the dese-rate factor of 3, however, reflects the empirical observation
and is thus independent of the debate over curve shape.

Copyright © National Academy of Sciences. All rights reserved.



Health Risks of Radon and Other Internally Deposited Alpha-Emitters: BEIR IV

Copyright © National Academy of Sciences. All rights reserved.



Health Risks of Radon and Other Internally Deposited Alpha-Emitters: BEIR IV

Copyright © National Academy of Sciences. All rights reserved.



Health Risks of Radon and Other Internally Deposited Alpha-Emitters: BEIR IV

Copyright © National Academy of Sciences. All rights reserved.



Health Risks of Radon and Other Internally Deposited Alpha-Emitters: BEIR IV

GENETIC, TERATOGENIC, AND FETAL EFFECTS 377

administered gamma rays, depending on the alpha dose-distribution
factor adopted.

Dominant Lethals

Dominant lethals are believed to result largely from chromosomal
aberrations. The efficiency of their production has been evaluated
for #39Py #20.21 RBEs in the range of 10-15 were found.

Selection of RBE Values

In the absence of other information, it seems appropriate to
adopt an RBE value for mutations (dominant X-linked and reces-
sive mutations and those involved in the production of irregularly -
inherited genetic effects) of 2.5, as indicated by the mouse spermato-
gonial specific-locus information for %°Pu. A higher value of 15
seemns appropriate for the induction of chromosomal aberrations by
33°Py in spermatogonia. The lack of any substantive information on
these effects in females is unfortunate; nevertheless, since the major
contributions to the numbers of genetic health effects estimated by
the BEIR III Genetic Effects Subcommittee comes from the male,
application of the male-derived plutonium-239 RBEs stated above
does not seem inappropriate.

There is no direct information on any of the other radionuclides
of interest, so there seems little choice but simply to adopt for their
alpha particles the same RBE values as those for 2**Pu. Qur confi-
dence in doing 8o is reinforced by the somatic-cell observations cited
ahove on 3% Py, 2#1Am, and #*2Cf,

Distributton Faetors

The fraction of alpha-emitting radionuclides entering the body
that can be expected to end up in the gonads is small, and the distri-
bution within the male gonad in the laboratory mouse is nonuniform.
The concentration in the interstitial tissue around the seminiferous
tubules is higher than the average testicular concentration, so a dose
to the genetically significant spermatogonia is 2—4 times larger than
that predicted on the basis of uniform ?**Pu distribution in the
organ,*'13% Whether this distrihution factor is appropriate for the
human testis, however, is uncertain, hecause the primate (including
human) testis has a different geometry from the rodent testis, with a
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TABLE 6-1 Genetic Effects of an Average Population Exposure to the
Gonads of 1 rad of Alpha Particles per 30-yr Generation®

Effect/Million Offspring

Current Incidence/Million

Type of Genetic Disorder  Liveborn Offspring First Generatian Equilibrium

Single gene 10,000 13-163 100-5¢0
Autosomal deminant 10-122 75-375
X-linked -4} 25-125

Leregularly inherited 90,000 — 5(-2,250

Recessive 1,100 Very fow Ve‘ry slow

increase

Chromosomal 6,000 15-135 15-135

aberrations

*Derived from Table IV-2 of the 1980 BEIR UIT report®® by application of an RBE of 15 for
chromosomal aberretions and of 2.5 for other mutation classes as outlined in the text. Yalues for
domingnt and X-linked traits derived by axsuming that one-fourth of the single-gene effects are
X-lnked.®

adopted the range of 1-9 additional cases in order to produce numeri-
cal estimates. BEIR III did not give separate estimates for autosomal
dominant and X-linked conditions. The eatimates contained in the
HEM?® review allotted roughly one-fourth of the total for the two
classes to the X-linked conditions, and we have similarly apportioned
the combined BEIR III estimates in preparing Table 8-1.

The HEM review® projected genetic effects into the future with
computer programs written to project the incidences of dominant,
X-linked conditiona, translocations, and aneuploidy separately. No
estimates were made for recessive conditions, because cases would not
be expected until farther into the future than such projections can
reasonably be made. Because BEIR III?® made no estimate for aneu-
ploidy, we present here only the results for the firat three categories.
The HEM® programs require normal demographic information as
input. We have chosen the U.S. population from Vital Statisties of
the United States—1981, Vol.1, Natality (U.S. Department of Health
and Human Services, Public Health Service, Hyattsville, Md.) as a
basis and derived the age-specific life tables for males and females
(all races) in Table 82 and maternity by age of mother in Table &3.

For simplicity (and following the presentation of the HEM?® re-
view), we have made a single projection—using the geometric means
of the range estimates, given in Table 8-1 (s,2;)*/?, to provide the
required mutation-rate input—of incidence of the three classes of
genetic effects over a 150-yr span. Table B-4 shows the projections
of genetic effects for an average gonadal exposure to 1 rad of slpha
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TABLE 8-2 1981 U.S. Age-Specific Population and Births
Age Males Females Births/Milfion
() U.5. Population/Millon” Stationary Population® U.5. Populatien/Million® Stationary Population® Females®
<1 §,005 98,860 7,735 99,074 qQ
-4 29,764 394,131 28,450 395,245 a
5-9 35,784 491,652 34,193 493,313 a
10-14 40,637 490,389 38,906 462 B} 43
15-19 45,263 488,921 43,611 481,925 2,298
20-24 47,535 484,935 47,251 490,550 5,243
2529 43,548 480,33] 43,920 489,012 4,919
30-34 40,449 475,883 41,265 487,225 2,534
35-29 30,9401 470,873 31917 383,795 638
40-44 25,725 464,046 26,793 481,080 10z
45-49 23,279 453,570 24,426 475,111 5
50-54 24,212 437,186 26,131 465,714 0
55-59 21,833 412 497 26,741 451,657 (i}
o0-64 2,R55 377,276 24,216 431,301 a
65-69 17,245 329.470 21,483 402,311 )
70-74 12,832 268,750 17,768 362,065 0
75-1 8,337 194,609 13,329 07,139 0
80-84 4,587 127,118 B.640 224,036 —
>85 3.0 98,167 7,200 255,217 —

“Estimated population of United States, by age and sex, all races, July 1, 1981, standardized to a population size of 10P from Table 4-2, Scction 4,
Technical Appendix, Vol. i, Natality, Vital Statistics of the United States, 1981,
”Stali&nary population by age and sex, ali races, for 100,000 male and 100,000 female births each year. From Table §-1, Section 6, Life Tables, Vol. 2,
Mortality, ¥ital Statistics of the United States, 1981.
“Estimated number of births by age group, all races. From Table 1-9, Section 1, Natality, Vel. 1, Natality, Vital Statistics of the United States, 1981,
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TABLE 8-3 Live Births by Age of Mother, All Races,
United States, 1981

Age of Mother (yr) Na. of Live Births”
<15 9,768

15-19 524,589

20-24 1,205,793

25-29 1,122,791

30-34 583,877

35-39 163,615

40-44 23,240

45-4% 1,125

All ages 1,629,238

“Calculated From Vital Statistics of the United States— 1981, Natality
(1985) on the assumption that number of live births far mothers of all
ages is accurate, whereas the birth rates by maternal age are subject to
rounding errors,

particles of each generation (i.e., 170 mrad per 5-yr period for 30 yr)
in each 5-yr interval of the entire 150-yr projection span—a situation
like that for the equilibrium estimates given in Table 8-1.

FETAL EFFECTS, TERATOGENESIS, AND NEONATAL
EFFECTS OF IN UTERO EXPOSURE

By definition, teratogenic effects can be produced only by injury
received after conception. Although alpha-emitting radionuclides can
be transmitted across a placenta and incorporated into the body of a
developing fetus, only the alpha decays that occur during intrauter-
ine life can cause teratogenesis. In the interests of completeness, the
committee has included in this consideration of abnormal develop-
ment both strictly teratogenic effects and those induced postnatally
in the developing mammal.

The field of radiation teratogenesis has been reviewed many
times. %3¢ Dose-effect curves for the induction of teratogenic effects
by low-LET radiation are, with one possible exception, of the thresh-
old type, and the effects themselves are nonstochasatic, Effects include
early embryonic death, neonatal or early postnatal death, gross mal-
formations, local morphological defects or reductions, central nervous
system defects (including mental retardation), and general growth
retardation. The little information on human radiation teratoge-
nesis is limited largely to high-dose low-LET radiation, generally
delivered acutely. As with genetic effects, therefore, risk estimates
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must be based mainly on experimental animal data. Because the
gestation periods of experimental animals differ so widely and are so
much shorter than that of humans, estimates are based on the times
at which comparahle developmental events occur in the different
species.

EFFECT OF EMBRYONIC DEVELOPMENT STAGE

The teratogenic effects of radiation exposure tend to be closely
related to the stage in embryonic development at which the radiation
dose is received. Three general periods of development are commonly
recognized: preimplantation stage, between conception and the time
of implantation of the developing embryo into the uterine lining in
humans, generally taken as the period, days 0-9; the stage of major
organogenesis, days 14-50; and the fetal period, days 51-280.

Preimplantation ia the stage of greateat sensitivity to radiation.
Nevertheless, only one effect has been noted in this stage: simple
preimplantation loss. During this period, the early embryo is ahle
to develop normally after losing one or more cells, but once cell loss
reaches some point, practically any additional effect at all will be
lethal. Only animal data are available, hut they explain the obser-
vation that single doses of less than 10 rad of low-LET radiation
produce no detectahle effects. It iz speculated that the principal
reason for the absence ol hurnan data showing preimplantation ter-
atogenesis i8 that the losses occur before the mothers know that they
are pregnant and therefore go unnoticed. Theoretical considerations
strongly suggest that preimplantation loss must be a nonstochastic
effect, with a definite threshold. Exceeding this threshold requires
that some minimal number of cells be killed.

During the major organogenesis stage, the embryo appears to be
sensitive to all the known teratogenic effects of radiation. But the
sensitivity of any one tissue or organ system i limited to a emall
fraction of the 37-day period in humans. Individual tissue or organ
sensitivity appears to be limited to the few days of its critical early-
stage development, when the loss of even a few cells cannot easily be
remedied. Windows of one to a few days are commonly observed dur-
ing which a given developmental abnormality can be induced during
the major organogenesis stage. Thresholds are expected thecretically
and have been observed; single doses below about 10 rad of low-LET
radiation appear ineffective,
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Uransum

The toxicity of several uranium isotopea has been studied exten-
sively in adult animals of various species, but few data are available
on its placental transfer or developmental toxicity, other than those
from one experiment®® that used intravenous exposure to citrated
solutions of 23U at 9, 15, or 19 dg at dosages of 1.8, 8.3, 5.75,
and 10 xCi/kg. The two highest dosages were toxic to pregnant
rats, Exposure at 9 and 15 dg produced dosage-dependent trends
toward increased prenatal mortality and decreased fetal and pla-
cental weights on evaluation at 20 dg. Injection at 9 dg produced
a dosage-dependent increase in the incidence of rib malformation,
and the highest dosage resulted in cleft palate. The two highest
doaages resulted in fetal edems if injected at 15 dg. Fetoplacental
concentrations and partition, measured in other rats, were affected
by dosage evaluated late in gestation, but not at earlier times, and
there was less selective localization in the yolk sac than was the case
with many actinides. The resulting radiation doses throughout the
fetoplacental unit were calculated from the distribution data. At the
highest dosage, the radiation doses to the conceptus, placenta, and
membranes were about 1, 2, and 3 rad, respectively, after injection
at 9 dg and 0.2, 1, and 7 rad, respectively, after injection at 15 dg.
Comparison of the doaea suggesta that the early maternal and devel-
opmental effects were attributable to chemical toxicity, rather than
to radiation.

Transuranic Elements

There are pronounced differences among the transuranic ele-
ments relative to their metabolism in pregnant animals, placental
transfer, and fetoplacental distribution. The limited data do not
suggest marked qualitative differences in the types of responses, but
metabolic and dosimetric differences yield substantial differences in
toxicity relative to administered dosage. It should be noted that
almost all evaluations of effects were performed with administered
dosages that were far in excess of thoee to which people might be
exposed. These results are of radiobiological interest, but are not
directly applicable to establishing exposure criteria.

Intravenous injection into rats of *’Np as the oxalate at 0.3-5
#Ci/kg increased the incidence of preimplantation mortality. Rela-
tive to controls, offspring of litters receiving these dosages had greater
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depression of erythrocyte production after gamma irradiation, pro-
longed narcosis after hexanol administration, and decreased sexual
function.?®

Plutonium is the most thoroughly studied of the transuranic
elements, although some questione remain as to details of ita placen-
tal transfer, fetoplacental distribution, and developmental toxicity,
In the earliest reported study with 2*Pu,” it was found that mice
given plutonium at 0.016, 0.03, or 0.06 uCi/g by injection during
gestation had an increased incidence of totally stillborn litters and of
stillbirths in viable litters. If injection took place late during gesta-
tion, the newborn offspring contained about 1% of the administered
radioactivity; the amounts of radioactivity decreased with increasing
dosage and with increasing time between injection and measurement.
Autoradiographic and radioanalytic studies from severa] laboratories
have extended and quantified those findings, but are in general ac-
cord with them. In general, it has been found that small amounts
of monomeric (citrated) plutonium cross the placenta. Intravenously
or intraperitoneally injected polymeric plutonium has been shown to
be less available to the fetoplacental unit.

Studiea to examine tbe partition of 3%°Pu at various stages of
gestation in rabbits have found a difference in distribution from that
in rats and mice. The concentrations in the placentas and fetal
membranes were not as high es those found in rodents, and the
concentration ratio in these two structurss and the concentration in
the embryo-fetus were lower in the rodents,

To determine whether yolk sac deposition oecurs in nonhuman
primate species, Andrew et al.* injected citrated **Pu intravenously
into baboons at 10 uCi/kg at representative stages of gestation and
removed the uteri and their contents 24 h later. The uteri and feto-
placental components were dissected and subjected to radicanalysis;
concentration ratics were similar to those found in rodents, The
autoradiographic localization of activity was also similar in the two
species when allowance was made for morphological differences,

Kelman and Sikov*? directly examined placental transfer using a
system in which the vessels of the fetal side of the near-term guinea
pig placenta were cannulated and perfused to eliminate the role of
the fetus. Graded dosages of citrated 2°°Pu and a trace dose of triti-
ated water were injected into the maternal circulation, and placental
transfer was calculated in terms of clearance. Clearance was found
to be 2.3 liters/min, & value less than one-fifth of that for inorganic
mercury, which had the lowest clearance previously measured with
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this system. Moreover, on the basis of reduced clearance of tritiated
water at the highest doses of plutonium, the maternal blood supply
to the placenta was affected; the threshold for thies effect was about
5 uCi/kg of body weight.

Administration of #**Pu during early organogenesia (e.g., at 9
dg in rats) results in dose-dependent increases in prenatal mortality
and reduced weighta of the fetuses, placentas, and fetal membranes.
Typically, however, the lowest administered intravenous dosage that
consistently produces atatistically significant differences from con-
trols is about 10 xCi/kg in rats. Sequential histopathological studies
at this and higher dosages demonstrated early shrinking and sup-
pressed development of the villi of the yolk sac, which suggested that
the embryotoxic effects might be mediated through changes in this
structure. The radiation doses to the embryo-fetus, placenta, and
membranes of rats under these general circumstancea are approxi-
mately 0.45, 1.3, and 2.5 rad, respectively, through 12 dg and about
2, 6, and 33 rad, respectively, through 20 dg. The dese to the yolk
sac might be 10-100 times as great as the average membrane dose
hecause it represents only a amall portion of the total masa.

Other experiments have failed to detect prenatal mortality or
other indicators of prenatal toxicity after exposure of rats to plu-
tonium at dosages as great as 50 uCi (about 150 uCi/kg) at 15 or
19 dg. As indicated above, the pattern of fetoplacental partition is
similar to that at earlier stages.

The induction of developmental toxicity involves complicated in-
teractions, as indicated by differences among rat strains in sensitivity
to production of embryo lethality and fetal weight reduction. These
between-strain differences are incompletely accounted for by distri-
bution differences. Comparable quantitative differences in develop-
mental effects and minor qualitative differences have been observed
in other species, including rabbits, but these are partially related to
the distribution differences descrihed ahove.

The primitive cells that ultimately give rise to the gametes and
the hematopoietic system are formed in the early yolk sac and mi-
grate into the embryo proper. It can be hypothesized that alpha
particles emitted by radionuclides deposited in the yolk sac of the
early embryo could produce persistent adverse effects on these prim-
itive cell lines. To test this hypothesis, pregnant rats were evaluated
&t 14 or 19 dg after intravenous injection with 36 uCi/kg of citrated
plutonium at 9 dg. Weight gains of the pregnant rats were reduced, as
were reticulocyte and leukocyte counts at both times and erythrocyte
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CONCLUSIONS

Very recently, & task group of Committee 1 of the International
Commission on Radiological Protection completed a study of the
effects of radiation on the development of the brain of the embryo and
fetus.'” The task group reported that, within the period of maximum
vulnerability, the data it reviewed appeared to be consistent with a
linear nonthreshold response. This information was published after
this report was prepared and therefore has not been examined by
this committee, which reached no conclusions concerning the effects
of alpha dose on the developing brain.

With the exception of risks to the developing brain, no national
or international expert group has made quantitative risk estimates
of purely teratogenic effects of exposures of less than 10 rad of acute
low-LET radiation, simply because of the threshold nature of most of
the dose-effect curves. For organs other than the brain, the concept
of RBE can be used to translate estimates of the effects of acute
low-LET exposures to the case of alpha particles. Virtually all other
teratogenic effects of radiation are believed to be due to multiple cell
killing, and one can simply translate the accepted 10-rad threshold
for single-dose low-LET radiation exposures by applying the RBE
commonly observed for alpha particles in in vitro cell-killing exper-
iments., RBEs for cell killing by alpha particles are around 10, but
could be higher for the very low dose rates expected from internal
emitters. Sensitive time windows have been observed, particularly
during the stage of major organogenesis, and much (if not all} of
tbe total dose accumulates on either side of this window, which is
apparently only a few days long even in man. Thus, most of the
total dose accumulated during the entire 280-day gestation period
would not be effective. It seemns reasonable to conciude that except
for brain tissues, high-LET alpha-particle doses below about 1 rad
will have no teratogenic effects.
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STOPPING POWER

As alpha particles go throngh a material, they interact with the
material’s molecules, losing a little energy in each interaction. Thus, they
gradually slow down. At very low energies {less than 1 ¢V) they acquire
two electrons and become atoms of helinum gas in thermal equilibrium with
the material. Alpha particles of the same energy lose different energies
when they go equal distances because of randomness in the number and in
the kinds of interactions with the material. The differences in the energy
losses are emall, however. The actual rates of energy loss are close to the
average rate.

The stopping power (5} of a charged particle of epecified energy is its
average energy loss per unit distance along its path. The maas stopping
power (5/p) is the quotient of the stopping power by the density of the
material,

The experimental and theoretical determinations of the alpha-
particle stopping powers are in good agreement.!+* Figure I-1 shows the
stopping power of alpha particles in soft tissuea of unit density, For com-
parison, the stopping power of electrons is also shown in Figure I-1.° (Beta
particles, the other common kind of charged particle emitted in radioac-
tive decay, are electrons.) Note that for the energies shown, the stopping
powera of the alpha particles are 2 to 3 orders of magnitude larger than
those of the electrona. As a consequence, the damage (for example, caused
by ionization, excitation, chemical alteration, and biological damage) is
generally about that much higher along the alpha-particle tracks.

The mase stopping powers of alpha particles are slightly higher in
gases than in liquids or solids.’® The stopping powers in Figure I-1 are for
solid tizsue and are abouit 5% higher than the mass stopping powers for
gases.

LINEAR ENERGY TRANSFER

The energy loat by a charged particle produces damage of various
kinds in the material with an effectiveness that depends on how densely
the energy it loses is spread in the material. The stopping power iz one
indication of that density, but it is not a complets meagure: Some of the
energy loat by the particle is transferred to secondary radiations, electrong
and photona, that penetrate to distances from the particle track. Several
investigators have used various other quantities to characterize the results
of this spreading process.?

One of the quantities used for this purpose is the linear energy transfer
{LET; also referred to as L). While the stopping power gives the rate of
energy loss of the particle, the LET gives the rate at which energy is laid
down close to the particle track. This is done by excluding the energy
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FIGURE I-2 Ranges of alpha particles and slectrons in soft tissue of unit density.

I-2 shows the ranges of alpha particles in soft tissue of unit density, For
comparison, the average distances traveled by electrons, neglecting energy
straggling (see below), are also given. Because of their very much lower
stopping powers, the electrons trave] 2 or 3 orders of magnitude farther
than alpha particles.

The stopping powers and ranges in tissue suffice for most applications
to alpha~particle dosimetry. Occasionally, however, it is necessary to
consider alpha-particle paths that lie partly in one material, partly in
another (e.g., partly in soft tissue and partly in bone). Fortunately, the
ranges of an alpha particle of a given energy in different materials are
proportional to one another, independently of the energy, to within a few
percenk.

STRAGGLING

Random variations in the energy lost and in the change in direc-
tion in individual interactions with the molecules of the material produce
distributions in the actual distances traveled by different alpha particles;
this is known as range straggling. Similarly, there is a distribution in the
energy remaining after traveling a given distance; this is known as energy
etraggling.
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The probability distribution of the actual ranges is represented fairly
accurately by a normal distribution (it neglects the effects of occasional
large energy losses in individual collisions). Theoretical derivations of parts
of the variance, o?(R), of the normal distribution have been made, but the
observed variances are always larger. Evana® recommended a relation that
he estimated to be accurate to within 10% for range straggling in air:

o(R) = 0.015R, (1-1)

where R is the range. This relation shows that, in air, most of the actual
distances traveled are within a few percent of the mean distance (the
range); theoretical analyses suggest similar narrow distributions for the
distances in tissue,

DOSIMETRY

EXPOSURE AND DOSE

A basic step in the study of the risk associated with an agent ia the
eatablishment of the relation between the degree of harm it produces and
some physically measurable quantity that characterices its prevalence. The
measurable quantity ia often referred to as the exposure to the agent. The
exposure is seldom the concentration of the agent (or of a product of the
agent) in the specific cells or tissues where the harm is thought to arise.
The latter, or some closely related quantity, is often called the “dose.”
Because of the difficulty in making measurements within the body, it is
usually hard to determine the dose. The exposure, on the other hand, is
usually the concentration cutside the body in some material in which it ia
easier to measure. Usually it is the concentration in the material that is
the main carrier of the agent into the body.

The working level used in the study of radon and its daughters is a
good example of these general statements; it is treated at length in Annex
2B to Chapter 2. In brief, the working level, an exposure quantity, is a
concentration of radon and its daughters in air, and is reasonably easy to
measure. The corresponding dose quantity might be the number of atoms
of radon and its danghters deposited at some point in the respiratory tract.
The relation between the concentration in air and the number of atoms
deposited depends on a hoat of variables (for example, the structure of the
respiratory tract and breathing rate; see Chapter 2). This lack of a unique
correlation between the exposzure and dose quantities is typical.

There is danger of confusion in discussing the exposure and dose
concepts;: A particular quantity named exposure was introduced early
into radiation studies to characterize x-ray and gamma-ray felds; this
exposure is the one measured in roentgens.* Fortunately, a need to use this
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FIGURE I3 Absorbed dose from alpha particlea of energy E and range X na a
function of distance = from the centers of sphericel regions of vadlus @ that contain
uniform concantrations € of the smitter [in the e(r} = E/R spproximation].

at distances greater than the alpha-particle range from the edge, the dose
drops to sero because particles cannot penetrate that far.

The figure also suggests when the average dose {D) discussed above
in the sphere i a reasonable estimate of the dose throughout the sphere.
Clearly, it is reasonable if the lower doses at the inner edge of the sphere
are negligible in the average. Since the mass involved is proportional to
the square of the distance from the center, the sphere must be quite large
relative to the range of the alpha particles. For about 10% accuracy, the
radius of the sphere must be roughly 30 times the range; this usually
means that spheres with radii of 1 to 2 mm are needed to give meaningful
averages,

When the radius of the sphere equals the range, the dose CFE is
attained only at the exact center. For smaller spheres, the dose CE is
never attained. [In the ¢(r) = E/R approximation only, the relative
dose at the center is a/R.| In general, for uniform distributions in C, the
absorbed dose does not exceed CE anywhere. If the sphere {or any other
small volume) is very small, then at distances several times its radius:

D =[OV ¢fz))/(472?), (1-8)

where V' is the volume of the sphere and, hence, €V is the number of
alpha particles emitted.
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alpha-particle dosimetry. In comparing like situations, the practice of using
(D) values is a useful, practical expedient. The practice leads to diffculty
when data for one radionuclide are applied to another or when data for
one species are applied to another. In these applications, the actual doses
to the relevant cells should be used in determining RBEs.

MICRODOSIMETRY

If the energy imparted by radiation to the mass in a small volume
(usually called a site in the microdosimetric literature) were measured
repeatedly under apparently identical conditions, the values obtained would
differ. These differences are not experimental errors; the errors can be
made much smaller than the differences obaerved. The differences are
inherent; they are due to the randomness in the number of charged particles
that impart energy to the site and to the randomness in the energy
imparted to the medium in the individual interactions between a particle
and the medium. These random features are particularly important for
alpha particles and other high-LET radiations where {as can be seen in
autoradiographs) the particle density is often so low that many sites are
struck by only a few particles and some sites are not struck at all. In
ordinary dosimetry, that is, in the determination of absorbed dose, the
different values of the energy imparted to the mass would be averaged;
information about the extent of the randomness would thus be discarded,
In microdogimetry this information is kept and exploited.

While the effect of the randommness is present, no matter what the
dose or size of the sile studied, the degree of variation encountered will be
less the larger the dose or the larger the mass, As a consequence, although
microdesimetry applies to sites of all sizes, it generally focuses on low doses
and small masses where the differences are larger. Usually the attention is
on masses the size of cells or cellular components.

SPECIFIC ENERGY

Dosimetry deals with the absorbed dose, the mean energy per unit
mass imparted to matter by radiation; microdosimetry deals with the
actual energy per unit mass. The latter is given another name (specific
energy) and symbol (z) to distinguish it from the former. Dose and specific
energy have the same units. The definitions of dose and specific energy
are framed so that (2}, the average value of the specific energy over many
repetitions of the irradiation, equals the absorbed dose:

D = (2). (I-10)

The specific energy is the result of the energies imparted by individual
charged particles. The number of events in which individual particles
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FIGURE I-4 Probability densities in apecific anergy for single events, f(s : 1) for
8000 and 80py,

interest: densities for individual events and densities for a given absorbed
dose, The probability density for single events will be denoted by flz - 1);
this means that f{z: I)dsis the probability that the apecific energy due to
a gingle event is in a range dz that includes 2 The probability density for
a given dose will be denoted by f{z).

In the microdoeimetry of alpha particles, each distribution of the
alpha-particle emitters can produce a different probability density. Here,
only two examples will be given: the charged-particle equilibrium situation
considered above, and the situation in which the emitters are agglomerated
into particulates from which many alpha particles are emitted. The densi-
ties for nonequilibrium distributions of emitters can also be caleulated. !

Distributions for Single Events

Figure I-4 shows the single-event densities for °Co gamma rays, a
low-LET radiation, and for ***Pu alpha particles, a high-LET radiation,
for charged-particle equilibrium. To cover a wide range of the abscissa, the
probability density is multiplied by 2 and then plotted on a logarithmic
scale, because equal areas anywhere under such a curve represent equal
probabilities of occurrence. On this logarithmic plot the two distributions
differ only slightly ir shape, but there is a large distance along the abscissa
between them due to the difference in the stopping powers of the particles
(discussed earlier in this appendix).

The location of the single-event distributions on the specific energy
scale also depends strongly on the size of the site considered. The energy
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FIGURE 1-6 Probability densities in specific enargy for particulates of diffarent sizas
for the seme absorbed dose (0,75 Gy).

per particulate, When the number of alphaa per particulate is amall, 1 or
10 for this site size, the f(z) values do not differ much; they are actually
very close to the f(z) for no agglomeration into particulates. In these
circumstances, even though many alpha particles are emitted at a common
point, the chance of a significant number of them going in nearly the same
direction so a8 to affect a common site is small. For particulates that emit
up to about 100 alpha particles and for this site eize, f{2) differs only
alightly from f(z) for nonagglomeration, that is, for a wniform distribution
of molecules of the radionuclide. For about 1,000 alpha particles and
higher, it is distinctly different. A site close to a particulate that emits sa
many alpha particles atands a good chance of receiving energy from more
than one alpha particle, with the resuit that its f(z) iz pushed to higher
specific energies. But, when a0 many alpha particles are emitted from each
particulate, there are fewer particulates for a given dose, with the result
that there is an increased chance that some sites will not be close enough
to any particnlate to be hit by any alpha particles. This causes the area
beneath f(z) to decrease. At 0.75 Gy, for 1 alpha per particulate and this
site size, the chance of being mizsed is 0.52. For 100,000, it is 0.9978. In
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