
 
 
 

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 
 
 

 
 

 



Sh
or

t C
re

ek
 L

an
df

ill
 

 A
R

SE
N

IC
 

 x
ba

r.o
ne

 C
ha

rt

ARSENIC  ( mg/L )

20101115
20101129
20110106
20110113
20110304
20110321
20110401
20110421
20110504
20110524
20110602
20110621
20110815
20110829
20111006
20111021
20111101
20111114
20111221
20120112
20120126
20120409
20120420
20120507
20120524
20120608
20120619
20120803
20120816
20120906
20120918
20121008
20121025
20121105
20121121
20121205
20121221
20130115
20130128
20130206
20130219
20130304
20130312
20130415
20130424
20130506
20130520
20130604
20130618
20130703
20130715
20130813
20130826
20130910
20130926
20131007
20131017
20131111
20131125
20131204
20131218

0.
00

0.
02

0.
04

0.
06

0.
08

●

●
●

●

●

●

●

●

●
●

●
●

●
●

●

●
●

●

●

●
●

●
●

●

●

●

●
●

●
●

●

●

●

●

●

●

●
●

●

●
●

●
●

●

●
●

●

●

●

●
●

●

●
●

●
●

●
●

●
●

●

LC
L

U
C

L

C
L

●
●

●
●

●
●

●
●

●

●
●

●
●

●
●

●

N
um

be
r o

f g
ro

up
s 

= 
61

C
en

te
r =

 0
.0

43
93

44
3

St
dD

ev
 =

 0
.0

16
63

00
1

LC
L 

= 
0.

00
59

55
60

6
U

C
L 

= 
0.

09
38

24
46

N
um

be
r b

ey
on

d 
lim

its
 =

 0
N

um
be

r v
io

la
tin

g 
ru

ns
 =

 1
6

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

●
●

● ●

● ●
Va

lu
e

R
ep

or
te

d 
<D

L
D

L

R
un

 V
io

la
tio

n
Va

lu
e 

>U
C

L 
or

 <
LC

L
Va

lu
e 

==
 D

L
~ 

X 
' :_....-

---: 
' 

7--------, 

► 

----.........._ 

----.........._ 

~ 
----.........._ 

----.........._ 

----.........._ 

----.........._ x 
' X 

~ 
X 

----.........._ x --------.........._ 

----.........._ x --------x 
~ 



Sh
or

t C
re

ek
 L

an
df

ill
 

  A
R

SE
N

IC
 

  A
R

IM
A

(0
,1

,1
)  

   
   

   
   

   
  

0
10

20
30

40
50

60

0.020.040.060.08

AI
C

:  
34

0.
44

16
27

63
28

01
 | 

AI
C

c:
  

34
0.

23
11

01
31

70
12

  |
 B

IC
:  

33
6.

25
29

38
50

83
57

   
   

   
   

   
   

   
  M

E 
   

   
R

M
SE

   
   

   
M

AE
   

   
 M

PE
   

  M
AP

E 
   

  M
AS

E 
   

   
AC

F1
Tr

ai
ni

ng
 s

et
 

0.
00

10
08

04
1 

0.
01

35
79

85
 0

.0
09

79
43

06
 

9.
55

23
54

 2
6.

63
04

2 
0.

99
60

31
1 

0.
08

43
69

37



0
50

10
0

15
0

0.020.030.040.050.060.070.080.09

C
en

so
re

d 
Sc

at
te

r:
 A

kr
ita

s
Th

ei
l

Se
n 

R
eg

re
ss

io
n

Ti
m

e 
in

 W
ee

ks

ARSENIC  ( mg/L )

●

●
●

●

●

●

●
●

●
●

●
●

●
●

●

●

●
●

●
●

●

●

●

●
●

●
●

●

●

●

●

●
●

●
●
●

●

●
●

●

●

●

●
●

●

●
●

●
●

●
●

●
●

●

Sl
op

e:
 0

.0
00

12
52

43
83

96
36

86
8 

| T
au

:  
0.

23
49

72
67

75
95

62
8 

| p
:  

0.
00

65
02

90
65

77
98

24
7



0.
02

0.
04

0.
06

0.
08

0.00.20.40.60.81.0

Va
lu

e

Probability

Sh
or

t C
re

ek
 L

an
df

ill
 

  A
R

SE
N

IC
 

 K
ap

la
n

M
ei

er
 E

m
pi

ric
al

 D
is

tr
ib

ut
io

n 
Fu

nc
tio

n

●
●

●
●

●
●
●
●
●
●
●
●
●
●

●
●
●
●
●
●
●
●
●
●
●
●
●

●
●
●
●
●
●
●
●
●
●
●
●

●
●
●
●

●
●

●
●

●

●
●

●

●
●

●

2
1

0
1

2

N
or

m
al

 Q
ua

nt
ile

s

Value

0.020.040.060.08

95

90

75

50

25

10

5

Pe
rc

en
t C

ha
nc

e 
of

 E
xc

ee
da

nc
e

R
O

S 
Pr

ob
ab

ili
ty

 P
lo

t

M
ul

ti
m

et
ho

d 
Su

m
m

ar
y 

St
at

is
tic

s 
 P

er
ce

nt
 C

en
so

re
d:

  1
1.

47
54

09
83

60
65

6

K
M

R
O

S

M
LE D
L

H
al

f D
L

m
ed

ia
n

0.
04

0.
04

0.
04

00
30

92
61

84
16

18
0.

04
0.

04

m
ea

n
0.

04
50

81
96

72
13

11
48

0.
04

42
08

23
78

20
98

42
0.

04
39

31
02

39
81

11
51

0.
04

39
34

42
62

29
50

82
0.

04
27

86
88

52
45

90
16

sd
0.

01
51

40
62

21
01

76
16

0.
01

61
93

02
48

73
93

53
0.

01
98

58
87

74
24

81
33

0.
01

65
60

86
63

74
73

92
0.

01
84

50
93

92
30

02
15



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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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 Bq. Since one Bq is equal to one 
disintegration per second, one Ci is equal to 37 billion (37 X 109) Bq. 

Ci or Bq 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 SI 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 
in rem = 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 238U, 235U, 40K, and 232Th in 
higher concentrations than found in less organic-rich grey shales, sandstone, or limestone. This 
is because: 1) 238U and 235U preferentially bond to organic matter, like algae that die and settle 
to the bottom of the ocean; and 2) 40K and 232Th 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) 
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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 particle 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 pCi/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 µR/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 µR/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 
5pCi/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: POTWs 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 µR/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 Waste Water 
Treatment Facility / 
Discharge Stream 

Drill Cutting 
Disposal 
Information 

Leachate 
Characteristics 

Short Creek Landfill / 
Wheeling 

Wheeling POTW / 
Ohio River 

Drill cuttings mixed 
with municipal solid 
waste 

Leachate collected 
separately from 
active disposal cell 
and closed cell1 

Wetzel County 
Landfill / New 
Martinsville 

On-site Waste Water 
Treatment Facility / 
Ohio River 

Drill cuttings mixed 
with municipal solid 
waste 

All leachate passes 
through on-site 
treatment facility 

Northwestern Landfill 
/ Parkersburg 

Parkersburg POTW / 
Ohio River 

Drill cuttings mixed 
with municipal solid 
waste 

Leachate collected 
from active disposal 
cell 

Meadowfill Landfill / 
Bridgeport 

Bridgeport POTW / 
Simpson Creek 

Drill cuttings placed 
in separate cell 

Leachate collected 
from separate cell2 

Charleston Landfill / 
Charleston 

Charleston POTW / 
Kanawha River 

Does not currently 
accept drill cutting 
materials 

Leachate collected 
from active disposal 
cell 

Raleigh County 
Landfill / Beckley 

North Beckley POTW 
/ Cranberry Creek 

Does not currently 
accept drill cutting 
materials 

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 Fall/Winter 2014/15 Spring 2015 

            

Meadowfill 5.36 ± 2.21 (2.86) 3.52 ± 1.77 (2.50) Bridgeport 0.156 ± 1.40 (2.99) -0.496 ± 1.31 (2.86) 

Northwestern -10.7 ± 33.1 (65.8) 12.8 ± 4.34 (4.52) Parkersburg -1.44 ± 1.48 (3.25) 0.426 ± 0.648 (1.20) 

Short Creek 9.15 ± 22.3 (42.5) 5.55 ± 4.06 (6.62) Wheeling 0.877 ± 1.34 (2.48) 0.428 ± 1.05 (2.01) 

Wetzel County 6.26 ± 4.40 (7.32) 18.4 ± 15.9 (27.3) On-Site 3.56 ± 4.38 (7.93) 9.03 ± 5.85 (9.21) 

            

Charleston Landfill 7.55 ± 3.25 (2.94) 7.14 ± 3.00 (4.11) Charleston 1.35 ± 1.46 (2.88) 0.928 ± 1.39 (2.97) 

Raleigh County Landfill 6.06 ± 4.65 (7.86) 2.61 ± 1.37 (1.96) North Beckley -0.900 ± 1.34 (2.97) -0.722 ± 1.04 (2.18) 

            

Short Creek Closed Cell 4.35 ± 12.8 (24.3) 3.16 ± 2.43 (4.07)       

            

Units are pCi/L Act ± Unc (MDC)           

            

WQS: 15 pCi/l           

 



 

 

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

            

Meadowfill 136 ± 73.2 (120) 280 ± 55.7 (29.3) Bridgeport 5.38 ± 1.63 (2.07) 6.09 ± 1.73 (2.08) 

Northwestern 1,174 ± 214 (24.3) 776 ± 141 (16.0) Parkersburg 8.74 ± 2.48 (2.97) 4.79 ± 1.42 (1.81) 

Short Creek 265 ± 52.0 (21.9) 154 ± 30.0 (12.8) Wheeling 7.04 ± 1.46 (0.900) 3.90 ± 1.10 (1.31) 

Wetzel County 34.3 ± 7.65 (6.10) 56.2 ± 13.7 (13.6) On-Site 38.9 ± 8.84 (7.18) 28.3 ± 6.61 (5.75) 

            

Charleston Landfill 124 ± 23.0 (5.19) 77.5 ± 14.4 (2.86) Charleston 5.37 ± 1.50 (1.44) 4.64 ± 1.51 (1.87) 

Raleigh County Landfill 81.4 ± 15.2 (3.43) 121 ± 22.6 (5.34) North Beckley 4.67 ± 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 
(0.378) 

Bridgeport 1.67 ± 1.72 (0.906) 0.742 ± 1.13 (0.670) 

Northwestern 11.1 ± 3.36 (0.613) 5.05 ± 2.10 
(0.570) 

Parkersburg 0.342 ± 0.319 (0.420) 0.310 ± 0.708 (0.420) 

Short Creek 4.70 ± 2.61 (0.979) 1.67 ± 1.54 
(0.907) 

Wheeling 0.290 ± 0.349 (0.533) 0.210 ± 0.320 (0.515) 

Wetzel County 5.47 ± 2.48 (0.741) 1.18 ± 1.01 
(1.22) 

On-Site 3.87 ± 2.47 (2.57) 0.582 ± 0.809 (1.16) 

            

Charleston Landfill 2.83 ± 1.99 (0.958) 1.24 ± 0.999 
(0.558) 

Charleston 0.102 ± 0.464 (0.943) 1.83 ± 1.28 (0.618) 

Raleigh County Landfill 2.25 ± 1.30 (0.507) 10.6 ± 10.7 
(14.0) 

North Beckley 0.483 ± 0.738 (0.437) 1.09 ± 0.831 (0.967) 

            

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) 
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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 
(0.923) 

Bridgeport 0.381 ± 0.389 (0.787) 0.519 ± 0.440 (0.885) 

Northwestern 6.33 ± 1.44 (1.18) 3.27 ± 0.868 
(0.921) 

Parkersburg 0.543 ± 0.514 (1.02) -0.291 ± 0.380 (0.969) 

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 
(0.771) 

On-Site -0.835 ± 1.31 (3.09) 0.503 ± 0.401 (0.791) 

            

Charleston Landfill 1.79 ± 0.881 (1.43) 1.94 ± 0.933 
(1.49) 

Charleston 0.0796 ± 0.344 (0.759) 0.704 ± 0.440 (0.806) 

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 
(1.14) 

Bridgeport 0.0520 ± 0.429 (0.775) -0.0720 ± 0.579 (1.01) 

Northwestern 0.566 ± 0.815 (1.37) 0.0440 ± 0.747 
(1.29) 

Parkersburg -0.549 ± 0.901 (1.58) -0.00400 ± 0.866 (1.58) 

Short Creek -0.753 ± 0.596 (1.11) -0.0800 ± 1.45 
(2.66) 

Wheeling 0.241 ± 0.648 (1.16) 0.386 ± 0.862 (1.54) 

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 
(2.13) 

Charleston 0.881 ± 0.781 (1.60) 0.704 ± 0.440 (0.806) 

Raleigh County Landfill 3.64 ± 0.917 (1.05) -0.275 ± 0.764 
(1.33) 

North Beckley 41.7 ± 6.78 (1.15) -0.322 ± 0.796 (1.39) 

            

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)           

 

 

 

 

 

I r 
I 

I 

I 

I 



 

 

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 ± 29.9 
(47.0) 

Bridgeport 27.1 ± 47.2 (79.3)  19.7 ± 28.1 (47.1) 

Northwestern -45.3 ± 41.3 (74.6)  34.0 ± 29.5 
(47.5) 

Parkersburg -45.4 ± 41.2 (74.4)  -0.7 ± 27.1 (47.6) 

Short Creek -87.5 ± 63.9 (117) -34.0 ± 28.1 
(51.0) 

Wheeling 1.1 ± 66.3 (116) -3.7 ± 28.9 (50.8) 

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 
(44.1) 

North Beckley 4.0 ± 26.2 (45.4) -7.9 ± 24.8 (43.9) 

            

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) 

Drilling Details 

Morton 1H 47-017-06559 6,856 ft. Horizontal drilling 
within Marcellus 
Shale, mud drilled 

McGee Unit 2H 47-017-06622 6,506 ft. Horizontal drilling 
within Marcellus 
Shale, mud drilled 

Wentz 1H 47-017-06476 8,119 ft. Horizontal drilling 
within Marcellus 
Shale, mud drilled 

Sheep Run 2H 47-017-06658 650 to 990 ft. Vertical air drilling 
Bierstadt 2H 47-017-06562 3,000 to 6,000 ft. Vertical mud drilling 



 

 

 
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 Gross Beta Radium-226 Radium-228 Strontium-90 

            

McGee Unit 2H API 4701706622 40.8 ± 11.7 (9.16) 23.2 ± 6.17 (5.63) 6.397 ± 0.815 (0.298) 0.458 ± 0.254 (0.739) 0.0610 ± 0.541 (1.25) 

            

Morton 1H API 4701706559 30.4 ± 9.49 (8.90) 31.2 ± 7.10 (4.78) 8.189 ± 1.195 (0.281) 0.794 ± 0.469 (0.746) 0.0740 ± 0.565 (1.30) 

            

Wentz 1H API 4701706476 26.3 ± 8.93 (9.28) 34.8 ± 7.78 (4.58) 4.442 ± 0.708 (0.213) 1.230 ± 0.329 (0.289) 0.151 ± 0.152 (0.321) 

            

Units are pCi/g Act ± Unc (MDC)           
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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) 15.8 ± 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. 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. 

 

 

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.  
 

2. 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. 

 
3. 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. 

 
4. 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. 

  



 

 

 

References 
Centers for Disease Control and Prevention. (2014, October 17). Measuring Radiation. Retrieved from 

Emergency Preparedness and Response: http://www.bt.cdc.gov/radiation/measurement.asp 

Definition of Radioactivity. (2015). Retrieved from Dictionary.com: 

http://dictionary.reference.com/browse/radioactivity 

Museum of the Earth. (2011). Understanding Naturally Occurring Radioactive Material in the Marcellus 

Shale. Marcellus Shale, 1‐8. 

Resnikoff, M., Alexandrova, E., & Travers, J. (2010). Radioactivity in Marcellus Shale. New York: 

Radioactive Waste Management Associates. 

Shapiro, J. (2002). Radiation Protection: A Guide For Scientists, Regulators, And Physicians (4th ed.). 

Cambridge: Harvard University Press. 

The Interstate Technology and Regulatory Council: Radionuclides Team. (2002). Determining Cleanup 

Goals at Radioactively Contaminated Sites: Case Studies.  

United States Environmental Protection Agency. (2012, March 6). Radium. Retrieved from Radiation 

Protection: http://www.epa.gov/radiation/radionuclides/radium.html 

United States Environmental Protection Agency. (2012, April 24). Strontium. Retrieved from Radiation 

Protection: http://www.epa.gov/radiation/radionuclides/strontium.html 

United States Environmental Protection Agency. (2013, February 13). Radon. Retrieved from Radiation 

Protection: http://www.epa.gov/radiation/radionuclides/radon.html 

United States Environmental Protection Agency. (2014, June 30). Proposed Radon in Drinking Water 

Regulation. Retrieved from Radon: 

http://water.epa.gov/lawsregs/rulesregs/sdwa/radon/regulations.cfm 

United States Environmental Protection Agency. (2015, April 21). Technologically‐Enhanced, Naturally‐

Occurring Radioactive Materials. Retrieved from Radiation Protection: 

http://www.epa.gov/radiation/tenorm/index.html 

United States Geological Survey. (2013). Characterization of the Marcellus Shale Based on Computer‐

Assisted Correlation of Wireline Logs in Virginia and West Virginia. Reston: United States 

Geological Survey. 

World Nuclear Association. (2015). Radioactive Decay in Thorium and Uranium Series. 

 



Appendix I 

 

Evaluation of the Feasibility of a Gas Industry Owned and Operated Dedicated Drill 
Cuttings Landfill (Compiled by Marshall University Center for Business and Economic 
Research) 



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

i 

  

 
 

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

 

June 26, 2015 

 

 

 

 
 
 

~ CBER ~ J CENTER FOR BUSINESS ~ J7 AND ECONOMIC RESEARCH 

marshall.edu/cber 



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

ii 

 

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

 
Christine Risch 

Director of Resource & Energy Economics 
 

Jennifer M. Shand, Ph.D. 
Director 

 
Justin Matthews 
Research Associate 

 
Alicia Copley 

Research Assistant 
 

 

Prepared for: 
West Virginia Department of Environmental Protection 

 

 

 

 

 
907 Third Avenue, Suite 240 | Huntington, WV 25701 

 
p 304.528.7201 | f 304.522.0024 | cber@marshall.edu   

The contents of this report reflect the views of the authors, who are responsible for the accuracy of the 
data presented herein. The views expressed in this report are those of the authors and do not reflect the 
official policy or position of Marshall University or its governing bodies. The use of trade names, if 
applicable, does not signify endorsement by the authors. 

 

 
 

mailto:cber@marshall.edu


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

iii 

Table of Contents 
Abstract ......................................................................................................................................................... 1 

Introduction .................................................................................................................................................. 2 

Regulation of Horizontal Well Drill Cuttings Disposal ............................................................................... 2 

Alternative Disposal Options .................................................................................................................... 2 

Background ............................................................................................................................................... 2 

Data and Methodology ................................................................................................................................. 3 

Production of Drill Cuttings from Gas Wells ............................................................................................. 3 

Factors influencing future Marcellus and Utica Well Drilling ................................................................... 6 

Marcellus Shale Build-Out Scenarios ........................................................................................................ 8 

Disposal of Drill Cuttings at West Virginia Landfills .................................................................................. 9 

Sources of Drill Cuttings ...................................................................................................................... 11 

Motivation for supply of out-of-state tonnage ................................................................................... 12 

Landfill Capacity Usage ........................................................................................................................... 13 

Feasibility Analysis of a Gas Industry Owned and Operated Landfill .......................................................... 15 

Key Considerations and Assumptions ..................................................................................................... 15 

Landfill Costs ........................................................................................................................................... 17 

Construction and Operating Expenditures ......................................................................................... 17 

Landfill closure .................................................................................................................................... 19 

Existing Landfill Expenditure Comparison ........................................................................................... 21 

Industry Specialization ............................................................................................................................ 22 

Transport Analysis ................................................................................................................................... 23 

Distance Analysis ................................................................................................................................. 24 

Central Location Analyses ................................................................................................................... 26 

Summary ................................................................................................................................................. 26 

Conclusions and Recommendations ........................................................................................................... 27 

 

  

 
 



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

iv 

Table of Tables 

Table 1: Completed Marcellus Wells in West Virginia .................................................................................. 4 
Table 2: Completed Marcellus Wells in West Virginia - Largest 10 Counties by Production, 2007 to 2013 6 
Table 3: Drilling Mud Share of Wastestream Composition by West Virginia Wasteshed in 2013 ............... 9 
Table 4: In-State vs. Out-of-State Drill Cuttings Tonnage by Source .......................................................... 12 
Table 5: Accepted Drill Cuttings Waste for WV Landfills by Source State (Tons) ....................................... 13 
Table 6: WV Landfills Accepting Drill Cuttings Waste – Annual Tonnage ................................................... 14 
Table 7: Landfills with Dedicated Drill Cutting Cells – Acreage Permitted and Used ................................. 14 
Table 8: Landfill Feasibility Analysis – Summary of Assumptions* ............................................................. 16 
Table 9: Estimated Total Landfill Construction Costs ................................................................................. 18 
Table 10: Landfill Pre-construction Processes and Estimates ..................................................................... 18 
Table 11: Landfill Construction Processes and Estimates ........................................................................... 18 
Table 12: Landfill Excavation Processes and Estimates .............................................................................. 18 
Table 13: Landfill Support Facility Construction Estimates ......................................................................... 19 
Table 14: Estimated Landfill Operating Costs ............................................................................................. 19 
Table 15: Estimated Total Landfill Closure Costs ........................................................................................ 20 
Table 16: Landfill Closure Processes and Estimates ................................................................................... 20 
Table 17: Landfill Site Security and Maintenance Estimates ...................................................................... 21 
Table 18: Environmental Monitoring Estimates ......................................................................................... 21 
Table 19: Industry Occupations within Gas vs. Waste Management Industries (Total Employment) ....... 22 
Table 20: Average Distance Travelled – Gas Well to Landfill ...................................................................... 24 
 

Table of Figures 

Figure 1: Drilled Marcellus Shale area in West Virginia ................................................................................ 5 
Figure 2: Recent Marcellus Area vs. Henry Hub Gas Prices ($/mmBtu) ....................................................... 7 
Figure 3: Months from Permitting to Completion for WV Horizontal Marcellus Wells ............................... 8 
Figure 4: Map of Completed Marcellus Wells and Primary Landfills Receiving Drill Cuttings .................... 10 
Figure 5: Monthly Drill Cuttings Disposal in WV Landfills, Tons in 2013 & 2014 ........................................ 11 
Figure 6: Cost Raster for Distance Analysis ................................................................................................. 24 
Figure 7: Least-Cost Path for Distance Analysis .......................................................................................... 25 
Figure 8: ESRI Network Analysis .................................................................................................................. 25 
 

  

 
 



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

1 

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.”1  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 function2, 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.3    

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).   
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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.4 In practice, volumes range from around 800 tons5 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 
Horizontal Marcellus 

Wells  

Average Total 
Measured Depth 

(ft.) 

Average Total 
Vertical Depth 

(ft.) 

Implied Average 
Horizontal Length 

(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). 

 
 

                                                           



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

5 

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 

County 
Number of Completed 

Horizontal Wells,         
2007-2013 

Total Gas                 
Production Reported,           

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 Counties6 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.7 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.8 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 ($/mmBtu) 

 
 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 2013.9 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. 

 

 

 

 

9 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 

 
*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 2015.10 In 2010, the 
National Energy Technology Laboratory (NETL) estimated that there were 30,500 wells available for 
development. 11 

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. 12 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.13 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 

Wasteshed14 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 
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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 

 
Source: Monthly Tonnage Reports filed with the WVDEP. 
 
Most out-of-state cuttings come from two counties in eastern Ohio, Monroe and Noble Counties.15 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.”16  

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.17  

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.18 

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

  Tipping Fee 
$/ton 

2013 Drill Cuttings Tonnage  2014 Drill Cuttings Tonnage  
Landfill 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  
MEADOWFILL $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, 2014.19  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.20  Drill cuttings are considered to 

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

 
 

                                                           



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

14 

be “special waste.”21 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 Tonnage23 

  Annual 
Permitted 
Tonnage24 

2013 Tonnage Totals 2014 Tonnage Totals 
Landfill Drill 

Cuttings 
Solid 

Waste 
Total Drill 

Cuttings 
Solid 

Waste 
Total 

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 2015.25 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 Used26 

Landfill 
Annual 

Tonnage 
Limit 

Avg Tonnage 
Accepted 

2013/2014 

% of Tonnage 
Limit Accepted 
in 2013/2014 

Permitted 
Acreage 

Acres for Cuttings 
per year/% of 

Permitted Acreage 
Wetzel County 119,988 324,098 270% 190 acres 2 acres/1.1%27 
Meadowfill 360,000 486,957 135% 178 acres 1.7 acres/0.9%28 
Northwestern 360,000 296,596 82% 133 acres 1.3 acres /1.0%29 

 

21 Ibid. 
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: Landfill Feasibility Analysis – Summary of Assumptions* 

Factor Low Scenario High Scenario 
Portion of Feasible Wells Drilled – selected to represent low and high 
outcomes 

20% 60% 

Number of Completed Wells  - share of 26,000 possible total, rounded 
for simplicity 

5,000 wells 15,000 wells 

Tons of In-State Drill Cuttings – based on 2,100 tons of cuttings and 
added material/well  

11 million 32 million 

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-
closure30.  

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 
obtained from a 2005 MSM Management report31 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 Duffy, Daniel. “Landfill Economics: Part I Siting”. MSW Management. May/June 2005. “Landfill Economics: Part II 
Getting Down to Business”. MSW Management. July/August 2005. “Landfill Economics: Part III Closing Up Shop”. 
MSW Management. September/October 2005. 
http://distributedenergy.com/MSW/Editorial/Landfill_Economics_Part_I_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_III_Closing_Up_Shop_1504.aspx  
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Table 9: Estimated Total Landfill 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: Landfill 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 ($5,000 to $8,000 per acre) $875,000 $1,750,000 
Soil Excavation ($2 to $6 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 ($1 per bank cubic yard) $201,668 $403,336 
Soil Backfill ($10 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 ($10 to $20 per cubic yard) $4,033,360 $8,066,720 
Geomembrane ($0.50 to $0.75 per sq ft/smooth; $0.20 
per sq ft/textured) 

$3,185,325 $6,370,650 

Protective Geotextile ($0.75 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 
per linear foot) 

$687,500 $1,375,000 

Leachate Collection Sump ($1,500 to $2,000 per acre) $250,000 $500,000 
Above Ground Leachate Storage Tank (prorated cost per 
acre $1,500 to $2,000) 

$125,000 $250,000 

Leachate Sump and Riser (prorated cost per acre $800 to 
$1,200) 

$150,000 $300,000 

HDPE Force Mains (prorated cost $200 to $250 per acre) $31,250 $62,500 
Quality Assurance/Quality Control ($75,000 to $100,000 
per acre) 

$12,500,000 $25,000,000 

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 
Sheds  

$1,000,000 $1,000,000 

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 
General Maintenance) 

$500,000 $500,000 

Leachate Collection and Treatment (Discharge cost 
of $0.02 per gallon) 

$10,000 $10,000 

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 basis32.  

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 landfill33. 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 
acre) 

$4,000,000 $8,000,000 

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 
acre) 

$2,875,000 $5,750,000 

Geomembrane Cap ($33,000 to $44,000 per acre) $5,500,000 $11,000,000 
Soil Cover ($13,000 to $26,000 per acre) $3,250,000 $6,500,000 
Seeding, Mulch and Fertilizer ($1,000 to $2,000 per 
acre) 

$250,000 $500,000 

Gas Management System ($29,000 to $35,000 per 
acre) 

$4,375,000 $8,750,000 

Water Runoff Control System ($5,000 to $7,000 per 
acre) 

$875,000 $1,750,000 

Total Overhead and Quality Control ($75,000 to 
$100,000 per acre) 

$12,500,000 $25,000,000 

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

34 Duffy, Daniel. “Landfill Economics: Part I Siting”. MSW Management. May/June 2005. “Landfill Economics: Part II 
Getting Down to Business”. MSW Management. July/August 2005. “Landfill Economics: Part III Closing Up Shop”. 
MSW Management. September/October 2005. 
http://distributedenergy.com/MSW/Editorial/Landfill_Economics_Part_I_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_III_Closing_Up_Shop_1504.aspx  

 
 

                                                           

http://distributedenergy.com/MSW/Editorial/Landfill_Economics_Part_I_Siting_1535.aspx
http://foresternetwork.com/daily/waste/landfill-management/landfill-economics-part-ii-getting-down-to-business-part-i/
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_III_Closing_Up_Shop_1504.aspx


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

21 

Table 17: Landfill Site Security and Maintenance Estimates 

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

Total 
Yearly 30 Year 

Total 
Entrance Gate Maintenance $200 $6,000 $200 $6,000 
Security $6,000 $180,000 $6,000 $180,000 
Cover Maintenance ($9,000 to $17,000 per acre) $70,833 $2,125,000 $141,666 $4,250,000 
Leachate System Maintenance ($13,500 to 
$17,100 per acre) 

$71,250 $2,137,500 $142,500 $4,275,000 

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 

Total 
Yearly 30 Year 

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 $6 million dollars for 
completion35. 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 I, stage 1 project cost approximately $5.2 million36. 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.37 

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.38  One illustration of the potential costs involved is 
comparing prevalent occupations currently present in Oil 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) 

Occupation Oil and Gas 
Extraction 

Support 
Activities 

for Mining  

Remediation and 
Other Waste 

Management Services 
Construction and Extraction Occupations* 730 4500 260 

First-Line Supervisors of Construction Trades and 
Extraction Workers 

130 440 40 

Hazardous Materials Removal Workers - - 110** 
Septic Tank Servicers and Sewer Pipe Cleaners - - 110 

Operating Engineers and Other Construction 
Equipment Operators 

30 440 - 

Plumbers, Pipefitters, and Steamfitters 40  - 
Service Unit Operators, Oil, 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 
Wells to Closest Landfill – 

Approximate Actual Distance 

From Future Marcellus Wells to 
One Central Landfill – 
Hypothetical Distance 

From Future Marcellus Wells 
to Two Central Landfills – 

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 landfill39 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:  

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

39 Duffy, Daniel. “Landfill Economics: Part I Siting”. MSW Management. May/June 2005.  
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• 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? 

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

• 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.  

• 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. 

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

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

• 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: 

• 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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Geotechnical Assessment and Recommendations – Marcellus Shale Reuse (Compiled 
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601 57th Street, SE 
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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 



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 I 00 lbs. per cubic foot, then the water would 
weigh about 30 lbs. in each cubic foot. That is a little over 3½ gallons of water for each cubic 
foot. In order to dry the material to optimum moisture, about ½ 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 material, 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, 

/·, c-~/-y ) 
"1G ~ 

Jodeph D. Carte, P.E. 
Geotechnical Unit Leader 

./2 °~;9 2A. 0tnN} 
George A. Chappell, Sr., M.S. 
Engineering Geologist 

/ 
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Project Number Date Sampled

Authorization Number Date Received

Location Date Tested

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 Run 1 215.1 818.3 723.9 603.2 508.8 94.4 18.6

B-4 Rock Run 2 220.8 778.7 684.6 557.9 463.8 94.1 20.3

WEST VIRGINIS DIVISION OF HIGHWAYS

MATERIALS CONTROL SOILS & TESTING

NATURAL MOISTURE CONTENT SUMMARY

3/27/2015

4/7/2015Marcellus Shale

47-017-0646

1/25/2015Research
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Project Number Date Sampled

Authorization Number Date Received

Location Date Tested

Boring No. Elevation Tare Tare+Wet 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' 121.1 648.5 519.2 527.4 398.1 129.3 32.5

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

WEST VIRGINIS DIVISION OF HIGHWAYS

MATERIALS CONTROL SOILS & TESTING

NATURAL MOISTURE CONTENT SUMMARY

4/23/2015

5/10/2015

Research

47-017-0646

Marcellus Shale

Unknown
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Tested By: Justin Moffitt

LIQUID AND PLASTIC LIMITS TEST REPORT
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MATERIAL DESCRIPTION LL PL PI %<#40 %<#200 USCS

Project No. Client: Remarks:
Project:

Source of Sample: Marcellus Shale Cuttings
Sample Number: B-1

West Virginia Dept. of Highways
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West Virginia
Dept. of Highways

Charleston, West Virginia

(no specification provided)*

PL= LL= PI=

USCS (D 2487)= AASHTO (M 145)=

D90= D85= D60=
D50= D30= D15=
D10= Cu= Cc=

Remarks

Drill Cuttings

1"
3/4"
1/2"
3/8"
#4
#8
#10

0.0353 mm.
0.0230 mm.
0.0135 mm.
0.0097 mm.
0.0069 mm.
0.0035 mm.
0.0015 mm.

100.0
100.0
100.0
100.0
100.0
100.0
100.0

48.2
37.9
31.7
27.5
25.3
20.9
17.8

NP NV NP

ML A-4(0)

0.3325 0.2221 0.0568
0.0378 0.0119

3/27/2015 4/7/2015

Justin Moffitt

1/25/2015

WvDoh

Marcellus Shale Cuttings

1A

Material Description

Atterberg Limits (ASTM D 4318)

Classification

Coefficients

Date Received: Date Tested:
Tested By:

Checked By:
Title:

Date Sampled:Source of Sample: Marcellus Shale Cuttings
Sample Number: B-1
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Project No: Figure

TEST RESULTS
Opening Percent Spec.* Pass?

Size Finer (Percent) (X=Fail)

P
E

R
C

E
N

T
 F

IN
E

R

0

10

20

30

40

50

60

70

80

90

100

GRAIN SIZE - mm.

0.0010.010.1110100

% +3" Coarse
% Gravel

Fine Coarse Medium
% Sand

Fine Silt
% Fines

Clay
0.0 0.0 0.0 0.0 7.5 26.3 42.9 23.3

6
 in

.

3
 in

.

2
 in

.

1½
 in

.

1
 in

.

¾
 in

.

½
 in

.

3
/8

 in
.

#
4

#
1

0

#
2

0

#
3

0

#
4

0

#
6

0

#
1

0
0

#
1

4
0

#
2

0
0

Particle Size Distribution Report

f7 frr -
i 

I, I, TT .;~ ..... 
i 

' ' ....... 
: : : ~ : 

: 1: 1: : 
: 

: 1: 1: ,: : : 

I I I I I I I I I :\: I 
I I I I I I I I I I 
I I I I I I I I I I 
I I I I I I I I I I ~ I 

I I I I I I I I I I I I'~ I I I I I I I I I I I 
I I I I I I I I I I I :, I I I I I I I I I I I 

Ii Ii i Ii Ii i i i i ", 
I 

Ii Ii 

I 

i I Ii Ii i i 

I I 

i i ~\. 
I I I I I I I I I I I I I I I ~ I I I I I I I I I I I I I I I 

~ I I I I I I I I I I I I I I I 
I I I I I I I I I I I I I I I 

I I I I I I I I I I I I I I I ., 
~'I: I I I I I I I I I I I I I I I ).._ I I I I I I I I I I I I I I I r-. I I I I I I I I I I I I I I I "-

i 

I, I, 

i 
' 

i 

I, I, 
' ' 

i i 
' ' 

~ l-0 

! ! ! ! ! 

A023551
Typewritten Text
Horizontal Cuttings



Exhibits to Marc Glass Report on Beneficial Use of Drill Cuttings 

Re: Comments to the Railroad Commission of Texas on the August 2024 Proposed Rulemaking 
on Rule 8 and Subchapter B. 

EXHIBIT A-22 
Health Risks of Radon and Other Internally 

Deposited Alpha-Emitters 
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Preface 

BACKGROUND 

In June 1984, the Environmental Protection Agency (EPA) 
and the Nuclear Regulatory Commis.9ion (NRC) asked the National 
Academy of Sciences.to submit a proposal in response to EPA Solici
tation DU-84-Cl65 for a study of the "biological effects of internally 
deposited alpha--emitting ra.dionuclides and their decay products." 
The proposal constituted an extension of the work of the Na.ti on al 
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 Populo.tions of Exposure to 
Low Levels of Ionizing Radio.tion: 1980. That report, the so-called 
BEIR III report, dealt mainly with the effects of radiation of low tin.
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 epidemiolog
ical surveys were only beginning to provide reliable data on potential 
health effects. The reported epidemiological and laboratory animal 
studies 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). This will enable govern
ment officials and the public to make decisions about the potential 
community and workplace health hazards associated with exposure 

V 
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to internal alpha-emitters, such as those from indoor radon and ura-
nium mining. . 1 

The task before the current BEIR committee was specified in 
detail in the contract agreement 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 epidemiological 
data were also to be used to the greatest possible extent in estimating 
the risks. 

The first phase of the study was to be a 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
crodosimetry 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 evidence of dependence of 
the biological effects on age, sex, route of entry, dose, dose rate, 
physical and chemical properties of the radioactive materials, and 
similar factors. 

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 numbers of genetic 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 
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be used in applying their risk estimates to exposed populations. Fi
nally, the committee was asked to discuss the uncertainty in their risk 
estimates and provide recommendations for further research based 
on the limitations in the data available for assessing the risks which 
the committee identified. 

The third phase of the committee's work was preparation and 
submission of a report covering the results and findings 0£ the first 
two phases. 

The committee's review and evaluation of the current epidemi
ological and basic research involved not only an assessment of the 
relevant research data and their analyses in the scientific literature, 
but also an independent evaluation and analysis of relevant epidemi
ological data considered essential to the committee's charge. The 
committee critically reviewed the scientific literature on the biologi
cal and health effects of internally deposited alpha-emitting radionu
clides, relying wherever possible on original scientific publications 
and on current data that were generously provided by investigators 
in the United States, Canada, Western Europe, and Japan. 

ORGANIZATION OF THE STUDY 

To carry out the charge, the NRC appointed a committee of sci
entists experienced in radiation epidemiology, radiobiology, genetics, 
biostatistics, metabolism and pharmacokinetics, pathology, radia
t ion dosimetry, inhalation physics, chemistry, biology, radiology and 
nuclear medicine, and mathematical modeling and risk assessment. 
The study was conducted under the general guidance of the Board 
on Radiation Effects Research of the Commission on Life Sciences. 

To facilitate its work and to augment its expertise so as to 
encompass a wider spectrum of scientific subjects, the committee 
solicited specific contributions from a number of scientific experts 
other than its own members. These experts participated in the 
committee's deliberations throughout the course of its work. 

The committee held eight meetings over a period of 24 months
six in Washington, D.C., one in Berkeley, California, and one in 
Woods Hole, Massachusetts. The second meeting, on May 15, 1985, 
included a public meeting, at which open discussion and contribu
tions from interested scientists and the public at large were invited. 
Several additional meetings of subgroups of the committee were held, 
to plan and outline specific work assignments. 
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The committee organized its work according to the main objec
tives 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 effects of radon, radium, tho
rium, polonium, uranium, and the transuranic radionuclides, 

• 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 assignments 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 epidemiology, lung modeling and dosimetry, and 
risk estimation. 

JACOB I. FABRIKANT 
Chairman 
Committee on the Biological Effects 

of Ionizing Radiations 
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1 
Overview 

INTRODUCTION 

This report addresses demonstrated and potential health effects 
of exposure of human populations to internally deposited alpha,. 
emitting radionuclides and their decay products. It emphasizes car
cinogenic effects and, where possible, presents quantitative risk es
timates for cancer induction. The largest part of the report deals 
with health effects of exposure to radon and its progeny, primarily 
because of a need to characterize the lung-cancer risk associated with 
expoeure to radon and its short-lived daughters in indoor domestic 
environments. The report also addresses health effects of exposure 
to other groups of radionuclides and their progeny that emit alpha. 
particles- the isotopes of polonium, radium, thorium, uranium, and 
the transuranic elements. 

Several alpha-emitting radionuclides occur naturally in our en
vironment; others are produced for industrial, military, and medical 
applications. Recent attention has focused on the alph111-emitting ra
dioisotopes because of their presence in drinking water, in indoor air 
in buildings, and in mines and because of their potential release into 
the environment from the nuclear fuel cycle (including radioactive 
waste disposal) and from accidents during space exploration. The 
radionuclides of concern are mainly radon-222 and radium-226 and 
their alpha~emitting daughter products a.nd the transuranic elements 
plutonium-238 and -239. 

1 
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2 HEALTH RISKS OF RA.DON A.ND OTHER ALPHA-EMITTERS 

Alpha,.emitting radionuclides can be absorbed into the tissues 
of the body and irradiate adjacent cells after inhalation or inges
tion, after entry through a wound in the skin, or after injection for 
diagnostic or therapeutic purposes. Radiation effects depend not 
only on the physical properties of emitted radiation, but also o.n the 
physiology and biochemistry of the exposed person and the physical 
and chemical characteristics of the radionuclides, which control their 
deposition, transport, metabolism, excretion, and reuse in the body. 
The health effects of radiation in humans include cancer induction, 
genetic disease, teratogenesis (induction of developmental abnormal
ities), and degenerative changes. The most important target tissues 
for cancer induction and degenerative changes are the respiratory 
tract, bone, liver, and the reticuloendothelium system. 

Both natural and man-made alpha-emitting radionuclides in our 
environment can pose a risk to human health, but the natural sources 
currently make the largest contribution to human exposure. Among 
the natural sources, inhaled radon and radon decay products indoors 
are the largest contributors to population exposure and might be 
responsible for a large number oflung•cancer deaths each year.3 That 
has led to recommendations, now being implemented, for national 
studies to assess the magnitude of the problem, for adopting remedial 
action levels of radon progeny in the indoor environment, and for 
introducing mitigation procedures to take effect at or below such 
levels to reduce population exposures from this source. e,o 

For estimation of risks associated with exposure to the alpha
emitting radionuclides, the most important human populations ex
a.rnined are the underground miners who are exposed to widely differ
ing concentrations of radon-222 progeny,3 the American radium-dial 
workers who ingested various amounts of long-lived radium-226 and 
radiurn-228,6 the German patients who received injections of short
lived radium-22411 with different activities, and the German patients 
who received injections of graded volumes of Thorotrast ( colloidal 
thorium-232 dioxide).10 Human data. on cancer induction by alpha
particle irradiation are sparse, but preliminary risk estimates have 
been calculated for some sites and tissues-lung, bone, head sinus 
and mastoid, and liver. 

All of these epidemiological surveys a.re presently in progress, 
none is completed, and the person-years of follow-up are still rela
tively small, so that the lifetime carcinogenic risks of alpha-radiation 
exposure remain uncertain. Sufficient human data are not available 
for assessing the late health effects of the transuranic elements, e.g., 
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plutonium-239; and here it has been necessary to estimate risks from 
these internally deposited alpha-emitters in humans by simplified 
mathematical and dosimetric models1 or from comparison of effects 
with other radionuclides, where both direct experimental observation 
in laboratory animals and knowledge of radiation effects in humans 
are available. Complications arise in evaluating such comparisons 
because of such factors as different time patterns of deposition and 
resorption of the various radionuclides, e.g., radium vis a vis pluto
nium in bone.2 

This report attempts to respond to a broad range of scientific 
questions related to current public health issues. Not all the ques
tions can be addressed directly. There is considerable variation in 
the amount of data on each radionuclide from epidemiological stud
ies and animal investigations. Epidemiological data are available on 
some alpha-emitting radionuclides, such as radon and its daughters, 
radium, and thorium. Little human information is available, how
ever, on the transuranic elements, so dependence must be placed 
on animal experiments. AB in all experimental animal studies, the 
extent to which the results can be extrapolated to humans and the 
confidence that can be placed on such extrapolation are uncertain. 
Even when human data were available, the committee has tried 
to rely on its own studies using newly developed methods for the 
analysis of occupational cohort data rather than relying solely on 
published information. The committee has also used novel statistical 
methods to analyze interspecies comparisons of the risks associated 
with different radionuclides when human data were insufficient. The 
committee recognizes that these analyses are preliminary and that 
large uncertainties are inherent in such extrapolations. Nevertheless, 
the committee believes that the methods introduced here will help to 
point the way to more detailed comparisons as additional data from 
epidemiological and animal studies become available. 

This report consists of eight chapters and eight appendixes. The 
remainder of this chapter presents a summary of the committee's 
findings and its recommendations for future research. The next six 
chapters review the epidemiological and experimental evidence of 
the biological and health effects of the internally deposited alpha.
emitting radionuclides and their daughter products. Chapter 8 sum• 
marizes the scientific evidence on genetic and fetal effects. The eight 
appendixes provide much of the scientific basis for the committee's 
conclusions, dealing primarily with radon and its progeny and with 
molecular and cellular radiobiology. Throughout the committee's 
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4 HEALTH RISKS OF RADON .A.ND OTHER .A.LPHA-EMITTERS 

deliberations, the source& of uncertainty that should be recognized 
in connection with radiation risk estimation a.re 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 
human populations and to concentrate its efforts on specific subjects 
in each case. The committee's focus and efforts 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.1 on radon, radium, and thorium), 
analysis of human data was preferred to analysis of laboratory animal 
data (e.g., on polonium, uranium, and the tra.nsuranic elements) for 
quantitative human risk estimation. 

As in ea.rlier reports from the Committee on the Biological Effects 
of Ionizing Ra.diationa, 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 or the committee's task and 
beyond its expertise. 

SUMMARY OF FINDINGS 

Most primordial radionuclides are isotopes of heavy elements 
and belong to the three radioactive series headed by uranium-238, 
thorium-232, and uranium-235. These contribute significantly to the 
genetal population collective dose equivalent. The relevant radionu
clides in the body include the isotopes of uranium, radium, radon, 
polonium, bismuth, and lead; these enter the body by inhalation or 
by ingestion of food and water and only tarely through wounds in 
the skin. They follow normal chemical metabolism, and the con
centrations of the long-lived radionuclides are usually maintained at 
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equilibrium or increase slowly with age. The shorter-lived radionu
clides disappear by decay, but might be continually replenished by 
renewed intake. 

The annual dose equivalent to the bronchial epithelium from 
inhaled alpha,.emitting radionuclides and their progeny approaches 
2,500 rmem/yr (26 rnSv /yr),3 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 by 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,.em.itters 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
bacco), 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 daughtera in 
the air of mines have shown an increased risk o( lung cancer in com
parison with nonexposed populations. Laboratory animals exposed 
to radon daughters also develop lung cancer. The abundant epidemi
ological and experimental data have established the carcinogenicity 
of radon progeny. Those observations a.re of considerable importance, 
because uranium, from which radon and its progeny arise, is ubiq
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 effects of long-term exposures at relatively low levels are 
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required, to address the potential health effects of radon and radon 
daughters in homes and to refine estimates of the risk in occupational 
environments. 

Two approaches a.re being used to characterize the lung-cancer 
risks associated with radon-daughter exposure: mathematical rep
resentations of the respiratory tract that model radiation doses to 
target cells and epidemiological investigation of exposed populations, 
mainly underground miners. The dosimetric approach used by other 
investigators and committees provides an estimate of lung-cancer 
risk related to radon-daughter exposure that is based specifically on 
modeling of the dose to target cells. The various dosimetric mod
els all require assumptions, some of which are not subject to direct 
verification, as to breathing rates; the deposition of radon daughters 
in the respiratory tract; and the type, nature, and location of the 
target cells for cancer induction. Accordingly, the committee chose 
not to use dosimetric models for calculating lung-cancer risk esti
mates in this report. However, the results of dose models were used 
to extrapolate lung-cancer risks derived from the epidemiological 
studies of underground miners to the general population in indoor 
environments. The lung-cancer risk estimates for radon-daughter 
exposure derived by the committee in this report are based solely on 
epidemiological evidence. 

The committee preferred a direct epidemiological approach, be
cause the studies of radon-daughter-exposed miners provided a direct 
assessment of human health effects. Although each of the epidemi
ological studies that the committee assessed has limitations, the 
approach of a combined analysis of major data sets permitted a 
comprehensive assessment of the health risks associated with radon
daughter exposure and of other factors that influence the risk, such 
as age and time since exposure. In analyzing the data, the committee 
used a descriptive analytical approach, rather than statistical meth
ods based on conceptual models of carcinogenesis. The committee 
obtained data from four of the principal studies of radon-exposed 
miners (Ontario uranium miners, Saskatchewan uranium miners, 
Swedish metal miners, and Colorado Plateau uranium miners) and 
developed risk models for lung cancer based on analyses of these 
data. By means of statistical regression techniques appropriate for 
survival-time data, the committee found that the probability of dying 
of lung cancer at age 4 in the combined cohorts was best described 
by the following expression: 
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where r(a) is the lung-cancer mortality rate at age a; r0 (a) is the 
baseline lung-cancer mortality rate in the 1980-1984 U.S. population; 
-y( a) is 1.2 for ages less than 55 yr, 1.0 for ages 55- 64 yr:, and 0.4 
for age 65 yr or: greater; W1 is the cumulative radiation exposure, 
in WLM, * from 5 to 15 yr before age a; and W~ is the cumulative 
exposur:e, 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 a 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 committee'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 
absolute 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 on 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 across 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 GlosS11.ry. The current occupt\tional limit is 
4 WLM/yr, 
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TABLE 1-1 Comparisons of Estimates of Lifetime Risk of Lung-Cancer 
Mortality due to a Lifetime Exposure to Radon Progeny 

Study 

BEIR IV (1987, this report) 
NCRP3 (1984) 
BEIR ms (1980) 
UNSCEAR7 (1977) 

dScc Chapter 2 of this report. 

.Excess Lifetime Lung-Cancer Mortality 
(deaths/l06 person WLM) 

350" 
130 
730 
200-450 

approximation, a WLM yields an equivalent dose to the bronchial 
epithelium in both occupational and environmental settings. This 
last assumption is tentative, as it is based on very limited informa
tion. The committee concluded that more complete specifications of 
aerosol characteristics in mines and homes and the relevant physio
logical parameters are needed to permit quantitative assessment of 
the comparative dosimetry of radon daughters in the occupational 
and environmental settings. 

On the basis of the estimates of excess relative risks per WLM of 
exposure to radon progeny derived from analysis of the four miner co
horts examined and the assumptions outlined above, the committee 
projected lung-cancer risks for U.S. males and females. The commit
tee's risk projections estimate the ratio of lifetime risks relative to 
baseline risks, the probability of lung-cancer mortality, and average 
years of life lost for various exposure rates and durations of exposure. 
The report includes tables for estimating risks conditional on survival 
to a particular age and for smokers and nonsmokers of either sex. 

The risk projections cover exposure situations of current public
health concern. Lifetime exposure to 1 WLM/yr is estimated to 
increase the number of deaths due to lung cancer by a factor of a.bout 
1.5 over the current rate for both males and females in a population 
having the current prevalence of cigarette smoking, Occupational 
exposure to 4 WLM/year from ages 20 to 40 is projected to increase 
male lung-cancer deaths by a factor of 1.6 over the current rate in 
this age cohort in the general population. In all these cases, most of 
the increased risk is in smokers in whom the risk is 10 or more times 
greater than that in nonsmokers. 

Comparisons of estimates of the lifetime risk of lung-cancer mor
tality due to a lifetime exposure to radon progeny in terms of WLM 
made by this and other scientific committees yield the data presented 
in Table 1-1. 
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The BEIR IV (this report) committee's modified relative-risk 
model differs from the others, in that it- incorporates dependence of 
the relative risk of lung-cancer mortality on both time since exposure 
a.nd age at risk. Unlike the modified relative-risk model developed by 
this committee, risk estimates by the 1980 BEIR III c-0mmittee6 were 
based on. the assumption of an additive risk of lung-cancer mortality 
due to exposure to radon progeny that increased with age. 

Users must be aware of the uncertainties that affect the estimates 
of the lung-cancer risk due to exposure to radon progeny given in this 
report. The uncertainties include sampling variation in the primary 
data, random and possibly systematic errors in the original data on 
exposure and lung-cancer occurrence, inappropriate statistical mod
els for ana.lys~ or misspecification of the components of the models, 
and incorrect description of the interaction between radon-daughter 
exposure and cigarette smoking. In addition, the actual computed 
lifetime risk and expected life-shortening depend on the age--specific 
disease rates in the referent population-in the committee's exam
ples, the 1980-1984 U.S. population mortality rates. Projections 
based on a different referent population would be expected to differ, 
although the ratios of lifetime risks and years of life lost to baseline 
values are believed to be more stable across populations. 

In its review and analysis, the committee found gaps in infor
mation related to some aspects of radiation. carcinogenesis by radon 
daughters. The cells of the respiratory tract that give rise to radon
daughter-associated lung cancer are still not known. A unique link 
between radon-daughter exposure and small-cell carcinoma of the 
lung was not found; in the studies of underground miners, this histo
logical type occurred in greatest excess, but other cancer-cell types 
were also increased. 

Review of the literature and the committee's own analyses of the 
relevant data. did not lead to a conclusive description of the interac
tion between radon daughters and cigarette smoking for the induction 
of lung cancer. Several data sets were analyzed, and although the 
committee chose a multiplicative interaction for its risk projections 
on a. relative-risk scale, it recognizes that a submultiplicative model 
is also consistent with the data analyzed. Neither an additive nor a 
subadditive model appears consistent with these data. 

Health effects of exposure to radon daughters other than res
piratory cancer are also of concern, but the data are sparse and 
associations are weak. Reductions in lung function in some uranium 
miners cannot be attributed directly to radon-daughter exposure. 
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The da.ta on increased occurrence of chromosomal aberrations in 
lymphocytes and on adverse reproductive outcomes in uranium min
ers are inconclusive. 

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 results inconclusive. The committee judged these ex
ploratory studies to be inadequate for the purposes o( risk estimation. 
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 isotopes occur in nature; they appear in tissues as a 
result of ingestion in foods, inhalation of tobacco smoke, and decay 
of lead-210 deposited in bone. Polonium-214 and polonium-218 are 
short-lived daughters of radon-222 a.nd contribute a large fraction of 
the radiation dose from inhaled radon. Extensive work with animals, 
primarily with polonium-210, hM indicated that it does not localize 
appreciably in bone, in contrast with many other alpha-emitters; it 
concentrates instead in the reticuloendothelial system, in kidney, and 
in blood cells. Its effects a.t higher doses resemble those of generalized 
whole-body radiation and involve all major organ systems. At lower 
doses, soft-tis.sue tumors, nephrosclerosis, hypertension, cataracts, 
generalized atrophy of the lymphoid system, and non.specific life
span shortening occur. 

In laboratory animal experiments, the relative toxicity of poloni
um-210 is a function of duratjon of exposure and dose. At high 
doses, it is much more toxic than uranium, plutonium, radium, 
or the transplutonic elements. Because of its shorter half-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-226; at very 
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low doses and very long times, its effectiveness approaches that of 
radium-226. 

Experimental studies in humans a.nd accidental exposures have 
indicated that metabolism in the human body 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 
risk 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 a.re 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 para.nasal 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 huma.n data-linear, dose squared, linear with 
correction for dose protraction, dose-squared exponential, linear
quadratic exponential, 1 minus an exponential, and threshold.6 ln 
the dose range in which bone tumors have occurred, the lifetime 
risk associated with radium-224 is estimated 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 statistical 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 (0.0085D + 0.0017 D2) 
exp - 0.025D after an average skeletal dose of less than 1 Gy and a 
25-yr expression period. Tumors are distributed over t ime, with their 
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frequency diminishing with a half-life of about 4 yr after a 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 ra.dium-228 bone sarcoma induction, a 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 
observed, the uncertainty in the estimate of risk based on extrap
olation of the dose-response function increases monotonically with 
decreasing exposure. Bone sarcomas induced by ra.dium-226 and 
radium-228 have appeared 7 yr after first exposure and continued to 
appear throughout life. The ti.me 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 extremely 
small-possibly zero. 

Carcinomas in the para.nasal sinuses and mastoid air cells are 
observed after exposure to radium-226 or to 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 µCi of inta.k«l, 
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 cells at risk of bone cancer induction appear to be prolif erat
ing ooteogenic 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 bone surfaces. 
In the mastoids, the cells at risk for carcinoma appear to be the 
epithelial cells in the squamous or cuboida.l epithelium 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
didej its decay series can be considered as consisting of two steps: 
the formation of radium-224 by successive decays from thorium-282 
and then the decay of radium-224 and its daughters to stable lead. 
The alph~emitters from radium-224 are biologically the most im
portant in the dosimetry concerned with the radioactive properties 
of the thorium series. Colloidal [Z32Th]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 chemical and physical 
characteristics. 

Epidemiological surveys of Thorotrast patients are in progress 
in Germany, Denmark, and Portugal; additional studies are being 
carried out in Japan and the United States. Approximately 4,000 
patients are being followed. A typical injection of 25 ml 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 16 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. Hema.ngioendotheliomas in the 
liver occur uniquely after Thorotrast is intravascularly administered; 
it has been described as a Thorotrast-speci:6.c liver cancer. 

Risk estimates for thorium-232-induced liver cancer, bone can
cer, and leukemia have been calculated on the basis of Thorotrast 
patients who received injections of colloidal [23ZTh]thorium dioxide 
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and its progeny. For liver cancer, a lifetime risk is estimated to be 
about 3 x 10- 2 per person-Gy (800 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 person-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 10- 2 per person-Gy (50-60 excess 
leukemia cases per million person~rad) is estimated. Those estimates 
are uncertain because of the nonuniform 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 
tissues (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 smaller amounts of uranium-
235 and -234. The latter radionuclides 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 soil and is a trace 
element in foods, particularly crops or cereals, and in drinking w~ 
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 aerosol de
pends critically on the aerodynamic size of the particles and on their 
solubility in biological fluids. Inhalation of insoluble 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 ofi urine. The dog is thought to 
be the animal model with greatest similarity to humans. Uranium of 
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high specific activity (uranium-232 and -233) can cause bone sarco
mas in mice, and massive doses of uranium oxide have produced lung 
fibrosis and lung cancer in the primates, dogs, and rodents. This is 
interpreted as resulting from alpha-particle irradiation of the lung. 

Epidemiological surveys of uranium millers and miners occupa
tionally exposed to dusts containing natural uranium at relatively 
high concentrations have not yielded convincing evidence of serious 
renal damage nor of increased rates of malignant tumors. Those stud
ies had limited power to detect increased rates of disease, and con
founding factors obscured the interpretations. Emphasis has there
fore been on animal data concerning renal damage after exposure 
to uranium. and on data on animals and humans exposed to other 
alpha-emitting elements, such as radiUln-226. 

Observations on animals exposed to high-speciJic-activity ura
nium suggest that a small excess of bone sarcomas in human pop
ulations could result from naturally occurring uranium, but that 
the magnitude of the excess depends on which mathematical model 
is chosen. If the dose-response relationship is quadratic, virtually 
no effect is expected at environmental natural uranium concentra
tions. If a linear dose-response relationship is chosen, it has been 
estimated that ingestion in water or food at an environmental rate 
of 5 pCi/ day couid be associated with a lifetime risk of 1.5 bone 
sarcomas per million persons. That may be contrasted with about 
750 naturally occurring bone sarcomas per million pe.raons in the 
United States. It is concluded, on the basis of present evidence, that 
the general population risk associated with natural uranium is very 
low and might be negligible. Higher risks could be associated with 
higher uranium concentrations in local water supplies. 

TRANSURANIC ELEMENTS 

'n-ansuranic elements are members of the actinide series be
yond uranium; all are artificially produced in nuclear reactors, ac
celerators, a.nd exploeions of nuclear weapons and several include 
alpha-emitting radioisotopes with very long half-lives. Neptunium, 
plutonium, americium, &nd curium are the meet abundant and the 
most extensively used. The transuranic elements are not readily ab
sorbed through the skin or from the gastrointestinal tract. Because 
of the short range of alpha radiation in tissues, these elements are 
not of potential health concern unless they enter the body and d~ 
posit in tissues through wounds or the respiratory tract. Inhalation 
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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. Distribution within tissues tends to be diffuse 
initially, but the compounds often accumulate or form aggregates 
within cells. Only under conditions 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 
these tissues in several animal species under experimental conditions. 
Inhalation of large amounts of transuranic 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 2a0PuO2 particles. Alpha particles from 
plutonium are considerably more mutagenic and carcinogenic than 
are x rays; the experimental animal data in rats and dogs are ex
tensive. In the absence of sufficient 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 transuranic 
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 epidemiologic study 
of plutonium 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 showed 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 
a.re, at present, inadequate to provide direct calculation of cancer-risk 
coefficients 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 uncertainties 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 plutonium deposition in human bone, a. lifetime risk esti
mate of 3 x 10-2 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 a.ris
ing after exposure to low linear energy transfer (LET) radiation: 
single-gene a.utosomal dominant and X-Iinked disorders, irregularly 
inherited disorders, recessive disorders, and chromosomal aberra
tions. Estimates of genetic risk have been ma.de by the BEIR III 
committee6 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 alpha irradia
tion derived from plutonium-239 experiments in mice-specifically, 
RBEs of 2.5 for mutations and 15 for chromosomal aberrations- to 
estimate the risk due to internally deposited alpha-particle emitters. 
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 l million 
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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tera.togenesis. The teratogenic effects are closely related to the stage 
of embryonic development at which the radiation dose is received; 
preimplantation ie 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 animals1 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 dose 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 
surveys 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 radon 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 epidemiological study, 
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 aerosol characteristics, and impacts of smoking
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. 

• 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 risks in 
environmental and occupational settings. 

POLONIUM 

• 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 dosimetry, identification 
and characterization of target cells, and the role of cofactors and 
mechanisms of the carcinogenic response. 

• The induction of nonstochastic health effects, both acute and 
long term, particularly in the renal, cardiovascular, and reproductive 
systems, requires further study. 

• 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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• The committee recommends that t he follow-up studies of 
the lower-dose radium-224 patients exposed since the 1940s now 
in progress in Germany and of similar groups of radiurn-226 and 
radium•228 patients continue. 

• The discovery of bone cancer or sinus/mastoid cancer after 
exposure at the lower doses and the additional person-years of follow
up should substantially reduce the uncertainties of risk estimation 
related to the low doses. 

• The committee recommends that research should continue on 
the identification of t he cells at risk of bone-cancer induction; on cell 
behavior over time, including where the cells are in the radiation field 
at va.rious stages of their life cycles; on modifying factors, such as the 
formation of fibrotic layers that might reduce the radiation that the 
cells receive; and on the time course and distribution of radioactivity 
in bone. 

• The sinus and mastoid carcinomas in persons exposed to 
tadium-226 and radium-228 are produced largely by the action of 
radon-222 and its daughters; continued study mjght offer insights into 
the effects of occupational and environmental radon. The dosimetry 
of the mastoid air cell system is much simpler than that of the 
bronchial tree; the mastoid mucosa might be the only respiratory 
tissues whose epithelial structure is simple enough to permit accurate 
dose estimation. 

• The committee recommends that the dosimetry of the mas
toids should be examined as completely as possible, so that the risk 
per unit of epithelial tissue dose and per unit of cell dose can be 
determined accurately; thia might improve the understanding and 
estimation of the carcinogenic risk in the epithelium of the lower 
respiratory tract. 

THORIUM 

• The carcinogenic risk estimates related to thorium-232 de
pend primarily on studies of patients who received Thorotrast. These 
studies are incomplete, and except for those of the German patients, 
they have little statistical power to establish with precision the types 
of diseases produced, their inftuence on carcinogenic risks at low 
doses, the effects of dose and dose rate, and the chemical effects of 
the colloidal heavy metal, particularly in the liver. 

• The commit tee recommends that the data be obtained from 
all five principal epidemiological studies of Thorotrast-exposed pa-
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tients, to develop risk models for liver a.nd other cancers from original 
multivariate analyses. 

• The dosimetry of Thorotrast and thorium radionuclides in 
target organs is poorly understood. The radiation effects depend on 
the physical properties of the emitted radiation and on the physical 
and chemical characteristics of the radionuclide and its aggregation, 
movement, and deposition. 

• The committee recommends further study of the dosimetry 
of thorium radioisotopes at the cellular level in the target organs 
or tissues; these processes are central to an understanding of the 
biological effects, notably in liver and bone. 

URANIUM 

• The committee recommends that experimental studies of the 
nephrotoxic effects of uranium should be continued to determine the 
threshold concentration of uranium that is associated with substan
tial renal tubular damage and the animal and metabolic models most 
appropriate for predicting human effects. 

• The committee recommends that cross-sectional and longi
tudinal epidemiological investigations of occupational exposure to 
natural uranium be vigorously pursued. 

• Assessment of renal function and other health outcomes 
should be examined and correlated with environmental measure
ments designed specifically to estimate individual exposures. Studies 
of mortality and morbidity might be warranted if stable populations 
of sufficient size can be identified in areas with high concentrations 
of uranium in drinking water or food. 

• The committee recommends that the mechanism of uranium 
deposition and redistribution in bone should be further investigated, 
so that the potential carcinogenic effect of natural uranium can be 
more reliably predicted from the results obtained with enriched ura
nium or with other alpha-emitters, such as ra.dium-226 a.nd radium. 
228 decay chains. 

TRANSURANIC ELEMENTS 

• While no health effects have been associated with such human 
exposures, the results of experimental animal studies suggest that ef
fects may eventually be observed in the highest~exposed worker pop
ulations. Such studies should emphasize the importance of thorough 
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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 lesions and to obtain tissue 
samples for radiochemical analysis and cellular-molecul8l' biological 
studies. 

• The committee recommends the continuation of current epi
demiological studies of worker populations exposed to transuranic 
elements. 

• 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 studies, particularly the dog 
experiments, will be repeated. 

• The committee recommends that current life-span studies 
with dogs be 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 available 
human and experimental animal data on the deposition, transloca
tion, metabolism, clearance, and excretion of transuranic elements. 
Considerably more work is required with respect to biokinetics 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 microscopic distribution of transuranic elements within tissues 
and the site of tumor formation to ensure relevant dosimetry. 

• The application of the powerful new tools of modern biology 
to multilevel studies ( molecul8l', 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 diseases are attributable to transuranic exposures, 
and directing therapeutic measures to sites of injury. 

• The committee recommends 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 
• The committee recommends that investigations continue on 

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

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 ine.rt gas at temperatures above -61.8°C, radon-222 is 
a naturally occurring decay product of radium-226, the fifth daugh
ter of ura.nium-238. Both uranium-238 and radium-226 are present 
in most soils and rocks in widely varied concentrations.21 As radon 
forms from the decay of radium-226, 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 radioisotopes collectively referred to 
as radon daughters or progeny (Figure 2-1) (see Annex 2B). Two of 
these daughters, polonium-218 and polonium-2141 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. Miners of other 
types of ore can also be placed at risk by the combination of a 
sufficiently strong source of radon a.nd 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 radioisotopes of radon
radon-219 (actinon) and radon-220 (thoron)- occur naturally 
and have alpha .. emitting decay products. Actinon bas an ex
tremely short half-life (3.9 s). Accordingly, concentrations of 
actinon and its daughters are extremely low, and decay of acti
non contributes lit.tie to human exposure. Because of its short 
half-life (56 s), the concentration of thoron is also usually low. 
Dosimetric coruiiderations suggest that the dose to the tra.cheo
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-222.26 The potential for lung 
cancer due 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. 

25 

Radon progeny are also present in the air of dwellings. Their 
source is the underlying soil, 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. 

Because 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. 20 The recent recognition that 
some homes have high concentrations of radon has focused concern on 
the potential lung-cancer risk a.s.socia.ted with environmental radon. 
Measured concentrations of :radon in homes in the United States 
appear to follow a log-normal distribution. 2' 

In addressing the risks associated with radon expo.,ure, 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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RADON DAUGHTERS 

POLONIUM 
t:lld 

FIGURE 2.1 The ra.don decay chain. An arrow pointing downward indica.te1 
a decay by alpha-pa.rtlcle emi!15ion; an arrow pointing to the right indicates a. 
deca.y by beta-particle eminion. The historical symbols for the nuclide, are in 
parentheses below the modem symbols. Moat of the deca.y, tt.lce place along 
the unbranched chain marked by the double a.rrowe. The negllgible percentage 
of the decay, going along the single arrows is shown at critical points. The end 
of the chain, lead-206, la stable, not radioactive. Half-live■ a.re shown for each 
isotope with s = 1econd1, m = minutes, d = days, and y = years. 

research, described in detail in the appendixes 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"). M, described in 
Annex 2B, the relationship between exposure, me~ured as WLM, 
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SPECIAL QUANTITIES AND UNITS 
FOR RADON EXPOSURES 

The working le11el (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 106 Me V 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 worlcing-levtl 
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 a 
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/da.y at 1 WL would result in a cumulative exposure of about 
2.12 WLM per month of occupancy. 

27 

and dose to target cells and tissues in the respiratory tract is ex
tremely complex and depends on both biological and nonbiological 
factors,20 Because of differences in the circulnStances of exposure, it 
cannot be assumed a priori that exposure to 1 WLM in a home and 
to 1 WLM in a mine will result in the same dose of alpha radiation 
to cells in the target tissues of the respiratory tract. Thus, an under
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 a.re initially formed as condensation nuclei. 
Although most of these attach to aerosols immediately after forma
tion, a variable proportion remain unattached and are ref erred to as 
the unattached fraction. This fraction is an important determinant 
of the dose received by target cells; as the unattached fraction in
creases, the dose also increases because of the efficient deposition of 
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TABLE 2-1 Factors Influ_encing the Dose to Target 
Cells in the Respiratory Tract from Radon Exposure 

Characteristics of Inhaled Air 
Fraction of daughters unattached to particles 
Aerosol characteristics 
Equilibrium of radon with its daughters 

Breathing Pattern 
Tidal volume 
Respiratory frequency 
Nose or mouth breathing 

Characteristics of Lung 
Bro11chial morphometry 
Mucociliary clearance rate 
Mucus thickness 
Location of target cells 

the unattached daughters in the airways. The particle size distribu
tion in the inhaled air also influences the dose to the airways, because 
particles of different sizes deposit preferentially in different genera
tions of the lung airways. The specific mixture of radon daughters 
also affects the dose to target cells, but to a smaller extent. 

The amount of radon daughters inhaled varies directly with the 
minute ventilation, i.e. , the total volume of air inhaled in each minute. 
The deposition of radon daughters within the lungs, however, does 
not depend in a simple fashion on the minute ventilation, but varies 
with the flow rates in ea.ch airway generation. The flow rates vary 
with both tidal volume and breathing frequency. The proportions of 
oral and nasal breathing also influence the relationship between ex
posure and dose. A substantial proportion of the unattached radon 
daughters deposits in the nose with nasal breathing, whereas it is 
likely that a smaller fraction deposits in the mouth with oral breath
ing. 

Characteristics of the lung also influence the relationship be
tween exposure and dose (Table 2-1). The siies and branching pat
terns of the airways aff eet depositions and can differ between children 
and adults and between males and females. The rate of mucociliary 
clearance and the thickness of the mucus layer in the airways also 
enter into dose calculations, as does the location of the target cells 
in the bronchial epithelium. AB outlined in Part 8 of Appendix VII, 
smoking and presumably other pollutants modulate these factors. 
The effect of the physical and biological factors outlined in Table 2-1 
on the dosimetry of radon daughters can be estimated by computer 
modeling (see Annex 2B). The committee used the results of such 
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models to provide guidance on estimating the risk of lung cancer du,e 
to radon in indoor environments. 

HUMAN AND ANIMAL STUDIES 

The association of radon-daughter exposure with human lung 
cancer has been the subject of extensive epidemiological studies of 
underground miners. The lung-cancer hazard faced by underground 
miners was first recognized by Harting and Hesse in 18797 on the 
basis of their autopsy observations of European miners. Excess lung
cancer occurrence has been found in uranium miners in the United 
States, Czechoslovakia, France, and Canada and in other under
ground miners exposed to radon daughters, including Newfoundland 
:6.uorspa.r miners, Swedish metal miners, British iton and tin miners, 
French iron miners, Chinese tin miners, and American metal miners 
(see Appendix IV). Epidemiological studies of these mining groups 
have shown increasing lung-cancer risk as cumulative exposure to 
radon daughters increases and have provided some insights into the 
combined effects of cigarette smoking and radon-daughter exposure 
(see Appendix VII). 

Exposures of animals to radon and its daughters have con
firmed that exposure to radon daughters causes lung cancer (see Ap
pendix III) . Animal experiments have also provided data on exposure
response relationships and on the modifying effects of exposure rate 
and the physical characteristics of the inhaled rad.on (see Appendix 
III) . Animal models have proved less useful for studying the inter
action of radon daughters with cigarette smoking because of the 
difficulties of replicating smoking patterns in humans with animals. 

The committee also considered relevant information from the 
extensive literature on the biology and epidemiology of lung cancer. 
This malignancy, although relatively uncommon at the start of the 
twentieth century, has become the leading ca.use of cancer death in 
the United States.~ Most lung cancers are ca.used by cigarette smok
ing; only 5-10% of the total cases occur in lifelong nonsmokers.35,38 

In cigarette smokers, the risk of developing lung cancer increases 
with the number of cigarettes smoked daily and with the number of 
years of smoking.3•36 The risk of lung cancer for a smoker is some 10 
times higher than that for a. nonsmoker, and up to 20 times higher 
for heavy smokers. Because cigarette smoking predominates as the 
ca.use of lung cancer, the committee needed to address separately the 
risks of radon-daughter exposure for smokers and for nonsmokers. 
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The committee's analyses of the interaction between radiation and 
smoking a.re discussed in Pa.rt 2 of Appendix VII. 

The committee was faced with the challenge of using the epidemi
ological and experimental evidence in combination with its under
standing of the dosimetry of radon daughters to address the topical 
issue of exposure in domestic environments. This followed from the 
charge to the committee to develop risk coefficients applicable to 
exposure to radon in homes, The rationale for this charge emerges 
from recognition of the potential for radon in domestic environments 
as a public-health hazard. The urgency of completing this task has 
increased as more data have become available on indoor radon in 
the United States. Radon concentrations in American homes have 
not been systematically surveyed, but available data indicate that 
some homes have levels approaching or greater than the control lev
els in underground mines.26 Radon daughters are also a hazard for 
underground miners. Thus; the committee was also charged with ad
dressing the risks for occupational exposure to underground miners. 

Other expert groups and individual investigators have derived 
risk estimates for radon-daughter exposure (see Appendix VII). The 
approaches have been diverse and based variously on the epidemi
ological data, on extensive dosimetric modeling, and on informal 
expert judgment. The resulting risk estimates have a wide range. 
The committee did not select any of the published lung-cancer risk 
estimates 88Sociated with exposure to radon and its progeny as ap
propriate for meeting its charge. 

THE COMMITTEE'S APPROACH TO ESTIMATION OF LUNG
CANCER RISK 

Evaluation of the lung-cancer risk associated with radon daugh
ters was the most challenging task faced by the committee. Nu
merous studies of underground miners exposed to radon daughters 
have shown an increased risk of lung cancer, in comparison with un
exposed populations. Animal studies have confirmed this risk, and 
the development of multicomponent dosimetric models has provided 
an understanding of factors influencing the cafcinogenic potential of 
exposure. However, the human data are for occupational exposure 
in an underground environment and do not address directly the risks 
at the generally lower levels of exposure that are typically of concern 
in the home. 
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Two approaches that have been used previously to characterize 
the risks associated with radon-daughter exposure were considered 
by the committee: dosirnetric models of the respiratory tract and 
statistical models applied to one or more of the epidemiological data 
sets. The dosimetric approach provides an estimate of risk that is 
based on modeling the dose to target cells in the respiratory tract. Di
verse dosimetric models have been developed; all require assumptions 
(some not subject to direct verification) concerning the deposition of 
radon daughters in the lung and the nature and location of the tar
get cells for cancer induction. Additional assumptions concerning the 
carcinogenic potential of alpha radiation in the respiratory tract are 
also required. The committee preferred an epidemiological approach 
that provides risk coefficients based directly on the substantial body 
of available human data. While the committee did not use dosimet
ric models for calculating the lung-cancer risk coefficients, it found 
such models useful in applying its risk model, derived from studies 
of underground miners, to the general population. 

Rather than basing its risk estimates solely on review of pub
lished reports, the committee obtained and analyzed the original 
exposure and follow-up data from four of the m06t important epi
demiological studies of underground miners (see the next section). 
Each of the studies has limitations, but a combined analysis of these 
major data sets permitted a comprehensive assessment of the risk 
associated with radon-daughter exposure and other factors influenc
ing this risk. In analyzing the epidemiological data., the committee 
used a descriptive approach, rather than methods based on models 
of carcinogenesis. The committee's analytical approach was appro
priate for meeting its charge with a. minimum of assumptions as to 
the underlying mechanisms of cancer initiation and promotion. Al
though a few epidemiological studies of lung-cancer risk associated 
with indoor domestic exposure to radon have been reported, these 
studies have been preliminary and are inadequate for the purpose of 
risk estimation. In the future, however, epidemiological studies of 
indoor exposure may serve as a basis for lung-cancer dsk estimates. 

THE COMMITTEE'S ANALYSIS OF THE RISK OF LUNG 
CANCER ASSOCIATED WITH EXPOSURE TO 
RADON PROGENY 

The committee's risk estimates for radon-daughter exposures are 
based largely on its own reanalysis of the four principal data sets on 
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the epidemiological follow-up of underground miners. The commit
tee obtained data based on two Canadian uranium-miner cohorts, 
Eldorado Beaverlodge10 and Ontario;11- 19 on Swedish iron miners, 
Malmberget;29 and on Colorado Plateau uranium miners.8•9•12•13,37 

{see box entitled "Characteristics of the Four Underground-Miner 
Groups Analyzed by the Committee"). The committee attempted 
to obtain comparable data from the studies of Czechoslovakian ura
nium miners, but was unsuccessful. For the first three of the cohorts, 
we obtained data on individual miners; for the Colorado cohort, we 
were able to obtain only detailed summaries of the type described 
below. Some of the miners in the Colorado cohort were occupa
tionally exposed to rad.on progeny prior to their employment in 
uranium mines. Although exposures have been estimated for this 
earlier period, 13 their accuracy is uncertain and they were not con
sidered in the committee's analysis. Cigarette-smoking information 
on all exposed subjects was available only for the Colorado cohort, so 
the comrnittee's primary dose-response analysis does not include this 
factor. However, the committee's analyses of the combined eJf ects 
of smoking and radon exposure on the Colorado cohort, described 
in Appendix VII, support the results presented here ( and in Annex 
2A). 

Recent developments in statistical methods have provided better 
approaches for analyzing data from occupational-cohort studies than 
were available when these data were first analyzed. With these mul
tivariate methods for analysis of the data, it is possible to examine 
systematically many aspects of risk estimation that have been the 
most uncertain in the past, particularly the temporal patterns of 
excess risk. By analyzing the combined data from the four cohort 
populations, it was the committee's intent to gain a clearer under
standing of appropriate models for describing the risk associated with 
exposure and to obtain a more meaningful comparison of the risks in 
these primary cohorts. 

The committee first carried out separate but parallel analyses 
of the four cohorts to gain a clearer understanding of the determi
nants of risk within each. The committee then carried out a. formal 
analysis of the combined cohort data to obtain better estimates of 
the effects that seemed important and consistent in the separate 
analyses. This approach led to the development of a relative-rjsk 
tim~since-exposure model , based on the combined data, which is 
more complex than ordinarily used for estimating radiation risks. 
However, it is the simplest mathematical expression that adequately 
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Characteristics of the Four Underground-Miner Groups Analyzed by the Committee 

A\·erage Average Age Average Average 
No. of Duration of at End of Duration of Cumulati\·e No. of 
Workers Followup followup Ex~urc Exposure Lung Cancer 

Cohort Followed (yr} (yr) (yr) (WLM) Deaths 

Eldorado, Bea~erlodgc •0 1,580" 14 45 -
6,S47 J4 43 3.2 22 f)5 

Ontario18 51(1' 16 52 
ll,076 19 so 3.7 37 S7 

Malmberget29 l,292 21 67 20 98 51 

Colorado8•14 (all exposed) 3,347 25 57 8 822 256 
Colorado ( s;2,000 WLM') 2,975 25 S7 7 509 157 

aThere rows of data indicate surface workers not exposed to mdon from the mines. 

NOTE: Appendix IV refers to a thorough re~iew of the four studies of underground miners that Lhc committoc used as the basis for its anal)'s.is: uranium 
miners on the Colorado plateau, uranium miners in Ontario, uranium miners ernplo}-ed at 1l1e Eldorado Mine at BeaYCrlodge, Saskatchewa.n, a.nd iron 
miners at Malmberget. Sweden. ·nre followup experie:nce of these groups totals m·er 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 uncertain1y and potential biases 
in estimated exposures. These fa<.-tors are described in Append.ix IV a.nd were examined lo the extent possible in the committee's analysis. 

00 
00 
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describes the level and temporal pattern of risk in the four cohorts. 
This section provides a summary of the committee's approach and 
results. Detailed discussion of our statistical models and methods 
and of their application to these cohort data is given in Annex 2A. 

Undoubtedly, ma.ny factors inftuence the occurrence of lung can• 
cer in miners exposed to radon daughters. In carrying out its own 
original analyses of the data on the cohorts, the committee focused 
on the following potential risk factors: cumulative exposure, dun,• 
tion of exposure, age at which risk is being evaluated, age at first 
exposure, time since cessation of exposure, and time since ea.ch part 
of the exposure. In the one cohort for which it was possible to do 
so (the Colorado Plateau uranium miners), the effects of smoking 
were also evaluated. The original investigators of these data relied 
primarily on calculation of standardized mortality ratios (SMRs) by 
exposure category, a method that provides a useful but limited anal. 
ysis of the data. In addition to a thorough investigation of effects 
of the above risk factots, a substantial part of the analysis was in 
terms of comparisons purely within the cohort data, as opposed to 
comparison with data on external populations, as in analyses based 
on SMR.s. 

STATISTICAL MODELS AND METHODS 

The committee's general approach was to examine how the age. 
specific relative risk depends on the variables of interest. This was 
done by making a cross.classification of numbers of lung-cancer 
deaths and person-years at :risk, by categories of these variables, 
and then fitting models to the rates given by the :ratio of deaths to 
person•yea.rs in such a tabular cross.classification. The committee 
fitted regression models with a Poisson probability model for the 
number of deaths in each cell of the table, where the expected value 
was taken as the product of the person-years at risk for the cell and 
a cancer rate given by a parametric model. For the case of purely 
internal cohort comparisons, not relying on external rates, this is a 
grouped-data analog of the widely used Cox relative.risk regression 
method.2 For the case of comparison with external rates, it is a gen
eralization of standard SMR methods that provides more detailed 
examination of the relative risk. (A very useful reference for these 
methods is the survey paper by Breslow. 1) 

The parametric models for this analysis were expressed in terms 
of the excess relative risk, that is, the ratio of the excess risk to the 
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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 because 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 risks 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 methods 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: 

(2-1) 

where r (a) is the lung-cancer mortality rate for a given age and 
calendar period, r0 ( 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, f3 is a basic slope of the dose-response 
relation, and -r(v) 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(v) 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 comparisons restricted to the 
cohorts (internal comparisons). 

For the external comparisons, population rates were sea.led 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.1 
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It is widely held that linear models are adequate for extrapolation 
to low doses of high linear energy transfer (LET) radiations. 23133 The 
relative risk in this model is linear in cumulative exposure. The 
only statistically signific.ant evidence against linearity in any of the 
committee's analyses of these four cohorts was in the data for the 
Colorado uranium miners, where risk per unit exposure in Wl,M 
decreased at doses above approximately 2,000 WLM. Consequently, 
these very high exposure levels were excluded from our primary 
analysis (as discussed in more detail in Annex 2A). 

Applying models of the form of Equation 2-1 to the four cohorts, 
the committee did not find consistently significant effects on relative 
risk due to age at first exposure or duration of exposure after adjust
ing for cumulative exposure, an analytical procedure equivalent to 
investigating an effect due to the average rate of exposure. That is, 
the term ,-,(v) did not depend significantly and consistently on either 
of these factors. This type of analysis did reveal, however, consistent 
and significant effects of age, a, at which risk is being evaluated (age 
at risk) and of time since cessation of exposure. The excess relative 
risk, for a given cumulative exposure, decreased substantially with 
an increase in each of these variables. 

For prolonged exposures, as is the case for much of the cohorts' 
experience, a risk model that incorporates time since cessation of 
exposure was felt to overemphasize the date of the last recorded 
exposure, in contrast with the full exposure history. The following 
alternative form, which is called a time-since-exposure (TSE) model, 
described the same features of the data and seemed more plausible 
to the committee. Let di, d2, and d3 be the WLM received by a 
miner in three time intervals prior to a specified age at risk. The 
three intervals are the 5th through the 9th yr (5- 10), the 10th 
through the 14th yr (10-15), and 15 yr or more. A time-since
exposure effect was introduced by replacing the (lagged) cumulative 
exposure W in Equation 2-1 by an effective exposure at any given 
age at risk 61d1 + 82d2 + 63ds so that the parameters e, allow the 
effect of exposures to depend on how long ago they occurred. Since 
this effective exposure will always be multiplied by an estimated 
parameter, /3, the parameter 61 can be taken arbitrarily as 1.0 (i.e., 
absorbed into /3), so that 62 and Os iepresent the effect of exposures 
relative to those in the time-interval window 5-10 years ago. Thus, a 
model incorporating an effect of time since exposure can be expressed 
as: 
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(2-2) 

Using this model, consistent effects of time since exposure were found 
in analyses of the separate cohorts. 

Based on these analyses, using Equations 2-1 and 2-2 for the 
individual cohorts, it was thus determined that effects of age at risk 
and time since exposure should be examined in the combined cohort 
data. Our aims in this analysis included (1) formal assessment of 
the consistency of these effects over the cohorts, (2) more precise 
estimation of the parameters based on the larger sample provided 
by the combined cohorts, and (3) examination of the joint effects 
of these two variables, to determine the extent to which they are 
independent effects or manifestations of the same temporal trends. 
The model was taken as 

r(a) = ro(a)[l + .8"f(a)(d1 + 92<½ + 93d3}], (2-3) 

where -y(a) represents the effect of age at risk. Here, though not 
explicit in the notation, both the background rate r0( a) and the risk 
coefficient /3 were allowed to depend on the cohort in most of these 
analyses. This is an important feature of such analyses, because it 
avoids the biases that can result from confounding the effects under 
investigation with unexplained variations in the general levels of risks 
between cohorts, for example, the variation introduced by systematic 
differences in estimation of exposure. In addition, background rates 
used in the analyses depended on calendar time. Such details a.re 
discussed in Annex 2A. 

THE COMMITTEE'S TSE MODEL 

The committee's analyses show consistent results among the 
miner cohorts, in spite of the uncertainties in exposure assessment 
and the varying cohort experiences with respect to magnitude and 
duration of exposure. Detailed support of the procedures and con
clusions is provided in Annex 2A. In particular, the decline in excess 
relative risk with both age at risk evaluation and time since exposure, 
with these two factors acting largely independently of one another, 
was reasonably consistent over the cohorts. The estimated general 
levels of risk among the cohorts, although differing substantially, were 
in fact as close to one another as could be expected on the grounds 
of ordinary statistical variation, even if all the exposures had been 
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estimated perfectly. Neither age at first exposure nor duration (or 
rate) of exposure had an estimable effect on the relative risk in the 
combined analysis of the four cohorts. The analyses based on internal 
and external comparisons were in remarkably good agreement. 

The committee's analysis for time since exposure did not show 
a clear difference in risks due to exposures in the first two of the 
three intervals considered, i.e., 6-10 and 10-15 yr before to the age 
at risk. Thus, the parameter (J2 in Equation 2-3 was taken as 1.0; 
that resulted effectively in two categories for time since exposure: 
5- 15 and ~ 15 yr. The variation in relative risk with age at risk 
is represented by three values, i.e., intervals less than 55, 55-64, 
and 65 yr of age or more. These abrupt changes in risk with age and 
time since exposure only approximate the actual pattern ofvariation, 
which is presumably gradual. Statistical methods could be developed 
for fitting less-abrupt models, but such models would not alter the 
committee's findings in a substantive way. Application of the model 
involves a cumulation of risk in age and time, and this cumulative 
risk varies more smoothly. 

As a general description of the pattern of risk for the miner 
cohorts, the committee recommends the following relative-risk, TSE 
model for r(o.), the age-specific lung-cancer mortality rate: 

(2-4) 

where ro (a) iB the age-specific background lung-cancer mortality 
rate; 'Y( a) iB 1.2 when age a is less than 65 yr, 1.0 when a is 55-64 
yr, and 0.4 when a is 65 yr or more; W1 is WLM incurred between 5 
and 15 yr before this age; and W 2 is WLM incurred 15 yr or more 
before this age. Note that r(o.) is the lung-cancer mortality rate from 
aU causative agents, not just that due to radon exposure alone. 

This TSE model is applied as follows. First, exposures are sep
arated into the two intervals as indicated above for each year in 
the period of interest. Then the total annual risk for the person's 
age is calculated from Equation 2-4 with an appropriate background 
age-specific risk r0(a). r(a) is multiplied by the chance of surviv
ing all causes of death to that age, including the increased risk due 
to exposure, and these products are summed over the ages in the 
desired period, as outlined in Annex 2A, Part 2. The choice of an 
appropriate age-specific background rate for this calculation involves 
proper treatment of smoking, sex, and calendar time. These issues 
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and procedures are discussed in the section "Projecting Risks Asso
ciated with Radon-Daughter Exposure," where tables are provided 
for a number of ages and exposute situations. 

As discussed in the section, "Sources of Uncertainty in the Com
mittee's Data Analysis," many difficult issues must be considered 
in extrapolating the results of these analyses to the populations ex
posed to radon daughters in homes. The most direct interpretation 
of the committee's model is as a summary of the total lung cancer 
experienced by the four cohorts of underground miners. It is not to 
be ta.ken as a true model, even for that setting, because there are 
undoubtedly sorne factors influencing risk that are not accounted for 
by such a simple model. The committee's recommendation of the 
use or the TSE model is based on its inclusion of all the effects that 
are consistent and statistically significant among the four cohorts. 

The committee is cognizant of the current widespread preference 
for constant-relative-risk models (i.e., constant in age) for radiation
induced epithelial cancers. The TSE model is a departure from this 
preference with rega.rd to the dependence of relative risk both on 
age a.nd on time since exposure. In particular, the Ad Hoc Working 
Group to Develop Radioepidemiological Tables of the National Insti
tutes of Health22 presented important evidence for constant-relative
risk models> but considered mainly a.cute exposure to low-LET ra-
diation. A model with relative risk constant in cumulative exposure 
was also the recommendation of Thomas et al. 82 and Thomas and 
McNeill,81 who considered largely the same studies as the Committee 
did, but without access to unpublished details of the data. On the 
other hand, Harley and Pasternack6 and other investiga.tors,11•14•30 

have come to conclusions similar to the committee's with regard to 
an effect of time since exposure. We took an appropriately conserva,.
tive attitude toward departing from the constant-relative-risk model, 
but concluded that the evidence from the four cohorts' experience 
supporting a nonconstant relative risk was too strong to be ignored. 
Most of the evidence for constant telative risk is from acute exter
nal exposures to low-LET radiation, e.g., the case of the Japanese 
atomic-bomb survivors; that situation is biologically and dosimetri
cally different from the chronic exposure to inhaled alpha-emitters 
sustained by underground miners. Although the committee consid
ered the radiobiological implications of the results of its analyses, 
particularly the observed decrease in risk with time since exposure, 
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TABLE 2·2 Lung-Cancer Risk Coefficients,~. with a 
Constant-Relative-Risk Model 

Cohort 

Ontario 
Eldorado 
Malmberget 
Colorado 
All cohorts together 

(3 Excess Relative Risk" 

perWLM 

0.014 
0.026 
0.014 
0.006 
0.0LJ4b 

95% Confidence Interval 

0.006-0.033 
0.013-0.060 
0.003-0.089 
0.003-0.013 
0.008-0.023 

"Based on internal comparison (see text). 
bDiffcrences between Internal and external comparisons are negligible, e.g., all cohorts together, 
external comparison, excess relative risk = 0.015/WLM. 

it decided that speculation on possible underlying biological mech
anisms was unwarranted, because the subject obviously deserves 
further laboratory and clinical investigation. 

To provide a clear comparison with other published reports, 
it seemed important for the committee to provide the estimated 
lung-cancer risks in these miner cohorts under a constant-relative
risk model, inasmuch as the most common method of analysis is in 
terms of dose-group-specific SMRs, which couesponds to an implicit 
assumption of constant relative risk. In this case1 the estimates 
correspond to average risk over the follow-up period. 

Estimates of fj, the slopes of the dose-response curves, in the 
model for relative risk (Equation 2-lL with -y(v) omitted, are given 
in Table 2-2. 

The cohort~specific risk estimates in Table 2-2 are statistically 
significantly different at only a marginal level (x2 = 6.6 on 3 de
grees of freedom; P = 0.09). The confidence intervals represent only 
basic sampling variation, assuming, for example, no errors in expo
sure assessment, and ascertainment of death from lung cancer. The 
confidence interval for all cohorts together (Table 2-2) requires espe
cially careful interpretation, because it relates only to the statistical 
variation in the estimates. This is discussed further below. 

THE STATISTICAL UNCERTAINTY OF THE 
COMMITTEE'S ANALYSES 

The following discussion concerns only basic statistical issues 
in assessment of the errors in the above estimates. More specific 
matters, including attention to the quality of the data for specific 
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cohorts and the uncertainty inherent in applying these risk estimates 
to exposure situations other than underground mining, are discussed 
in the next sec~ion. 

Although the statistical calculations yield formal standard errors 
for the parameter estimates in the TSE model (Equation 2-4) , errors 
in estimation of age-specific risks might not be of primary interest. 
Rather I one would like to assess errors in the use of the TSE model to 
predict overall risks for a given exposure history. Moreover, it is not 
a simple matter, even if one were interested in age-specific risks, to 
combine appropriately the errors in estimation of all the parameters 
involved. Finally, and most importantlyi formal standard errors from 
statistical calculations do not take into account errors in dosimetry, 
inadequacy of the form of the model, and other factors discussed 
in the next section. The first two of those difficulties are met to a 
useful approximation by relying, a.t least informally, on the errors in 
estimation of the average ( over age and time since exposure) relative 
risks calculated in Table 2-2. Although those risks were computed 
for a constant-relative-risk model, they can also be interpreted as a 
kind of average relative risk over the exposure history and period of 
observation. That is, if a model of the nature of Equation 2-4 were 
UBed to compute total lung-cancer risk over an exposure history and 
follow-up not substa.ntially different from the experiences of these 
miners, then the errors of estimation indicated in Table 2-2 would be 
indicative of the error in estimating the total risk. Only the last line 
of Table 2-2 is directly relevant to the actual use of Equation 2-4, 
since it is based on the combined cohorts. 

The procedure suggested above yields a multiplicative standard 
error of 30% for the calculated total lung-cancer risk for the TSE 
model as defined in Equation 2-4. When an estimate has a multiplies,. 
tive standard error of 30%, the true value lies, with 67% confidence, 
in an interval given by multiplying and dividing the estimate by 1.30. 
The 67% confidence level corresponds to the commonly used method 
of expressing uncertainty as ::!:l standard error; in this context, how
ever, a multiplicative factor is more appropriate than an additive 
one. The uncertainty at a 95% level of confidence, corresponding 
to ± 2 standard errors, would, in this instance, be represented by 
multiplication and division by 1.7 (approximately the square of 1.S; 
cf. Table 2-2). 

These confidence intervals reftect only the uncertainty due to 
basic sampling variation and not that due to systematic errors in 
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dosimetry and other nonsa.mpling errors. It is important to recon
sider the apparent variation in the cohort-specific average relative 
risks given above, because that is the primary evidence regarding 
systematic errors in dosimetry and other factors. The range seems 
wide, so results from one or another cohort have often been dis
counted. However, the sampling errors represented by the confidence 
intervals in Table 2-2 a.re large enough to account for the variation 
among the estimates. The logarithms of the estimates have approx
imately normal distributions. Four such estimates of precisely the 
same quantity, with (logarithmic) standard errors corresponding to 
the individual confidence intervals shown above, would vary, with 
reasonable chance, like the results for the individual cohorts in Table 
2-2. 

Nevertheless, it is certain that t he 95% confidence intervals in
dicated in Table 2-2 do not reflect all sources of uncertainty, for 
example, the inevitable errors in exposure assessment and inade
quacies of any model, like that given by Equation 2-4. Although it 
is difficult to assess how much more uncertainty to allow for other 
factors, the committee gives some guidance in the next section. 

SOURCES OF UNCERTAINTY IN THE COMMITTEE'S DATA 
ANALYSIS 

Those who use the committee's TSE model to estimate the lung
cancer risks associated with radon-daughter exposure must consider 
the sources of uncertainty that affect the results. Uncertainty related 
to the committee's analyses of the cohort data is discussed in this 
section; uncertainty related to the projection of risk to other groups 
is discussed in the next section. 

The risk coefficients were derived from analyses of four data sets; 
random or systematic errors in the original data might have biased 
the risk coefficients in the recommended TSE model. Several statisti
cal models were evaluated in the development of the TSE model. Use 
of a model that was inappropriate from a biological perspective or 
one in which the components were not specified correctly could also 
have influenced the estimated risk coefficients. The risk coefficients 
themselves have an associated degree of imprecision due to sampling 
variation. The imprecision that results from sampling variation can 
be readily quantified, but other sources of variation cannot be esti
mated in a quantitative fashion. Therefore, the committee chose not 
to combine the various uncertainties into a single numerical value. 
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ERRORS IN EXPOSURE ESTIMATES 

In assessing the lung-cancer risks associated with exposure to 
radon da.ughters1 the committee has based its quantitative conclu
sions on parallel analyses 0£ original data from four epidemiological 
studies of underground miners. Two sources of potential error in 
the exposure estimates in these studies must be addressed: random 
error in the assignment of the exposure of individual subjects and 
nonrandom or systematic errors in the exposure estimates. Random 
misclassification is inherent in exposure assessment for an under
ground miner. Working levels fluctuate rapidly in time and from 
place to place within a minej this variation cannot be captured by 
the sparse exposure data, based on measurements in work areas, that 
have been available for epidemiological investigations. The commit
tee notes that any random error in the assignment of exposures 
reduces the magnitude of the estimated risk. Systematic errors can 
also affect the exposure estimates. Systematic errors refer to biases 
in the exposure estimates that ca.use either upward or downward de
viations. Upward bias would tend to reduce risk estimates, whereas 
downward bias would tend to increase them. The committee could 
not directly assess the magnitude of either the random or the sys
tematic errors in the exposure estimates of the four epidem~ological 
studies it analyzed. It assumes that random error is present. With 
regard to systematic error, comprehensive descriptions of the tech
niques used to estimate exposure have been provided for each study 
(see Appendix IV). To the extent that the original investigators were 
aware of potential bia.,, their concerns have been described. 

The committee recognized that the magnitude of error in the 
exposure estimates might differ among the studies. The extent and 
sources of information on exposure vary among the studies. In the 
two Canadian investigations (Ontario and Saskatchewan), WLM for 
recent years had been calculated on the basis of periodic sampling 
of mine air and records maintained for each miner by the mining 
companies. Exposures for earlier years were reconstructed retrospec
tively from the available data. In the investigation of Swedish meta.I 
miners at Malmberget, all exposures were retrospectively estimated 
on the basis of ventilation records and more recent measurements. 
The U.S. Public Health Service combined data from industry and 
state regulatory agencies with its own measurements to estimate 
exposures of the Colorado Plateau miners. 

The exposure va.tiable that was entei:ed into the model i:epre
sented only occupational exposure to radon daughters. Data. on 
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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 assume 
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 be 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. 27 assessed the accuracy of death certificates for cancer 
in eight areas of the United States during 1970 and 1971. The 
clinical diagnosis of lung cancer was confirmed by 95% of death 
certificates. An earlier study in the United States also showed good 
concordance for lung cancer.16 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 
by 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 committee'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 smokers than to nonsmokers, who were poorly 
represented in the lung-cancer mortality data. In the next section, 
"Projecting Risks ,Associated with Radon-Daughter Exposure," the 
committee shows how to apply the TSE model to groups in which 
smoking ~ less common. If data on individual smoking habits among 
all four miner cohorts were available, the committee's analyses could 
have been controlled for smoking as a cofactor in the risk of lung can
cer. But such information ia available only for the Colorado miners, 
and Appendix VII presents 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 ,:ecognizes 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 analyses 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 expoaure. In developi_ng the committee's model, 
compromise was necessary between simple models that represent 
only general features of average risk among the miners and more 
complex models that involve too many parameters for estimation. In 
ma.king 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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final model that was derived. For example, exposure ra.te was not 
included, even though different exposure rates could lead to the same 
final cumulative exposure. Age a.t exposure might also plausibly af
fect relative risk. However, the limited variation of this factor in the 
miner data prevented an adequate assessment of its effect . 

The magnitude of errors due to the choice of model depends 
substantially on the extent to which one is extrapolating from expo
sure and follow-up experiences similar to those of the miner cohorts. 
For nonextrapolative inferences, the choice of model does not have 
a large effect; in fact, the constant-relative-risk model and the TSE 
model give similar lung-cancer estimates. 

The final model also involves extrapolations of risk in time and 
age beyond the range of currently available data. Substantial ex
trapolations of the observed patterns of relative risk a.re ma.de in 
applying the TSE model to lifetime exposures, as described in the 
next section. 

The committee has received and considered the suggestion that 
the decline in lung-cancer risk with time since exposure reflects a 
temporal pattern of smoking cessation in the various cohorts. Be
cause the effect of smoking on lung-cancer risk is large, this potential 
source of bias merited serious consideration. First, the committee's 
analyses have been standardized by calendar year, so the observed 
decline in risk must be over time, independent of calendar year. 
Moreover, the estimate of the declining risk with time since exposure 
is based on the estimated effect of exposure, obtained by comparing 
miners at different levels of cumulative exposure. Smoking cessa
tion would explain this effect, only if the pattern of cessation has 
been associated with both cumulative exposure level and time since 
exposure. 

In arriving at a final risk model, the committee combined the 
data on four miner cohorts. In essence, that weighted each cohort 
in proportion to the number of person-years it contributed to the 
combined data. Whereas risk patterns were generally consistent 
when the cohorts were analyzed separately, the magnitude of the 
effects varied, although in most cases the variation was not greater 
than would be expected by chance. If one cohort were better or 
worse than the others, the unweighted averages of the effects of age 
and time since exposure might not be optima.I. In the view of the 
committee, however, there was no a priori reason to suspect such an 
occurrence, nor were any substantial discrepancies detected during 
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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 a.ff ect the committee's risk projections; the magnitude of un
certainty associated with ea.ch of these sources cannot be readily 
quantified. Accordingly, the committee acknowledges that the total 
uncertainty in its risk estimates is large. Readers 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 Analysis of the Risk of Lung Cancer Associated with Exposure 
to Radon Pl'ogeny11 above, the multiplicative standard error due to 
sampling variation alone is a.bout 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 ea.ch 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'6, 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 varies 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 optimistic 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 a.,sessment of the risk of lung cancer associated with radonr 
daughter exposure. The application of this model to the genera.I 
population requires a number of epidemiological techniques as well 
as assumptions concerning the population at risk. The methods 
used to project risks are described in Part 2 of Annex 2A. Briefly, 
the committee 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 wa.s used to calcu
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 ma.lee assumptions concerning, among other factors, the 
effect of gender, the effect 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 small studies of indoor exposure, epidemiological 
data on females exposed to radon daughters are unavailable. Ac
cordingly, the committee had to decide how the risk model should be 
applied to females. 

The committee made risk projections based on the assump
tion that the relative risk was the same for males and females. 
This approach was adopted because it seemed biologically appro
priate and consistent with the apparent lack of sex-specific effects 
for cigarette smoking. 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 transforma.tion.16 The committee could identify no biologi
cal rationale for considering that sex inftuences 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 risks appear to be similar 
in males and females when quantitative aspects of smoking habits 
are adjusted for.4•11 
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AJJ an alternative, the committee considered that the excess risk 
associated with radon-daughter exposure is additive with background 
:rates for males and females, as suggested by recent analyses of the 
Japanese atomic-bomb survivor data.28 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, a multiplicative model for lung-cancer risk in age 
(a), dose ( d), and sex (g) of the form: 

r(a1 d1 g) = ro(a)[l + lf,(g)l(l + Pa) (2-5) 

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

r(a,d, g) = r0 (a)ll + </>(g) + ,BdJ (2-6) 

provides an adequate fit without having ,8 depend on sex. Note that 
the baseline lung-cancer rates for no radon exposure are ro( 11) for 
males and ro(a)(l + </>)for females. With Equation 2-6, the risk for 
females, g = 1, can be written: 

r(a, d, g) = ro(a, 1) + r0 (a),Bd. (2-7) 

The first term, r0( 11,l), is the female baseline rate, and the second 
term, r0(a),Bd, is the absolute excess for males. Thus, this analysis 
shows that, among the atomic-bomb survivors, the absolute radio
genie excess is similar in males and females. 

Because lung-cancer data. on females exposed to radon daughters 
are not available, the committee cannot formally support its pref er
ence for a sex-specific relative-risk model. The alternative suggested 
by analysis of the atomic-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 
models regarding sex can be appreciated. 

Age at Exposure 

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 risks of radiation-induced cancers are increased in Japanese 



Copyright © National Academy of Sciences. All rights reserved.

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

50 HEALTH RISKS OF RADON AND OTHER ALPHA-EMITTERS 

atomic-bomb survivors exposed before the age of 20 yr. Dosimetric 
models for radon daughters also project greater risks associated with 
exposure during childhood.20 However, the committee had only very 
limited data on young miners and none on persons exposed during 
childhood. 

In making its risk projections, the committee assumed that age 
at exposure did not affect the risk associated with radon-daughter 
exposure. Although that assumption is supported by the analyses 
of the miner data, the committee recognizes the limitations of these 
data, as well as the conflicting conclusions that arise from dosimetric 
considerations. Compared with other sources of uncertainty, the as
sumption might not have major consequence for lifetime projections. 
The background lung-cancer rates are virtually nil in the young, their 
duration of exposure is relatively brief, a.nd the time since exposure 
is long. 

Cigarette Smoking 

AB discussed in Appendixes V and Vil, cigarette smoking causes 
widespread a.nd extensive changes in the lungs and is the predomi
nant ca.use of lung cancer. It was thus essential for the committee to 
provide risk projections for both smokers and nonsmokers. This re
quired the assumption of a model of the interaction between cigarette 
smoking and exposure to radon daughters. Unfortunately, most of 
the data sets available to the committee provided little or no infor
mation on several potentially important aspects of smoking. Data 
on tobacco use were available only for the Colorado Plateau and 
New Mexico uranium miners (see Appendix VIl) . Such potentially 
important variables as time since cessation of tobacco use and inhala
tion pra.ctices were unknown. Those limitations and the relatively 
small number of nonsmoking subjects precluded precise description 
of the interaction between smoking and radon-daughter exposure. 
On the basis of its review of the relevant evidence, the committee 
selected a multiplicative model of the interaction of the two expo
sures, smoking and exposure to radon progeny, even though several 
studies provided evidence of a submultiplicative interaction (see Ap
pendix VII). Largely on the strength of the Colorado Plateau data, a 
multiplicative interaction was considered appropriate. However, the 
committee did find that a submultiplica.tive model provided the best 
fit to the Colorado Plateau data among the class of mixture models 
considered in its analysis. The committee did not find this analysis 
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sufficiently compelling to abandon the more parsimonious multiplica
tive model in favor of any specific 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. 

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

Temporal Expression of Risk 

The committee 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 2 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 80 or 40 yr in the past. Although in principle it 
would increase the risk associated with W 2, the committee's model 
could arbitrarily be modified to incorporate a return to baseline risk 
by stipulating that W 3 is exposure 15-40 yr before the age at risk. 
This ad hoc modification would reduce the estimated lifetime risk 
and years of life lost. Whether the risk of radon-induced effects 
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 established. A decline in relative risk bas not yet been 
observed 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, a constant relative 
risk applied to the background rates does not vary with age or time 
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since exposure. A comparison of risk projections made with the TSE 
model and a constant-relative-risk model is provided below. 

Eztrapolationfrom a Mining Environment 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, 
is 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 a.nd in homes, al
though little information is available on some of the relevant factors 
in the two environments. 

In addressing this source of uncertainty, the committee relied 
on the results of others who have constructed dosimetric models a.nd 
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 a.re 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 committee'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 ca.uses, of age 
as well. Pa.rt 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 Ro, and the lifetime probability 
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of lung-cancer mortality in an exposed person is Re, Note that Re 
includes R0 . The ratio of lifetime risks Re/Ro 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 is the number of years of life lost because of ex
posure, Lo - Le, where Lo is expected years of life at birth for a 
nonexposed subject, and Le is expected years for an exposed subject. 
Note that Lo - Le 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 females. 

In calculating Re/ R0 , Re, and L0 - Le for various magnitudes of 
annual exposure, the committee has used the male and female 198~ 
1984 U.S. mortality rates, Ro, 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. 
Moreover, the age patterns and the relative importance of lung cancer 
as a cause of death a.re expected to change as smoking becomes less 
prevalent. Estimates of lifetime lung-cancer risk, Re, and expected 
lifetime, Le, based on the TSE model (Equation 2-4), will vary with 
calendar time. However, the ratios of these quantities to Ro and 
Lo, respectively, are remarkably stable. In particular, comparisons of 
Re/ Ro in males and females show only small differences, even though 
the sex-specific background rates yield lung-cancer risks almost 3 
times higher in males than females and life expectancy almost 7 
yr less in males. Thus, the ratio of lifetime risks shown in the 
tables below and the ratio of total life expectancy Le/ Lo 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 comlnittee did not adjust the rates in Table 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
ommendationsit 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
smokers. Age-specific lung-cancer rates for nonsmokers, r n (a), were 
calculated from population mortality rates as follows. Let ,-0 be the 
U.S. lung-cancer mortality rate; the rate in nonsmokers is: 

rn(a) = ro/lP + RR(1 - P)], (2-8) 
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TABLE 2-3 All Causes and Lung-Cancer Annual 
Mortality Rates per Thousand by Sex for 
U.S. Population, 1980-1984 

Mortality Rate 

Alt Cau$cS Lung Cancer 

Age (yr) Males Females Males Females 

0-4 3.6552 2.8986 0.0006 0.0004 
5-9 0.3500 0.2556 0.0001 0.0004 

10- 14 0.3833 0.2289 0.0003 0.0003 
1S-19 1.4139 O.S307 0.0003 0.0002 
20-24 2.0347 0.6192 0,00l4 0.0002 
25-29 1.9616 0.6822 0.0039 0.0020 
30-34 1.9596 0.8448 0.0124 0.0078 
JS'-39 2.4513 1.2435 0.0579 0.0329 
40-44 3.6426 2.0084 0.1925 0.1042 
45-49 S.8409 3.2123 0.4956 0.2366 
S0-54 9.4292 4.9875 1.0133 0.4306 
55-59 14.6070 7.4910 1.7076 0.6134 
60-64 22.3096 11.4394 2.6387 0.8402 
65-69 33.9381 17.1748 J.6452 1.0091 
70-74 50.7750 26.7248 4.5769 1.0484 
7S-79 74. 7904 42.5674 4.9701 0.987i 
80-84 112.4224 72.S938 4.7390 0.8706 
85+ 187.9436 L47.4246 3.680.1 0.9192 

where P is the proportion of nonsmokers, and RR is the relative 
risk-the risk for smokers relative to that for nonsmokers. 

Smoking cha.racteristics and other lung-cancer risk factors vary 
within segments of the population characteriied by, for example, age, 
sex, birth cohort, and educational level. Because those risk factors 
affect current and future baseline lung-cancer rates, they also influ
ence excess risks and risk projections associated with radon exposure. 
The committee simplified lifetime risk estimates by considering only 
cigarette use and by assuming a steady-state pat tern of tobacco con
sumption. It further assumed that all smokers begin their habit at 
the same age and smoke for the remainde.r of their lives and that 
smoking-induced lung cancer has a 10-yr latent period. In 1970, ap
proximately 48% of the male and 36% of the female adult population 
were smokers and had begun to smoke at the age of approximately 
18.36 The relative risk for smokers compared with that for nonsmok
ers is approximately 12 for males and 10 for females.34 Therefore, 
age-specific lung-cancer rates for male nonsmokers are obtained from 
total lung-cancer rates for males by using r" (a) = r0 (a) for 4 < 28 
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and rn(a) = r0 (a)/[0.52 + 12(0.48)] for a~ 28. Similarly, for women 
age 28 or over, rn(a) = r0 (a)/[0.64 + 10(0.36)]. In each case, r0 (a) 
is the sex-specific lung-cancer mortality rate in Table 2-3. 

On the ha.sis of this model, the lifetime risks of lung cancer 
and life expectancies for males a.re 0.0112 and 70.5 yr, respectively, 
for noruimokers and 0.123 and 69,0 yr, respeetively, 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 smokers caused by diseases other 
than lung cancer is not considered here. Ginevan and Mills6 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 risks, Re/ Ro, Re, and 
yea.rs 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 associated 
with exposure to radon progeny is substantially greater than the risk 
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 
a 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 a.re directly ap
plicable. Figures 2-2, 2-3, and 2-4, respectively, show the ratio of 
lifetime 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 genera] population shown in Figures 2-2 to 2-4 and in the other 
figures and tables 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 nonexposed persons a.re 0.067 and 
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TABLE2-4 Ratio of Lifet ime Risksd (R,/ R0) . Lifetime Risk of Lung-Cancer Mortality (R,.), and 
Years of Life Lost (Lo - L,.'t for Lifetime Exposure at VaTious Rates of Annual Exposure" 

Males Female~ 
---

Exposure 
Nonsmokers Smokers Nonsmokers Smokers 

Rau~ - - -
(WLM / yr ) R,./Ra R, Lu - L, H,IR 0 R. Lo - L, RJ Ru R, Le - L, RJ Ra R,. Lu - L,. 

0 1.0 0.0112 0 1.0 0.12J 1.50 1.0 0 .00603 0 1.0 0.0582 0.809 

0 .1 I.Ob 0 .0118 0.00907 1.05 0. l2Q 1.59 I.Ob 0.00b37 0.00606 I.Ob 0 .01>l4 0.867 

0.2 1.11 0 .0124 0.0181 I.JO 0.135 1.69 I.II 0.00b72 0.0121 I.II 0.0b46 0.Q25 

O.J 1.16 0.0IJI 0.0272 1.15 0. 141 1.79 1.17 0.00706 0.0182 I.lb O.Ob78 0.983 

0.4 1.22 0.01J7 0 .03b2 1.20 0. 147 1.88 1.23 0.00741 0.0242 1.22 0.0710 1.04 

0 .5 1.27 0.0143 0 .045.J 1.24 0. 153 1.98 l.28 0.00775 0.0303 1.27 0.0742 1.10 

0.b 1.JJ 0.0149 0.0544 1.29 0.159 2.07 1.34 0.00809 0.OJb.] I.J.J 0.0773 I.lb 

0 .8 1.44 0.0161 0.0724 1.39 0.170 2.26 1.46 0.00878 0.0484 1.44 0.0836 1.27 

1.0 1.54 0.0173 0 .0905 1.48 0.182 2.44 1.57 0.00946 OJ)b05 1.54 0.0898 I.J.8 

1.5 1.82 0.0204 0. 136 1.70 0.209 2.8<J UIS 0.0112 0.0907 1.80 0.105 1.b7 

2.0 2.08 0.0234 0.180 1.91 0.235 3.33 2.14 0.0129 0. 12 1 2.0b 0.120 1.95 

2.5 2.JS 0.02M 0.225 2.12 0.2b0 J.7S 2.42 0.014b 0.151 2.32 0.135 2.22 

3.0 2.62 0.0294 0.270 2.31 0.284 4 . ltl 2.70 0.0lbJ 0.181 2.56 0.149 2.49 

J.5 2.89 0.0324 O.Jl4 2.49 O.JOb 4.5b 2.98 0.0180 0.211 2. 81 0.163 2. 7b 

4.0 ).15 0.0354 0.359 2.6b 0.328 4.95 3.2b 0.0197 0.241 .HH 0. 177 3.03 

4.S J.41 O.OJ.ltl 0.403 2.83 0.348 5.32 3.55 0.0214 0.271 J .28 0.191 3.29 

5.0 3.b8 0.0413 0.447 2.99 O.Jb8 5.b8 3.&J 0.0231 O.J0I J.51 0.204 J.SS 

10.0 6.24 0.0700 0.88J. 4.24 0.S21 8.77 b.59 0.0398 0.598 5.56 0.)24 5.<)8 

• Relali"Ye to pc:rsoni of the same sex and smoking ,talui. (Re~·iscd ScptembCT 1988) 

•L■ is the average lifetime of nons·mokers of the same sc,c. 
' Estimated with the commiucc·s TSE model !Eq uation 2-4). and a mulliplica1ivc imeraction between smoking and cxpos:urc to radon progen)'· 
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FIGURE 2-2 Risk r11.tio (Re/ Ro) of lung-cucer mortt.li'Y for life exposure to 
radon progeny at constant rates of annual exposure. 

69.7 yr, respectively, for males and 0.025 and 76.4 yr, respectively, 
for females. 

COMPARISON WITH A CONSTANT-RELATIVE-RISK MODEL 

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

r(a) = ro(a)(l + PW), (2-9) 

where W is the cumulative exposure, in WLM, to age at risk, a, minus 
5 yr (ef. Equation 2-1). The committee's estimate of the coefficient 
/3 for this case is /3 = 0.0134 (Table 2•2). Because both relative-risk 
models were developed with the same data, this model (Equation 2-9) 
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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FIGURE 2-3 Lifetime risk of lung-ca.ncer mortality (R.,) for lifetime exposure 
to radon progeny a.t constant rates of annua.l exposure. 

model (Equation 2-9) postulates a continued and constant effect of 
an exposure, estimates of lifetime risk and life lost outside the range 
of the cohort data, for example, over a lifetime, can be quite different. 
Figure 2-5 compares lifetime risks for lifetime exposure of males and 
females in the general population under these two models. It is 
seen that the choice of model substantially influences the ultimate 
assessment of effect, with the constant-relative-risk model predicting 
greater radon effects. For the constant-relative--risk model (Equation 
2-9), the risk doubles at an exposure rate of 1.30 WLM/yr for males 
and 1.20 WLM/yr for females- which is considerably less than the 
risks estimated above with Equation 2-4. 

COMPARISON OF LUNG-CANCER RISK PROJECTIONS FOR 
FEMALES 

AB noted above, an alternative to a simple multiplicative model 
for lung cancer in females can be developed that is based on the 
experience of the Japanese atomic-bomb survivors (Equation 2-7). 
Figure 2-6 compares lif etirne risk estimates for fem ales with the two 
approaches. AB would be expected, the predicted lifetime risk of 
lung cancer for females is substantially larger if the radon-progeny
associated excess for males is applied to the background rat.es for 
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FIGURE 2•4 Average years of life loet (lo-¼) due to lifetime exposure to 
radon progeny at constant rates of annual exposure. 

females. The doubling dose rate is 0.60 WLM/yr with this model ap-
proach, compared with 1.90 WLM/yr if Equation 2-4 is applied to the 
background rates for females. The committee prefers the relative-risk 
TSE model, but these calculations illustrate the potential magnitude 
of the difference, if the alternative model were correct. 

INTERVAL EXPOSURE TO RADON DAUGHTERS 

Exposure to radon daughters usually does not take place at a 
constant rate over a lifetime. A variable pattern is exemplified by 
occupational exposure; a miner's exposure starts at first employment 
underground and continues until termination of employment or re
duction of exposure. Radon-progeny exposure in the home is another 
example; it can be sustained until it is detected and remedial action 
is taken. More complex dose-fractionation schemes can be addressed 
by means of Equation 2-4 and life-table calculations, similar to those 
outlined in Part 2 of Annex 2A. 
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FIGUR'.E 2-6 Compa.rison of lifetime risks aesoclated with lifetime exposure 
to radon progeny, u eetimated by a constant-relative-risk model and the TSE 
model recommended by thia commiUee. 
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FIGURE 2-6 Lifetime risk to U.S. females for lifetime exposure to radon 
progeny. Comparison of modeh, for interaction between sex a.nd exposure (see 
text). 
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Tables 2-5 to 2-7 for males a.nd Tables 2-8 to 2-10 for females 
show, respectively, for various annual exposure rates1 the ratio of 
lifetime risks Re/ Ro oflung-cancer mortality, the lifetime risk R,,, and 
yea.rs of life lost (Lo- L.) by age exposure started and age exposure 
ends. All of these measures of risk increase with duration of exposure 
and exposure ra.te. 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 incre88e and then decline with 
age for a fixed duration of exposure. Tables 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 ea.ch sex are given in Appendix VII. 

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

Lifetime risk of lung cancer a.nd 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 I provide information about 
lung-cancer risk after survival to some specified age, for example, in 
uranium miners 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 so:me age has taken place without the development of 
lung cancer, a.nd 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 survived. 
Tables 2-11 and 2-12 compare risk measures computed conditionally 
on survival to ages 20, 40, 60, and 80 yr for :males and females, respec
tively, in a general population. The column headed O gives ba.,eline 
values without information on age. Exposure rates, in WLM per 
year, a.re assumed constant throughout life. Conditional lung-cancer 
risk associated with radon-progeny exposure, R., increases with age 
until middle age, when it falls, owing to the increased risk of death 
from competing causes. The expected life span increase, of course, 
as age increases. 

Tables 2-11 and 2-12 also show the effects on the lifetime risk 
of lung•cancer mortality, ratio of lifetime risks, a.nd years of life lost 
if exposure were to cease at the conditional age known to be alive. 
The health benefits of eliminating exposure can be substantial into 
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TA.BLE2-5 Ratio o f Lifetime Risks (RelR 0) for Ma1es by Age Started and Age Exposure Ends" 

Age (yr) Exposure Ends 

Age (.yr) Started 10 20 JO 40 so 60 70 80 HO 

Exposure Rate = 0.10 WLM/yr 
0 1.008 1.015 1.023 1.031 J.040 l.047 1.051 1.052 l.052 

10 1.008 1.015 1.023 1.032 1.039 1.043 1.045 J.045 
20 1.008 1.016 J.025 1.032 1.036 1.037 1.037 
30 1.008 1.017 1.024 1.028 I.029 l.030 
40 1.009 1.016 1.020 1.021 1.022 
so 1.007 1.011 1.012 1.0IJ 
60 1.004 1.005 1.005 

Exposure Rate = 0.20 WLM/yr 
0 1.015 1.030 1.046 1.062 1.079 1.094 1.101 1.104 1.105 

10 l.015 1.030 1.047 1.064 1.079 l.OS6 l.089 1.090 
20 1.015 1.032 1.049 l.064 l.071 1.074 1.074 
30 1.016 l.034 1.048 LO~ 1.059 1.059 
40 1.018 1.032 1.040 1.043 l.043 
so 1.014 l.022 l.025 1.025 
60 1.008 l.010 l.Oll 

Exposure Rate = 0.50 WLMl)T 
0 1.038 1.076 I.llJ 1.154 l.197 1.233 l.251 l.258 l.259 

10 1.038 l.076 l.116 1.160 1.196 l.214 l.221 l.222 
20 1.038 l.079 l.123 1.158 1.177 l.184 l.185 
30 1.041 1.085 1.121 l.139 L.146 L147 
40 1.044 1.080 l.099 L.106 l.107 
so 1.036 LOSS 1.062 l.063 
60 1.019 l.026 1.02:7 
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Exposure &le = 1.00 WLM/yr 
0 1.076 1.151 l.226 1.305 1.391 1.460 1.496 1.509 1.512 

10 1.076 L.151 J.231 1.318 1.388 l.424 1.437 1.440 
20 1.076 J.157 1.244 1.314 1.351 1.364 I.J67 
JO 1.081 l.169 l.240 1.276 1.290 1.293 
40 U}88 1.160 1.197 l.2ll 1.213 
so 1.072 l.109 1.123 1.126 
60 1.038 1.052 1.054 

Exposure Raze= 4.00 WLM/yr 
0 t.299 1.589 l.874 2.169 2.480 2.724 2.845 2.SM 2.896 

lO 1.299 1.592 l.896 2.216 2.467 2.592 2.637 2.645 
20 L302 l.614 1.943 2.202 2.331 2.379 2.387 
JO 1.321 1.660 l.927 2.061 2.110 2.118 
40 1.349 1.624 l.763 l.814 1.823 
50 1.285 1.429 l.482 1.492 
60 l.149 l.204 1.214 

Exposure Ra1e = 10.00 WLM/yr 
0 1.731 2.412 3.052 3.687 4.326 4 .799 5.018 5.092 5.103 

10 1.m 2.419 3.100 3.785 4.294 4.S32 4.613 4.626 
20 l.739 2.469 J.204 3.752 4.0ll 4.099 4.114 
JO t.785 2.574 3.165 3.446 J.543 3.S59 
40 J.852 2.491 2.797 2.905 2.923 
50 l.697 2.034 2.153 2.174 
60 1.367 l.498 1.520 

Exposure Rate = 20.00 WLM/yr 
0 2.412 3.636 4.709 5.705 6.634 7.260 7.S18 7.595 7.606 

10 2.412 3.648 4.790 5.854 6.576 6.879 6.9n 6.985 
20 2.426 3.738 4.9S9 5.794 6.150 6.261 6.2n 
JO 2.513 J.919 4.886 5.306 S.440 5.459 
40 2.635 3.766 4.266 4.428 4.452 
50 2 . .344 2.947 3.147 3.178 
60 l .714 1.954 1.993 Q) 

o;Q 

aEslimated with th.e committee's TSE model. R, includes Ro, the baseline risk for males in the 1980-1964 U.S. population, 0.067; tl\e expected lifetime of 
males is 69.7 yr. 
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TABLE2·6 Lifetime Risks (R~) for Males by Age Started and Age Exposure Ends" 

Age (yr) Exposure Ends 

Age (yr) Started 10 20 30 40 50 60 70 80 110 

Exposure Rate = 0. 10 WI.Id/yr 
0 0.068 0.068 0.069 0.069 0.070 0.071 0.071 0.071 O.O?l 

10 0.068 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 
30 0.068 0.068 0.069 0.069 0.069 0.069 
40 0.068 0.068 0.069 0.069 0.069 
so 0.068 0.068 0.068 0.068 
60 0.068 0.068 0.068 

0 0.068 0.069 0.070 
Exposure Rate = 0.20 WLM/ yr 

o.on 0.073 0.074 0.074 0.074 0.074 
10 0.068 0.069 0.070 o.on 0.073 0.073 0.073 0.073 
20 0.068 0.069 0.071 0.072 0.072 0.072 0.072 
30 0.068 0.070 0.071 0.071 0.071 0.071 
40 0.069 0.070 0.070 0.070 0.070 
so 0.068 0.069 0.069 0.069 
60 0.068 0.068 0.068 

0 0.070 0.072 0.075 
Exprmire RaJe = 0.50 WLM/yr 

0.078 0.081 0.083 0.084 0.085 0.085 
10 0.070 0.072 0.075 0.o78 0.081 0.082 0.082 0.082 
20 0.070 0 .073 0.076 0.078 0.079 0.080 0.080 
JO 0.070 0.073 0.075 0.077 0.077 0.077 
40 0.070 0.073 0.074 0.074 0.075 
so 0.070 0.071 0.072 0.072 
60 0.069 0.069 0.069 
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Erpos.un Rate = 1.00 WLM/yr 
0 0.072 o.on 0.083 0.088 0.094 0.098 O. IOJ O.I02 0.102 

10 0.072 0.078 0.083 0.089 0.093 0.C)96 0.097 0.097 
20 0.072 0.078 0.084 0.089 0.091 0.092 0.092 
30 0.073 0.079 0.083 0.086 0.087 0.087 
40 0.073 0.078 0.08] 0.082 0.082 
so 0.072 0.075 0.076 0.076 
60 0.070 0.071 0.071 

Expruure Rare = 4. 00 WLM/ yr 
0 0.087 0.107 0.126 0.146 0.167 0.183 0.192 0.19S 0.195 

10 0.081 0.107 0.128 0.149 0.166 0.175 0.178 0.178 
20 0.088 0.109 0.131 0.148 0.157 0.160 0.161 
30 0.089 0.112 0.130 0.139 0.142 0.143 
40 0.091 0.109 0.119 0.122 0.123 
so 0.087 0.096 O.JOO 0.100 
60 0.077 0.081 0.082 

0 0.117 0.162 0.206 
Expo.sure Rate= 10.00 WLM/yr 

0.248 0.291 0.323 0.338 0.343 0.344 
IO 0. 117 0.163 0.209 0.255 0.289 0.305 0.311 0.312 
20 0.117 0.166 0.216 0.2:53 0.270 0.276 0.277 
30 0.120 0.173 0.213 0.232 0.239 0.240 
40 0.125 0.168 0.188 0.196 0.197 
so 0.114 0.137 0.145 0.146 
60 0.092 0.101 0 .102 

0 0 .162 0.245 0.317 
Exposure Rate = 20.00 WLMl )'T 

0.384 0.447 0.489 0.506 0.512 0 .,512 
JO 0.162 0.246 0.323 0.394 0.443 0.463 0.470 0.470 
20 0.163 0.252 0.334 0.390 0.414 0.422 0.423 
30 0.169 0.264 0.329 0.351 0.366 0.368 
40 0.177 0.254 0.287 0.298 0.300 
so 0.158 0.198 0 .. 212 0.2J4 
60 0.115 0.132 0.)34 Cl) 

°' "Estimated with the committee's TSE model. R~ includes Ro, the baseline risk for males in the 1981- 1984 U.S. population, 0.067; the expected lifetime of 
males is 69. 7 yr. 
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TABLE2-7 Years of Life Lost (L-o - L,,) for Males by Age Started and Age Exposure Ends" 

Age (yr) EicposUTe Ends 

Age (yr) Started 10 20 30 40 50 60 70 80 110 

Erposure RAle = 0. 10 WLM/yr 
0 0.01 0.02 0.0:t 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 0.04 0.04 
30 0.01 0.02 0.03 0.03 0.03 0.03 
40 0.01 0.02 0.02 0.02 0.02 
so 0.01 0.01 0.01 0.01 
60 0.00 0.00 0.00 

Exposure Rate = 0.20 WLM/yr 
0 0.02 0.03 0.05 0.07 0.09 0.10 0.11 0.11 0.11 

IO 0.02 0.03 0.05 0.o7 0.09 0.09 0.09 0.09 
20 0.02 0.04 0.06 0.07 0.07 0.07 0.o7 
30 0.02 0.04 0.05 0.06 0.06 0.06 
40 0.02 0.03 0.04 0.04 0.04 
so 0.01 0.02 0.02 0.02 
60 0.00 0.01 0.01 

Expos11re RJJle = 0.50 WLM/).,. 
0 0.04 0.08 0.13 0.17 0.22 0.26 0.27 0.27 0.27 

10 0.04 0.09 0.13 0.18 0.21 0.22 0.23 0.23 
20 0.04 0.09 0.14 0.17 0.18 0.18 0.18 
30 0.05 0.10 0.13 0.14 0.14 0.14 
40 0.05 0.08 0.09 0.09 0.09 
50 0.03 0.04 0.05 0.05 
60 0.01 0.01 0.01 
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Exposure.Rate= 1.00 WLM/yr 
0 0.08 0.l7 0.25 0.35 0.44 0.SJ O.S3 0.53 0.53 

10 0.08 0.17 0.26 0.36 0.42 0.44 0.45 0.45 
20 0.09 0.18 0.28 0.34 0.36 0.37 0.37 
30 0.09 0.19 0.26 0.28 0.28 0.28 
40 0.10 0.16 0.18 0.19 0.19 
so 0.06 0.09 0.09 0.09 
60 0.02 0.03 0.03 

Exposure Rate = 4.00 WLM/yr 
0 0.33 0.66 0.99 1.JS 1.71 1.93 2.00 2.02 2.02 

10 0.33 0.67 1.03 1.40 1.63 1.71 l.72 1.72 
20 0.34 0.71 1.09 1.32 l.40 1.42 1.41 
30 0.38 0.76 1.00 1.08 Ll0 1.09 
40 0.39 0.64 0.72 0.74 0.74 
so 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 4.42 4.56 4.58 4.58 

10 0.82 1.63 2.47 3.29 3.78 3.93 J.96 3.95 
20 0.84 1.73 2.S9 3.11 J.26 3.30 3.29 
30 0.93 I.84 2.39 2.55 2.S9 2.59 
40 0.96 1.5S l.73 1.11 1.76 
so 0.63 0.83 0.87 0.86 
60 0 .21 0.26 0.25 

Exposure Rate = 10.00 WLM/yr 
0 1.61 3.07 4.42 S.79 7.04 7.70 7.87 7.90 7.90 

10 1.61 3.10 4.60 S.97 6.71 6.91 6.95 6.95 
20 1.64 3.28 4.80 5.63 5.86 5.90 5.90 
30 l.8l 3.48 4.42 4.68 4.73 4.72 
40 1.86 2.93 3 .23 3.29 3.29 
so 1.23 1.58 l.66 1.65 
60 0.42 0.50 0.49 C> -:a 
•Estimated with the committee's TSE model. R.. includes Ro, the ba.sel.ine risk for males in the 1980-1984 U.S. population, 0.067; the expected lifetime or 
male.s is 69. 7 yr. 
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TABLE2·8 Ratio of Lifetime Risks (Rel R 0) for Females by Age Started and Age Exposure EndS" 

A~ (yr) Exposure Ends 

Age {yr) Started JO 20 30 40 50 60 70 80 110 

0 1.008 1.017 1.025 
Exposure Rate= a. JO WLM/yr 

J.034 1.043 1.051 J.054 1.056 1.056 
10 l.008 1.017 1.026 l.035 t.042 1.046 J.048 J.048 
20 1.008 l.017 l.027 1.034 1.038 l.039 l .040 
JO 1.009 1.019 1.026 I.029 1.03] l.032 
40 1.010 1.017 1.020 1.022 1.023 
50 l.007 1.011 1.012 1.013 
60 1.004 l.005 1.006 

Exposure R.ate = 0.20 WLM/ yr 
0 1.017 1.033 1.050 1.068 1.087 UOl 1.108 I. I 12 I.Ill 

10 1.017 1.033 1.051 1.070 t.085 J.092 1.095 1.096 
20 1.017 1.03S 1.054 1.068 1.076 1.079 1.080 
30 1.018 1.037 1.052 1.059 1.062 1.063 
40 1.0)9 1.034 1.041 l.044 1.045 
so l.014 t.022 1.025 1.026 
60 1.007 1.010 1.011 

0 1.041 1.082 1.124 
Exposure Rate = 0.50 WLM/yr 

1.169 1.217 1.253 J.271 1.278 1.281 
10 1.041 1.083 1.128 1.176 J.212 1.230 1.238 1.240 
20 1.042 1.087 1.JJS 1.171 J.188 J .196 1.199 
30 1.045 J.093 J .129 1.147 1.155 1.157 
40 1.048 J.084 1.102 l.llO J.ll2 
50 1.036 1.054 1.062. 1.065 
60 1.018 1.026 1.029 
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Exposure Rate = 1. 00 WLM/yr 
0 J .082 1.165 1.248 J.338 l.432 l.504 1.5.39 1.555 J.560 

10 1.083 1.166 1.256 1.351 1.422 l.458 1.473 l.479 
20 1.084 J.174 J.269 1.341 1.376 1.392 l.397 
JO 1.090 l.186 1.258 J.293 1.309 l.314 
40 1.096 l.168 1.203 l.219 l.224 
50 1.072 LJ08 1.124 1.129 
60 1.036 1.052 1.057 

Expo3ure Rare = 4.00 WLM/yr 
0 1.329 1.654 1.982 2.33] 2.697 2.971 3.104 3.J63 3.183 

10 1.329 1.659 2.013 2.382 2.658 2.793 2.853 2.873 
20 1.334 1.690 2.063 2.342 2.478 2.539 2.559 
30 l.360 1.737 2.019 2.156 2.217 2.238 
40 1.381 1.666 1.805 l.867 1.888 
so 1.288 1.429 1.492 1.513 
60 1.142 1.206 1.221 

£:cposure Rate = 10.00 WLM/yr 
0 1.816 2.612 3.401 4.232 5.086 5.714 6.014 6.146 6.190 

10 L.816 2.625 3.475 4.350 4.994 5.303 5.439 5.483 
20 1.828 2.700 J.596 4.257 4.573 4.713 4.759 
30 1.893 2.812 3.489 3.814 3.958 4.006 
40 1.944 2.639 2.974 3.122 J .171 
so l.716 2.061 2.214 2.265 
60 1.353 J.510 L563 

Exposure Rate = 20.00 WLM/yr 
0 2.611 4.148 5.633 7.157 8.683 9.113 10.281 10.498 10.567 

10 2.613 4.ln 5.771 7.372 8.518 9.053 9.283 9.356 
20 2.637 4.315 5.996 7.200 7.763 8.007 8.085 
30 2.763 4.528 5.195 6.389 6.647 6.730 
40 2.861 4.198 4.827 5.101 5.190 
50 2.416 3.085 3.377 3.473 
60 1.702 2.010 2.lll OI 

<C 

"Estimated with the committee's TSE model. Rr includes Ro, the baselin-e risk for femal-es in the 1980-(984 U.S. population, 0.025; the expected lifetime 
of females ls 76.4 yr. 
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TABLE2-9 Lifetime Risks (R,) for Females by Age Started and Age Exposure Ends" 

Age (yr) Exposure Ends 

Age (yr) Started 10 20 30 40 50 60 70 80 HO 

Exposure Raze= 0.10 WLM/yr 
0 0.025 0.026 0.026 0.026 0.026 0.026 0.027 0.027 0.027 

10 0.025 0.026 0.026 0.026 0.026 0.026 0.026 0.026 
20 o.ois 0.026 0.026 0.026 0.026 0.026 0.026 
30 0.025 0.026 0.026 0.026 0.026 0.026 
40 0.025 0.026 0.026 0.026 0.026• 
so 0.025 0.025. 0.026 0.026 
60 0.025 0.025 0.025 

Expruure R1Jte = 0.20 WLM/yr 
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 
JO 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 

Expruure 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 0.021 0.028 0.030 O.o31 0.031 0.031 0.031 
20 0.026 0.027 0.029 0.030 0.030 0.030 0.030 
30 0.026 0.028 0.028 0.029 0.029 0.019 
40 0.026 0.027 0.028 0.028 0.028 
so 0.026 0.027 0.027 0.027 
60 0.026 0.026 0.026 
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Exposure Rate = 1.00 WLM/ yr 
0 0.027 0.029 0.031 0.034 0.03:6 0.038 0.039 0.039 0.039 

10 0.027 0.029 0.032 0.034 O.OJ6 0.037 0.037 0.037 
20 0.027 0.030 0.032 0.034 O.OJ5 0.035 0.035 
30 0.027 0.030 0.032 O.OJ3 0.033 0.033 
40 O.Q28 0 .029 0 .030 0.031 0.031 
50 0.027 0.028 0.028 0.028 
60 0.026 0.027 0.027 

Exposure Rate = 4.00 WLM/ yr 
0 0.033 0.042 0.050 0.059 0.068 0 .075 0.078 0.080 0.080 

10 0.034 0.042 0.051 0.060 0.067 0 .070 0.072 0.072 
20 0.034 0.043 0.052 0.059 0.062 0.064 0.065 
30 0.034 0.044 0.051 0.054 0.056 0.056 
40 0.035 0.042 0.045 0.047 0.048 
50 0.032 0.036 0.038 0:038 
60 0.029 0.030 0.031 

Exposure Rate= 10.00 WLM/ yr 
0 0.046 0.066 0.086 0.107 0.128 0.144 0.152 0.155 0.156 

10 0.046 O.O<i6 0.088 0.110 0.126 0.134 0.137 0.138 
20 0.046 0.068 0.091 0.107 0.115 0.119 0.120 
30 0.048 0.071 0 .088 0.096 0.100 0.101 
40 0.049 0.067 0.075 0.079 0.080 
50 0 .. 04.3 0.052 0.056 0.057 
60 0 .034 0.038 0.039 

Ex~mre Rate = 20.00 WLM/ yr 
0 0.066 0.105 0.142 0.180 0.219 0.246 0.259 0.265 0.266 

10 0.066 0. 105 0.145 0.186 0.215 0.228 0.234 0.236 
20 0.066 0.109 0.151 0.182 0.196 0.202 0.204 
30 0.070 0.114 0 .146 0.161 0.168 0.170 
40 0.072 0 .106 0.122 0.129 0.131 
50 0.061 0.078 0.085 0.088 
60 0.043 0.051 0.053 --i ..... 
• Estimated wilh the committee's TSE mod.el. R, includes Ro, the baseline risk for females in the 1980-1984 U.S. population, 0.025; the expected lifetime 
or females is 76.4 yr. 
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TABLE2·10 Years of Life Lost~ - Lr) for Females by Age Started and Age Exposure Ends" 

Age (yr) Exposure Ends 

Age (yr) Started 10 20 JO 40 so 60 70 80 HO 

Erpru·11reRate = 0./0 WLM/yr 
0 0.00 0.01 0.01 0.02 0.02 0.02 0.0J 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 0.01 O.ot 0.01 0.01 O.OJ 
40 0.00 0.01 0.01 0.01 0.01 
so 0.00 0.00 0.00 0.00 
60 0.00 ,o.oo 0.00 

Expruu.re Rt1te = 0.21J WLM/ yr 
0 O.Ol 0.02 0.02 0.03 0.04 o.os 0.05 0.05 0.05 

IO 0.01 0.02 0.0J 0.04 0.04 0.04 0.04 0.04 
20 0.01 0.02 0.03 0.03 O.OJ O.OJ 0.0J 
30 o.m 0.02 0.02 O.OJ 0.03 O.OJ 
40 0.01 0.01 0.02 0.02 0 .02 
so 0.01 0.01 0.01 0.0) 
60 0.00 0.00 0.00 

Exposure Rate = 0.50 WLM/ yr 
0 0.02 0.04 0.06 0.09 0.11 0.12 0.13 0.13 0. )3 

lO 0.02 0.04 0.07 0.09 (l.10 0.11 0.11 0.11 
20 0.02 0.04 0.07 0.08 0.09 0.09 0.09 
30 0.02 0.05 0.06 0.06 0.07 0.06 
40 0.02 0.04 0.04 0.04 0.04 
so 0.01 0.02 0.02 0.02 
60 0.00 0.00 0.00 
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0 0.04 0.08 o.n 
Exposure Rare = 1. 00 WLM/yr 

0.17 0.22 0.24 0.25 0.25 0.25 
10 0.04 0.08 0.13 0.18 0.20 0.21 0.21 0.21 

20 0.04 0.09 0.14 0.16 0.17 0.17 0.17 
JO 0.05 0.09 0.12 0. 13 0.13 0.13 
40 0.05 0.07 0.08 0.08 0.08 

50 0.03 0.04 0.04 0.03 

60 0.01 0.01 0.01 

Exposure Rare = 4.00 WLMlyr 
0 0.16 0 . .3-3 0.49 0.68 0.86 0.96 0.99 1.00 0.99 

10 0.16 0.33 0.52 0.70 0.81 0 .. 83 0.84 0.83 
20 0. 17 0.36 0.54 0 .. 65 0.68 0.68 0.67 
30 0.19 0.37 0.48 OSI 052 0.51 
40 0.19 0.30 0.33 0 .. 33 0.32 
50 0.11 0.14 0.15 0.14 
60 O.OJ 0.04 0.03 

Exposure Rau= 10.00 WLM/yr 
0 0.41 0.81 1.21 1.66 2.09 2.34 2.40 2.41 2.40 

10 0.41 0 .. 82 1.27 1.71 1.96 2.03 2.04 2.0J 
20 0.42 0.88 1.33 1..58 1.65 1.66 1.65 
lO 0.47 0.92 1.18 1.26 t.27 1.2:5 
40 0.46 0.73 0.80 0.82 0.80 
so 0.27 0.35 0.36 0.34 
60 0.08 0.09 0.07 

Exposure Rate= 20.0fJ WLM/yr 
0 0.80 1.58 2.36 3.20 4.00 4.45 4.56 4.58 4.56 

10 0.81 1.61 2.48 3.30 J.76 3.89 3.91 3.89 
20 0.83 l.73 2.58 3.06 3.19 3.21 3.19 
30 0.93 1.81 2.31 2.44 2.46 2.44 
40 0.92 1.44 l.58 1.60 1.57 
so 0.54 0.69 0.71 0.68 
60 0.15 0.18 0.14 ~ 

~ 

"Estimated with the committee's TSE model. R~ includes R 0 , the baseline risk for females in th.e 1980-19-84 U.S. popu.lation. 0.025; the erpected 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 

Exposure Rate 
Age Known Alive (yr) 

Measure' (WLM/yr) 0 20 40 60 80 

Ro 0.00 0.067 0.069 .072 0.067 0.029 

Rl 0.20 0.074 0.077 0.079 0.073 0.032 
0.50 0.08$ 0.087 0.091 0.082 0.036 
l.00 0.102 0.105 0.109 0.097 0.042 
5.00 0.223 0.230 0.238 0.206 0.091 

10.00 0.344 0,354 0.367 0.319 0.146 
20.00 0.51.2 0.527 0.547 0.487 0.241 

R/IR/ O.JO l.052 J.043 l.027 l.014 1.000 
0.20 1.105 1.085 1.039 l.014 1.000 
0.50 1.259 I. 160 1.096 l.025 1.029 
.1.00 l.512 1.313 l.160 l.054 ).024 
S.00 3.312 1.917 1 .. 360 1.102 1.034 

10.00 5.103 2. 120 1.390 J.J04 1.028 
20.00 7.606 2.091 1.337 1.087 l.026 

Lo (yr) 0.00 69.72 71.56 73.33 77.14 86.26 

L,b (yr) 0.10 69.67 71.S1 73.28 77. ll 86.25 
0.20 69.61 71.4S 73.22 77.07 86.25 
0.50 69.45 71.29 73.0S 76.97 86.24 
1.00 69.19 71.02 72.77 76.80 86.22 
5.00 67.24 69.01 70.71 75.52 86.04 

10.00 65.14 66.85 68.49 74.12 85.82 
20.00 61.82 63.43 64.99 7l.82 85.38 

L/ - L,b (yr) 0.10 0.05 0.04 0.02 0.00 0.00 
0.20 0.11 0.08 0.04 0.01 0.00 
0.50 0.27 0.19 0.10 0.02 0.00 
1.00 O.SJ 0.37 0.20 0.03 0.01 
5.00 2.48 l.71 0.88 0.14 0.01 

10.00 4.58 3.06 l.Sl 0.23 0.02 
20.00 7.90 4.98 2.27 0.33 0.01 

NOTE: Exposure rate assumed constant starting ot birth. 

"The 1980-1984 population average of $mc)kel'$ and nonsmokers (sec text). 
•sued on expo~ure sustained over lifetime. 
' Based on exposure stopped at age known alive. 
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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 (yr) 

Measure0 (WLM/)T) 0 20 40 60 80 

Ro 0.00 0.025 0.026 0.026 0.021 0.008 

Rb 0.10 0.027 0.027 0.027 0.022 0.008 t 
0.20 0.028 0.029 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 

s.oo 0.093 0.095 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 

R/IR: 0.10 1.056 1.038 1.000 l.000 1.000 

0.20 l.ll3 1.074 1.036 l.000 1.000 

o.so 1.281 1.179 1.100 1.040 1.000 
1.00 1.560 1.333 1.143 1.033 LOOO 
5.00 3.706 2.02! 1.391 1.127 1.083 

10.00 6.190 2.373 1.468 1.146 1.049 

20.00 10.567 2.542 1.481 1.146 LOSS 

Lo (yr) 0.00 76.45 77.SS 78.64 81.07 86.87 

L/ (yr) 0.10 76.42 77.83 78.62 81.06 86.87 
0.20 76.40 77.80 78.S9 81.04 86.87 

0.50 76,32 77.72 78.52 81.01 86.87 

1.00 76.20 77.60 78.39 80.95 86.88 

5.00 7S.22 76.60 77.39 80.46 86.88 
10.00 74.0S 7S.40 76.21 79.88 86.88 
20.00 71.88 73.20 74.01 78.76 86.86 

L,C - L/ (yr) 0.10 0.03 0.01 0.01 0.00 0.00 

0.20 0.05 0.03 0.02 0.01 0.00 

0.50 0,13 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 0.05 

NOTE: Exposure rate assumed constant starting at birth. 

"The 1980- 1984 populilllon average of smokers and nonsmokers (sec text). 
bBa.scd on exposure sustained over lifetime. 
' Based on exposure stopped at age known alive. 
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TABLE 2-13 Lifetime Risk of Lung-Cancer Mortality 
due to Lifetime Exposure to Radon Progeny 

Study 

BEJ R lV (this report) 
BEIR 1112.1 
UNSCEAR33 

NCRplO 

Cancer Deaths per 106 Person WLM 

350 
730 
200-4S0 
130 

The estimated lifetime risk for this committee in Table 2-
13 was calculated as follows. From the calculations used to 
prepare Tables 2-5 to 2-10, Re, the lifetime risk for males at 
0.1 WLM/yr, is 0.07087; the excess riek, R~ - Ro, is 0.07087 
- 0.06734 = 0.00353. The mean cumulative lifetime exposure 
to a male population having an average life span of 69. 7 yr 
at 0.1 WLM/yr ie 6.97 WLM. Therefore, the excess lifetime 
lung-cancer mortality for males per WLM is 0.00353/6.97 = 
5.06 x 10- •cases per WLM of lifetime exposure. Similarly, 
for females at 0.1 WLM/yr, Ra- R0 .is 0.02663 - 0.02521 = 
0.00142, and the average lifetime exposure is 7.64 WLM. The 
excess lifetime lung•ca.ncer mortality for females per WLM is 
0.00142/7.64 = 1.86 x 10-'/WLM. Summing for a population 
of 500,000 males and 500,000 females yields 253 + 93 ~ 350 lung
cancer deaths per 106 person-WLM of lifetime exposure. The 
estimated lifetime riek attributed to the NCRP was calculated 
as follows, from Table 10.2 in NCRP Report 7820: "Lifetime 
lung cancer risk under environmental conditions per WLM per 
year." The lifetime risk for lifetime exposure from age 1 is 9.1 
x 10- s, assuming an average life span in 1976 of 70 yr, yields 
9.1 x 10-3 /70 WLM = 1.3 x 10- • cases per 1 WLM or 130 per 
108 person-WLM of lifetime exposure. 

the middle ages. For persons over the age of 60, the reduction in 
lung-cancer risk is minimal, unless exposures are quite high. 

COMPARISON WITH RISK ESTIMATES MADE BY OTHERS 

In Appendix VIII, the committee reviews risk estimates made 
by other scientific groups, including those made by the National 
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Research Council in 1980 (the so-called BEIR III report).23 Compar
isons between all studies are not possible because of large diff ereoces 
in the populations assumed to be at risk, for example, duration of 
exposure and smoking prevalence. Where there is some comparabil
ity, risk estimates for lifetime exposure are shown in Table 2-13. In 
calculating these results, we assumed equal numbers of males and 
females initially at risk. Other details and example calculations are 
given in the box following Table 2-13. 

The committee's estimate is near the middle of range of risks 
listed in Table 2-13. It is about three times larger than that made 
by the National Council on Radiation Protection and Measurements 
(NCRP) in 198420 and about half of that made by the BEIR III 
committee in 1980.23 While both of these groups assumed an additive 
model for the risk due to radon progeny, the BEIR Ill committee 
based its projections on an increasing excess risk with age, while the 
NCRP projection is based on a diminishing excess risk with time 
since exposure. This committee's estimate is based on a modified 
relative risk model that takes into &ecount the reduced risk at age 
65 or gi:eater and the smaller effectiveness of exposures occurring 15 
yr or more in the past that were identified in the miner cohort data 
(Annex 2A). Without these two modifying factors, the committee's 
estimate of the lifetime risk due to lifetime exposure would be about 
the same as that made by the BEIR III committee. 

SUMMARY AND RECOMMENDATIONS 

Ra.don and its daughter products are ubiquitous in indoor en~ 
vironments. Underground miners, exposed to radon daughters in 
a mine's air, have an increased risk of lung cancer that has been 
demonstrated in numerous populations. Animals exposed to radon 
daughters also develop lung cancer. Thus, the committee found 
abundant experimental and epidemiological data to support the fact 
that radon daughters are carcinogenic. However, the evidence was 
less conclusive on the quantitative risks of radon-daughter exposure. 
Therefore, the committee developed its own risk estimates based 
on analysis of four of the principal data sets related to lung-cancer 
occurrence in underground miners. The analysis indicated that the 
risk of lung-cancer mortality due to radon-daughter exposure was 
explained best by a model in which the excess relative risk is directly 
proportional to the cumulative exposure, but modified by the age at 
which the risk occurs and the length of time since exposure. 
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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 asaociated 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 life 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 Vll-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 radon
daughter exposure iD underground mines limits the annual total to 
4 WLM. From Table 2--6, 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, 0.067. If the miners are smokers, lifetime 
risk in this exposure situation (from Table VII-13 in Appendix VII) 
is 0.230, compared with 0.123 for unexpoeed male smokers. 

Exposure to radon progeny in indoor environments 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 78,2° EtJaluation of Occupational 
and Environmental Exposures 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 2-61 the lifetime lung-cancer mortality rate associated 
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with lifetime exposure at 0.2 WLM/yr is 0.074-an increase of about 
10%. That illustrates why the committee chose not to modify the 
baseline lung-cancer mortality rate that it used to allow for the 
fraction oflung-ca.ncer deaths due to ambient radon. Such corrections 
are small, compared with other sources of uncertainty in the risk 
estimates. 

The committee found substantial gaps in information related to 
many aspects of respiratory carcinogenesis by radon daughters. As 
described in Appendix VI, a. unique link of radon-daughter exposure 
to small-cell cancer of the lung was not found. In t he studies of 
miners, that histological type was in greatest excess, but other types 
were also increased. Review of the literature and the committee's own 
analyses in Appendix VII did not lead to aftrm conclusion on the form 
of the interaction between radon daughters and cigarette smoking; 
the data were consistent with a submultiplicative interaction, as well 
as a multiplicative interaction. Simple additivity was not considered 
to be compatible with the data that the committee analyzed, 

With regard to health outcomes other than respiratory malig
nancy, reviewed in Appendix V, the committee generally found only 
scant information. Studies of several populations of miners suggested 
that uranium mining reduced lung function, but t he effect could not 
be attributed directly to exposure to radon daughters. Studies of 
miners and other populations exposed to radon daughters showed 
an increased occurrence of cytogenetic abnormalities of uncertain 
biological significance; The committee did not find the data on ad
verse reproductive outcomes associated with uranium mining to be 
cohesive or conclusive (see Appendix V). 

The committee identified several subjects that need additional 
investigation with regard to respiratory carcinogenesis: 

• Studies of underground miners exposed to radon progeny 
should be extended to cover the full lifetimes of the cohort mem
bers, and additional information on their smoking habits should be 
obtained. 

• Analyses of results of current epidemiological studies and new 
studies should address the temporal expression of the lung-cancer risk 
associated with radon-daughter exposure. 

• Additional information on the interaction between radon 
daughters and cigarette smoking with regard to the induction of 
lung cancer is needed. Both animal data and epidemiological inves
tigations are relevant, 
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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 environmental exposures. 

• Only 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 be designed 
with sufficient statistical power to quantitate potential biologically 
significant differences in the risks of exposure in occupational and 
environmental settings. 

• 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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ANNEX2A 

The Committee's Analyses of 
Four Cohorts of Miners 

PART 1: Data Analysis 

INTRODUCTION 

The statistical methodology for epidemiological cohort analysis 
is evolving rapidly. Breslow1 recently has prepared an excellent 
review of these developments. The new methodology is, to some 
extent, a generalization of the traditional standardized mortality 
ratio (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 
f a.ctors. 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 particular 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 statistical 
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 

84 
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those analyses already published. Our analysis provides the basis 
for the committee's computed estimates of lung-cancer risk following 
exposure to radon and its progeny. 

Lung cancer is caused by many different agents that may cause 
the disease on their own or through combined effects. The process 
of carcinogenesis is undoubtedly very complex, and any 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 I the available data are not 
always strong enough to provide clear answers to some of the most 
important questions, such as the effect of age at exposure or time 
since exposure. We have carried out a combined analysis of data 
from four cohorts to estimate certain effects thought to be important, 
but not adequately estimated from any single cohort. 

Analysis of data combined from several cohorts can lead to 
serious biases. The combined analysis described here was done 
carefully, with that possibility in mind, and only after fairly thorough 
analysis of each cohort 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 effects were too poorly estimated 
in the individual 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 a 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, 
smoking habits, and locality. To the extent possible, we have avoided 
assumptions about the form of the relative risk, and determined from 
the cohort data those factors upon which it depends. We believe 
that viable models for the relative risk ma.y be simpler than those 
for the absolute excess risk, because the latter ha.s been found in 
other studies to increase substantially 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 depends on them in a 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 a.re allowed to depend 
in rather arbitrary ways on other appropriate factors, then there 
is no issue of which model is correcti because the two models are 
simply alternative expressions of the excess risk. 

Our 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 has the 
advantage of avoiding potential bia.ses 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 unequivo
cally the most appropriate for describing all the variables that are 
clearly relevant. Thus, definition of a true model is not the 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 ca.n more easily understand the basis of the results given in 
Chapter 2 of the committee's analyses of the radon.exposed cohorts. 

The presentation here describes only statistical models, as op
posed to more mechanistic ones such as multistage models. This 
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distinction is not clear-cut; a multistage model can, in principle, be 
used for statistical fitting. What we mean by a.· statistical model is the 
minimal regression-type model necessary for proper data analysis. 

BASIC MODELS FOR RISK 

First, consider models that incorporate only effects of exposure 
level (dose),* age at exposure, time since exposure, and age at risk, 
ignoring other factors such as gender, smoking, and calendar time 
trends. Consider also, for the present, only exposures of fairly short 
duration, for example, less than 2 or 3 yr, so that dose and age 
at exposure might adequately characterize the exposure. In the 
models below we will use the symbols d, a, t, and e to denote the 
variables dose, age at risk, time since exposure, and age at exposure, 
respectively. Let r( d, a, t, e) be the rate of lung-cancer mortality per 
person-year at risk as a function of these variables. In statistical 
terminology, r is essentially what is called a hazard function, but we 
will refer to it, rather imprecisely, simply as risk. For an individual, 
r is thus the age-specific risk, that is, the chance of dying of lung 
cancer in 1 yr, at age a, given that he is at risk (is still alive) at that 
age. 

A useful model for the risk can be written as: 

r(d,a1 t1 e) = ro(a)[l+ f(d)p(a,t,e)], (2A-1) 

where ro(a) denotes the age-specific background risk; /(d) represents 
the effect of dose, where /(0) = O; and p(4,t,e) is the excess relative 
risk for unit increase of/ ( d). The only assumption involved in such 
a model, assuming that these four explanatory variables are the only 
relevant ones, is that the excess relative risk factors into the product 
of the effect of d and that of p(a,t,e). That is, if one had expressed 
the risk in the additive form: 

r(d, a, t, e) = ro( a) + f (d)T(a, t, e), (2A-2) 

then it could be reexpressed by a model in the form of Equation 2A-l 
by taking p(a,t,e) = r(a,t,e)/ro(a). Thus, a.t this level of generality, 

._Our analysis ia conducted using working-level month (WLM) a.s the unit 
of expoeure. It ia technically not a dose in either ihe strict radiologieal een5') 
nor in the xnore genera.I toxicological sense. To simplify presentation, we often 
use the term do,t to represent the cumulative WLM over a defined period of 
exposure. 
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a model for the relative risk and a. model for the additive excess 
risk are just two different ways of expressing the same relationship. 
The distinction between the two types of models only begins to arise 
when more restrictive forms are taken for the functions p and r given 
above, 

That the additive and relative excess risks factor into func
tions of d and of ( a, t, e) is indeed an assumption. Although this 
assumption can, in principle, be checked by analysis of cohort data, 
modeling of excess risk becomes a morass of complexity without a 
tentative assumption of this nature. In particular, without it there 
would be no concept of a dose effect independent of the values of 
the other variables. Departures from this type of assumption can be 
useful, however I for example, by allowing the latent period of the 
excess risk to depend on dose. Factorization can be tentatively ac .. 
cepted at the outset, and specific alternatives to it can be considered 
as needed. 

Models in which / ( d) is linear in d are of particular interest, 
and for clarity in this report, we focus on that case. While the linear 
approximation is useful in the analysis of cohort data, biological con
siderations suggest it should not be expected to hold for extremely 
high doses, and whether it holds for very low doses cannot really be 
determined from epidemiological data. Linearity does appear to be 
a reasonable approximation in the intermediate range of doses for 
the radon data considered by this committee. In this linear case, we 
will express Equation 2A-1 as: 

r(d, a, t, e) = ro(a)[l + ,8(a, t, e)d], (2A-3) 

so that ,B(a,t,e) is a dose-response slope, possibly depending on the 
values of a, t, and e. 

In these terms, what is ordinarily referred to as a relative risk 
model in the radiation effects literature usually means Equation 
2A-3, with ,8(a1 t,e) depending at most upon e, the age at exposure. 
The critical issue is that ordinarily fj would not be taken to depend 
on age at risk (a) or time since exposure ( t) so that a distinction 
between relative-risk models and additive (or absolute)-risk models 
becomes relevant. A model of the form given in Equation 2A-
2 depending on how r(a,t,e) was formulated, would ordinarily be 
different from that in Equation 2A-3, where ,8 depended only upon 
e. 

Absolute-risk models of the form given in Equation 2A-2, where 
,,. does not depend on a or t, will not be discussed at length here, 
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because it is now evident that the absolute excess risk increases with 
age a.t risk, at least fairly generally. This behavior is very clear, for 
example, in the Japanese atomic-bomb survivors for cancers other 
than leukernia.17•18 

Although our models for the cohorts of radon-daughter-exposed 
miners a.re not taken directly from studies of the atomic-bomb 
survivors or other cohorts exposed to external low linear energy 
transfer (LET) radiation, for perspective, we review those findings 
b:defly. Ignoring effects of gender and calendar time, the Radiation 
Effects Research Foundation (RERF) Life Span Study17 shows that 
models roughly of the form: 

r(d, a, t, e) = r0 (a)[l + ,B(e)dJ (2A-4) 

fit the data remarkably well, with ,8( e) substantially larger for those 
people exposed as children than as adults. Such models seem ade
quate for epithelial cancer quite generally, but not for leukemia., for 
the case of acute, low-LET external exposures. Darby et al.6 have 
shown that the patterns of excess risk in the ankylosing spondilitics 
are consistent with those in the atomic-bomb survivors, and Land 
and Tokunaga10 have shown that this type of model is appropri
ate for breast cancer. In the radioepidemiologic tables14 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 Preston16 have shown that ep
ithelial cancer in the atomic-bomb survivors also fits a model for the 
absolute excess risk of the form: 

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

where r( t) is a power (roughly 3) oftime since exposure t, and /3( e) 
is a. slope (different than that in Equation 2A-4), which is much 
greater for those exposed as adults than a., children. In the atomic
bomb survivors, the relative validity of Equation 2A-4 and 2A-6 
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 P(e) in Equation 2A-4 decreases with age 
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at exposure e and in Equation 2A-5 increases with e. That is, a.t 
a gtven time since exposure, the absolute excess risk increases with 
age at exposure, but not a.s fast as in a. constant-relative-risk model 
that does not account for age at exposure. Although both models 
provide about the same fit to the atomic-bomb survivor data, the 
relative risk model in Equation 2A-4 is preferable for many purposes 
because it is simpler and does not require extensive analysis to 
estimate proper form for ,,-( t ). 

MODELS FOR PROLONGED EXPOSURES 

Modeling is greatly complicated in moving from brief to pro. 
longed exposures. Doses over a prolonged period must be considered 
in the above models by a summarization of exposure experience up 
to the age at risk considered. The simplest and most commonly 
used approach is to take the dose variable to be cumulative expo. 
sure up to the age at risk, except for a few years' lag. The lag allows 
for a minimal period between the exposure and the expression of 
the risk, as manifested by diagnosis or death. Such a summary 
exposure variable is almost certainly a very rough approximation, 
because very different temporal exposure histories can lead to the 
same cumulative dose. 

For example, both the rate and duration of exposure may be 
important. These effects can be studied with a model of form given 
in Equation 2A-3, with d representing cumulative (lagged) dose up 
to age a and with /3 allowed to depend on dose rate or duration as 
well as the other variables indicated. 

A more difficult issue to examine is the effect of time since 
exposure. The variable t in the models described thus far simply 
has no meaning for the case of a prolonged exposrue. It must be 
replaced by some measure of the time that has elapsed since each 
pa.rt of the exposure. That is, a more complex quantity needs to be 
estimated, the effect of each part of the exposure in terms of bow 
long ago it occurred. 

Various workers have considered this issue: Lundin et al.,11 

Harley and Pasternack,6 and in their Appendix M, Thomas and 
McN eill. 22 These researchers have suggested using either some form 
of probability distribution for the latent period associated with each 
increment of dose or a specified form of the decay with time of 
the effect of each increment. These methods involve assumptions 
about the mathematical form of the functions involved, and the 
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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 by 
Jan Muller and Robert Kusiak of the Ontario Ministry of Labour, 
Toronto, Ontario, Canada. Let d1 , d2 , ... , d1c be the parts of the 
dose that are incurred in k fixed windows of time prior to age a, so 
that d = d1 + d2 + ... + d,.. Consider models of the form: 

If /3i = {32 = ... = {3,., then this reduces to a model of the form 
in Equation 2A-3, using only cumulative dose to age a (lagged). The 
term -y( a) above is an expression of the possible dependence of the 
risk on age, and plays a similar role to the dependence of /3 on a, t, 
and e in Equation 2A-3. If the (3, 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: 

if d1 is the dose in the most recent window, then the e, represents 
the weight that is given to doses in earlier windows, in relation to 
recent doses. The entire term d1 + 92 d2 + ... + e,.d,. 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 indepenp 
dent of dose history but that affect the risk or modify the effect of 
dose in some way must a.lso be considered. In models for the rela
tive risk, two methods are primarily used to introduce an effect of 
another factor; they ue 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, suppose that one were 
considering a very simple model of the form: r(d, a) = r0 (a)[l + f3dl 
and wanted to incorporate an effect of smoking, s. Although there 
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are alternative expressions, the multiplicative type of model can take 
the form: 

r(d, a, s) == ro(a)[l + 8(s)l(l + Pd), 

and the additive type of model would take the form 

r(d, a, 11) = ro(a.)11 + 8(s) + ,BdJ, 

(2A-8) 

(2A-9) 

where e is set to O for nonsmokers. In these models, ro(a) corre
sponds to the age-specific lung-cancer rates among nonsmokers who 
are not exposed to J"adon. For those not exposed, the ratio of disease 
rates for smokers to nonsmokers, r(0,a,s)/r(0,a,0), is equal to 1 + 
e(s). Simultaneously, the relative risk at dose d among nonsmokers 
is 1 + pd for either of these models. Among smokers, however, the 
relative risk for dose is now dependent on whether Equation 2A-8 
or 2A-9 is more appropriate. 

The relationship between smoking and radon exposure is very 
complex, and the best description of the association could vary from 
supramultiplicative to subadditive, although analyses presented in 
Appendix VIl clearly suggest that the relationship is not additive 
or subadditive. As discussed in Appendix VII, one way to consider 
such relationships is to form the following richer model which defines 
a smooth transformation between and beyond the additive and 
multiplicative models,20 namely: 

r(d, a,s) = r0(a){[l + 8(s)l[l + ,Bd]}~[l + 8(11) + ,8d]1-\ (2A-10) 

where A = 1 corresponds to the multiplicative model and A = 0 
to the additive model. One can then obtain maximum likelihood 
estimates for all parameters, including~ (see Appendix VIl) . 

The effects of gender can be considered in a similar way by 
replacing O ( s) by O(g), with r0 (a) corresponding to a given sex. 

An example from the atomic-bomb survivor data illustrates the 
effects of gender and the distinction between the two models.l7•18 If 
models of the form given in Equation 2A-8 are fit to the data., then 
it is found that the parameter /3 depends significantly on gender. 
However, until recently it was not pointed out that the /3 values differ 
in essentially a ratio to cancel 1 + 8 (g); that is, the model represented 
by Equation 2A-9 fits very adequately without the dependence of ,8 
on gender. Thus, the additive excess due to radiation, which for a 
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given age at exposure is reasonably proportional to r0 {a), does not 
depend on gender. 

In contrast to smoking, there are no data to assess the effects of 
radon exposure among females. As discussed in the section "Project
ing Risks Associated with Radon-Daughter Exposure" in Chapter 2, 
simply applying the basic time-since-exposure model separately to 
male and female background mortality rates to obtain lifetime risk 
estimates is equivalent to assuming a multiplicative model for gender 
effects. As illustrated by the example given in that section, use of 
the model represented by Equation 2A-9 for estimating sex-specific 
lifetime risks can result in substantially different estimates of the 
lifetime risk for females. 

METHODS OF STATISTICAL ANALYSIS FOR COHORT DATA 

We have used statistical methods appropriate for analysis of the 
relative risk. Our approach was to fit and compare models to identify 
the factors that determine the relative risk, rather than simply to 
fit a predetermined type of constant-relative-risk model. These 
methods allow comparisons with known population rates external 
to the cohort as well as background rates estimated from within the 
cohort itself. The standard SMR methods are special cases of the 
former, so their use is covered as well. In fa.ct, our methods for 
comparison to external rates amount to an appropriate regression 
analysis of stratified SMRs, calculated separately within ranges of 
the explanatory variables of interest. We give a moderately detailed 
description of the statistical calculations because it seems important 
for scientists other than statisticians to grasp what was done with 
the data. 

BASIC APPROACH TO FITTINO MODELS 

Our approach is a version of what statisticians call a relative-risk 
regression, which seems to us the best currently available method for 
analysis of the data on radon exposures of miners. Previously, this 
methodology appears to have been used for the cohorts of subjects 
exposed to radon daughters only for the Colorado Plateau data, 
by Whittemore and McMillan24•26 and Hornung and Meinhardt.7 
We believe that a thorough analysis of these cohort data required 
methods of essentially the same statistical nature as those described 
here. There are many variations on these approaches, for example, 
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use of ungrouped data or more emphasis on analysis of the absolute 
excess risk. Other useful methods could place more explicit emphasis 
on certain random variables such a.s latent period; for an example, 
see Thomas.21 

Our internal analysis is essentially a grouped"data version of 
the Cox regression method.2 For large-scale cohorts, the analysis 
of grouped data seems preferable, as it enables easier exploratory 
analysis. Further, the rationale for our methods 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 sµnple 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 omission oft for time since exposure, as: 

r(a,p, d) = ro(a,p)[l + p(a, d)J. (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 f3 on age might be formulated simply by 
choosing a few intervals of age and letting /J( a) take on free values 
for each of these; alternatively, one might specify .8( 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)[l + ,B(a)d]. (2A-12) 
The data summary to which this model is fitted consists of a 

cross--classification, in cells de.fined by specified intervals of a, p, and 
d1 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 a.nd calendar period should be fairly narrow, such as 5 yr. The 
grouping on dose is less 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 is a rather sophisticated construct that needs to 
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be well-underatood. Over the follow-up period, each individual ef
fectively traces a line of slope 1 in what is called the Lexis diagram, 
a two-dimensional diagram with the axes of calendar time and age. 
With increase in age, an individual passes through rectangular cells 
determined by the categories of time and age. NJ the individual 
moves along this line, he may also be accumulating exposure, which 
can be considered a third dimension of the table. Ordinarily, the 
individual's exact cumulative dose at some suitable point in the 
age-time cell should be calculated, rather than using grouped doses 
at the outset. This dose level then places the individual in a se
ries of cells in the three-dimensional cross-classification. For each of 
these cells, then, we record the length of time the individual spent 
in the cell, whether the individual became a "case11 there, and the 
aetual dose for the chosen point in the cell. Finally, the data are 
accumulated over all individuals by adding up for each cell the times 
spent and the number of cases and by computing the mean dose for 
that cell. In computing that mean, each individual's contribution 
is weighted by the time he spends in that cell. H a person dies 
from another cause or becomes lost to follow-up for any reason, he 
simply accumulates no more time at risk. This type of calculation is 
standard in epidemiology, and computer progratna are available for 
doing it. 

Let t(a,p,d) and c(a,p,d) be the total time at risk and number 
of cases for each cell, and let r'(a,p,d) = c(a,p,d)/t(a,p,d) be the 
raw estimate of risk for each cell for which the denominator is not 0. 
If the number of cells is large I these quotients will be poor estimators 
of risk because the observed time at risk will not be long enough to 
provide stable estimates; indeed, the numerators of these ratios will 
usually be small integers, often 0. The method basically smooths the 
raw risks by fitting a model to them, much a., in ordinary regression 
analysis. NJ long as the model involves fitting only a relatively small 
number of parameters, the instability of the raw rates does not cause 
problems. 

ESTIMATION USING EXTERNAL POPULATION RATES 

The parameters P(a) in Equation 2A-12 above are estimated by 
fitting the regression model 

r'(a., p, d) = ro(a, p)[l + P(a)dj + error {2A-13) 
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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,p1d)/t(a1p1d), 
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 /J( a) 
to vary with a and then allow /3 to depend upon a in some specified 
manner. Essentially the same approach 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, 
but 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 fJ(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 ca.see 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 cases in a given cell, c(a,p,d), is a Poisson 
random variable with a mean given by t( a,p,d) r( a,p,d). The weights 
for the regression 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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The Poisson probability model is important in significance tests 
to compare models. Maximum likelihood estimation entails finding 
the values of unknown para.meters in a. model that maximize the 
probability of having obtained the data observed. This model and 
the maximum likelihood calculations provide a proper means of 
judging whether one model fits the data significantly better than 
another. This is carried out by likelihood ratio tests. 26 As an 
example in one of our analyses of the Eldorado data, described 
below, we used the model defined by Equation 2A-12. If /3 is not 
allowed to depend on a, the estimate of /3 is 0.026j when f:J is allowed 
to take on different values for a in intervals <55, 55-64, and 65+, 
the estimates are /3 = 0.025, 0.036, and 0.017 for these intervals, 
respectively {see Table 2A-3). The likelihood (that is, the maximum 
probability of observing the given data) is, of course, greater in this 
last case because there are more free parameters in the model. In this 
case the likelihood increased by a. factor of 2.1. The likelihood ratio 
test for determining whether this is a significantly better fit is given 
by a statistic, distributed as chi-squared, which is twice the natural 
logarithm of the ratio of the likelihoods, i.e., 2 x ln(2.l) = 1.6, and 
the degrees offreedom (d.f.) for this statistic is the difference in the 
number of parameters estimated by the two models, i.e., 3 - 1 = 2. 
The improvement in fit is significantly better only if this statistic is 
large; so in this example there is no evidence for a dependence of 
/3 on a, since the P valu.e for a chance occurrence being a.9 large as 
that observed, 1.5, is about 50%. 

The procedure can be used for comparing the fit of any two 
models, provided that the simpler one merely restricts the param
eters of the richer one, for example, restricting the three /3 values 
to be equal. The analysis based on the Poisson model also provides 
approximate standard errors for the para.meter estimates. These 
are useful for certain purposes, but the likelihood ratio method of 
significance testing should be used to select between models because 
it is less sensitive to the approximations involved. 

The statistical approach described above is closely related to 
standard SMR calculations. A commonly used manner of calculating 
the dose response is to compute an SMR for each dose category, and 
then to regress the SMRs in a suitable way on the mean dose levels 
for each category. The dose-speeific SMRs are computed from the 
data summary described above as c(d)/b(d), the ratio of observed 
to expected cases for each dose category, where c(d) and b(d) are 
the sums over a and p of c(a,p,d) and the product r0 (a,p) t(a,p,d), 
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respectively. The slope /J 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 /J( a) 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 consta.nt-relative-risk
model is adequate. We note that the SMR calculations model can 
be thought of as estimating a weighted average of fJ( a) with respect 
to a, even when /3 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 
multiplies all the r0( a,p) values. This has precisely the same effect 
as the commonly used device of estimating an intercept term in the 
regression of dose-specific SMRs on dose, or equivalently, replacing 
the l in the model represented by Equation 2A•l2 by an intercept 
parameter to be estimated. 

ESTIMATION WITHOUT USE OF EXTERNAL RATES 

We can go further and carry out analyses with purely internal 
comparisons within the cohort, as opposed to comparison to ex
ternal population rates. This approach simply treats each of the 
quantities 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 lea.st-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 
interest. In fact, it is often the case that this issue does not cause 
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serious problems. The estimates of parameters in the relative-risk 
term are nearly as precise, in many situations, for the internal anal
ysis as for the external analysis, provided that a one-parameter 
adjustment is made to the external rates, as suggested above. This 
conclusion is supported by theoretical investigations summarized by 
Kalbfleisch and Prentice0 and Cox and Oakes,3 and is demonstrated 
practically by the analyses described later in this annex. This very 
favorable comparability of the internally based estimates relative to 
the externally based ones may degrade somewhat as the model for 
the relative risk becomes more complex. 

Estimating the , 0 ( a,p) parameter as described here is equivalent 
to the more sophisticated rationale that underlies the Cox regression 
methodology, in which it is not necessary to think of the internal 
analysis as actually estimating the background risk. More precisely, 
the inferences regarding the para.meters in the model for the relative 
risk are exactly the same whether one formally estimates the ro ( a,p) 
parameters or carries out an analysis .conditional on the total number 
of cases in each of these strata. This latter rationale provides the 
more sound theoretical basis for the method. 

Some rather special computational methods have been used 
for the internal analyses. Numerical methods quite suitable for 
the external analysjs, for example, those which would be used in 
a program such as SAS, a.re not appropriate when a very large 
number of parameters , 0 ( a,p) need to be estimated as well. We used 
a. method in which the parameters in the relative risk part of the 
model were held fixed at some trial value and the parameters , 0 ( a,p) 
were estimated simply, with no numerical search. One can alternate 
in an iterative algorithm between (1) updating the parameters in the 
relative risk while treating the r0 ( a,p) parameter as fixed and using 
standard iterative methods, and (2) updating the , 0( a,p) parameter 
while treating the parameters in the relative risk part as fixed. A 
convenient interactive program called AM FIT, developed by Pierce 
and Preston,16 has been used for the calculations in this report. This 
program is also useful for the analysis based on external comparisons. 

THE COMMITTEE'S ANALYSIS OF MINER DATA 

The approach outlined above was used to carry out separate but 
parallel analyses of four cohorts of exposed miners. The aim in this 
was to examine the dependence of the relative risk on several factors: 
age> time since exposure, age at first exposure, and exposure rate 
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(expressed as duration of exposure for a 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 
effects 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 model, more complex 
than ordinarily used in the pa.st, 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 

This 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 protocols for 
defining data from these studies were taken essentially as described 
in the reports by Howe et al.,8 Muller et al.,12.18 Radford and 
Renard,10 and Hornung and Meinha.rdt.7 Data on individual miners 
were made available to us for the first three of these cohorts. 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 
calculations, which are implicitly based on constant-relative-risk 
models, time at risk is often excluded during periods when the 
excess risk is known a priori to be small, such as during the first few 
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yeare after exposure begine. The methods used here do not assume 
constant relative risk and, in particular, model the excess risk as 0 
during such periods. Further, exclusions of time at risk to deal with 
the healthy worker effect a.re avoided here by relying on internal 
cohort comparisons and estimation of a background SMR for each 
cohort. Thus, all time at risk is included in the values reported 
below. 

The person-years at risk were computed from the beginning of 
the follow-up period of each miner. For the Ontario and Colorado 
miners, we have taken this to be the date of the first annual physical 
during the study period. Cumulative exposures were computed with 
a 5-yr lag of current age, to allow for a. minimal period when the 
exposures would not be expected to result in a substantial risk of 
lung-cancer mortality. It is not possible to estimate precisely the 
duration of the latent period, and this value is somewhat arbitrary. 
However, if the actual latent period is longer, its effect will be 
accounted for in the final model. 

For the Malmberget cohort, Radford and Renard19 used special 
methods for computing final cumulative exposures for the lung~ 
cancer cases. Since the analysis here required computing exposures 
at each age, it was necessary to use the same method for cases as for 
noncases. For the Ontario cohort, Muller et al.12,13 have computed 
two sets of exposure estimates, called standard and special, which 
a.re discussed in Appendix IV. Because the committee believes that 
the method used to obtain the special WLM provided only an upper 
bound on exposure, the analyses here are in terms of the standard 
WLM. Our analyses using the special WLM exhibited essentially 
the same patterns of risk but at an overall level that was about 
half as large. For the Ontario data, we have included those workers 
referred to by Muller et a1.1a as having no prior gold mine expe
rience. It is known that some of the Ontario miners included in 
the zero-exposure group had some exposures in aboveground work, 
but ignoring these exposures has no substantial effect on the results 
here. For the external analyses, the comparison populations for the 
cohorts other than the Colorado cohort were taken as given by the 
original investigators: all Canadian males (Eldorado), all Ontario 
males (Ontario), all Swedish males (Malmberget). For Colorado, 
these were ta.ken as all U.S. white males. In each case some adjust
ment, as described later, was made to allow for possibly different 
background rates between the study cohorts and the comparison 
population. 
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EXPOSURE (WLM) 
FIGURE 2A•l Excess rel&tive risk Hd 67% confidence limits by exposure c&te• 
gory aa observed in the Eldora.do uranium miners at Bea.ver)odge, Saabtchewan, 
Canad.a.. The comparison is to external popula.tion rates. 

Figures 2A-1 through 2A-4 show the excess relative risk in 
exposure categories for ea.ch cohort. These rermlts were computed 
by ordinary SMR methods, comps.ting 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 reladve risk and 67% confidence limitB by exponre cat
egory a.a observed in the uranium miners in Ontario, Canada. The comparison 
is to external population rates. 

Eldorado (January 1, 1950, to December 31, 1980) 
Lung-cancer deaths: 65 
Person-years at risk: 114,170 

Ontario (January l, 1955, to December 31, 1981) 
Lung-cancer deaths: 87 
Person-years at risk: 217,810 

Malmberget (January 1, 19511 to December 31, 1976) 
Lung~cancer deaths: 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: 66,237 



Copyright © National Academy of Sciences. All rights reserved.

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

104 HEALTH RISKS OF RADON AND OTHER ALPHA-EMITTERS 

a.o 
MALMBERG ET 

~ 
ti) 

6.0 

a! 
w 

5 w 

4.0 

a:: 

I u, 
ti) 

2.0 w 
(.) 

~ 

0.0 

- 1.0 
0 20 50 100 150 200 250 

EXPOSURE (WLM) 

FIGURE 2A-3 Excess relative risk a.nd 67% confidence lirnlh by expogu.re 
category as observed in the iron ore miners in Malmberget, Sweden. The 
comparison Is to exiernal population rates. 

Tables 2A-6 through 2A-9 at the end of Pa.rt 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 fallows. 

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-y:r intervals from 30 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 2A-3. 
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FIGURE 2A-4 Excess relat ive risk &nd 67% confidence llmha by exposure 
category a.s observed ln the uranium miners on the Colorado Pla.te&u. The 
compa.ri&on is to external pop\lht.tion rate$. 

SEPARATE ANALYSES OF THE COHORTS 

Initially, separate analyses were done for ee.ch cohort. The aim 
was to determine how the relative risk depends on dose history and 
other factors, by methods explained in the previous sections. It 
was found that the data from individual cohorts were only strong 
enough to investigate the effect of factors, in addition to dose, one 
at a time. After finding in this way those factors that seem to have 
consistent and substantial effects, we will turn to investigating their 
joint effects by analyzing the combined data from the cohorts. 

Part of this analysis was done in terms of models of the form: 

r(age, period, dose, other factors) = r0 (age, period)(1 + /3d), (2A-14) 

where /3 is in turn taken as constant, and then is allowed to depend 
on intervals of age and other factors. Here d means cumulative 
exposure in WLM at a time 5 yr prior to the age at which risk is 
being estimated. The other factors considered, in addition to age, 
were (1) age at first exposure; (2) duration of exposure (essentially 
adjusted for cumulative exposure because of the din the model); and 
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TABLE2A-1 Summary Data for the Four Miner Cohorts 
Exposu.re Mean No. of Expected Pel"S'On-Years Excess 67% Confidence 
Category Exposure Cas,es No. of Cases al Risk Relative Risk Limits" 

Eldorado 
0- 20 1 JJ 21.36 97,959 0.54 0.23 0.88 

20-50 32 9 3.31 9,243 1.72 0.84 2.96 
50-IO0 6t, 8 2.27 4,127 2.53 J.31 4.26 

100-150 120 5 0.85 1,479 4.87 2.35 8.83 
>ISO 208 10 0.94 1,351 9.69 6.38 14.22 

Ontario 
0-20 5 34 31.49 149,387 0.08 -0.10 0.30 

20-50 35 21 12.59 38,574 0.67 0 . .31 I.JI 
S0-100 71 13 7.14 17,571 0.82 0 . .32 1.48 

100-150 123 5 2.47 6,068 1.03 0.15 2.39 
150-200 174 6 ] .67 ],842 2.60 1.18 4.74 
>200 250 8 J.50 2,364 4.J2 2.49 6.94 
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Mal.mberget 
0-20 8 0 1.26 5,559 -1.00 - 0.46 

20-50 34 11 2.61 6,tn 3.22 1.97 4.90 
50-100 75 11 3.98 7,105 1.76 0.95 2.86 

100-150 123 8 2.77 4,594 1.89 0 .90 3.31 
1S0-200 171 15 2.94 3,067 4.10 2.81 5.78 

>2-00 217 6 l.31 937 3.57 t.n 6.29 

Colorado 
0-60 1'1 9 9.00 18,0<U! 0.00 -0.33 0.46 

60- 120 86 5 4.85 6,342 0.03 -0.41 0.73 
120-360 254 32 14.31 18,711 1.24 0.84 1.70 
360-480 374 9 3.78 3,545 1.38 0.61 2.46 
480-720 674 34 8.26 8,450 3.12 2.42 3.95 
720-960 756 23 3.28 4,027 6.02 4.58 1.80 
960-2,000 1,682 45 5.17 7,111 7.70 6.41 9.19 
>2,000 2,411 99 10.46 7,405 8.46 7.52 9.51 

4 Thc 67% confidence limits for excess relative risk are an 11I1alog of ±1 standard error, but arc computed by more exact methods using the Poisson 
d.istribu1ion. 

.... 
~ 
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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, d1, d2, ds) 

= ro(age,period}[l + (/hd1 + /32d2 + ,Bsds)] (2A-15) 

where di, d21 and ds are the WLM exposures incurred in respective 
periods of 5- 10, 10-15, and 15 or more* years prior 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 /Ji. 

Tables 2A-2 and 2A-3 summarize 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 seen 
in Figure 2A-4, and will be discussed in more detail below. Table 
2A-2 is based on comparisons internal to the cohorts, and Table 
2A-3 is based on comparisons to external population :rates. That 
is, in Ta.hie 2A-2 the functions r0 (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 SMR.s and are given in Table 2A-3 for the fit to 
the model where ,8 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. 

•s- 10 means from the beginning of the 5th year untll the end of the 9th 
year, etc. 
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TABLE 2A-2 Internal Analysis of Relative Risk as a Function of Age at 
Risk, Age at Start of Exposure, Duration, and Time Since Exposure 

13" Depending 
Increase in Relative Rlsk/100 WLM" 

on: Eldorado Ontario Malmberget Coloradob 

tonstant 2.6 (1.5f l.4(L,6) 1.4 (2,6) 0.6 (l.5) 

Age (yr) 
<55 2.0 (2,0) 2.l (1.8) 3.0(13.0) 0.8 (2.1) 
55-64 3.9 (I. 7) O.S (2.S) 1.3 (3.S) 1.2 (2.4) 
65+ 1,.6 (2.4) ll.6 (12.0) 1.0 (5.8) 0.1 (2.7) 
Chl-squarcdd 1.0; P > 0.5 2.4;P = 0.30 0.2; P > 0.5 6.0; P = o.os 

Age (yr) at start 
<JO 0.3 (7.4) LS (2,1) 1.4 (2.4) 0.4 (1.7) 

JO+ 3. 7 (1.5) 1.2 (1.6) 0.2 (75) 0.9 (1.5) 
Chi-squared 4.0; P = 0.05 0.1; P > o.s 2.l;P c 0.15 4.9; P "" 0.03 

Duration (yr)' 
<2.S 0.9 (2.1) 1.S (2.l) l.4 (2.4) 0.1 (2.S) 
2.5-5 0.4 (30) 1.7 (1.9) 1.7 (2.4) 0.3 (l .S) 
>5 3.2 (1.4) 0.6 (3.1) 1.3 (2.5) 0.7 (1.4) 
Chl•~quared 5.0: P "' 0.08 0.2; P > o.s 2.9; P = 0.23 20; P < 0.001 

Time (yr) since 
e>:posuref 

5- 10 17.7 (1.5) .l.l (5.2) lO.O (2.4) 0.5 (1.6) 
10-15 1.4 (6.0) 3.6 (1.6) o.o (-) 0.5 (1.6) 
> 15 l.l (2.0) 0.3 (6.6) 1.0 (4.0) 0.6 (1.4) 
Chi-squared ll; P = 0.004 5.3; P = 0.07 2.1; P = 0.35 0.1; P > 0.5 

•(j in Equation 2A-14. 
bCumulative exposures > 2,000 WLM are excluded. 
"Numbers in parentheses are multiplicative standard C!1'01'$, 

dslgnlflcancc of the dependence of the relative risk on tl\e factor in comparison with a constant 
relative risk model. 
' Durations for Malmbergct are <20, 20-29, and >30 yr. 
1Coefficients to multiply the three components of exposure in Equation 2A·1S. 

Except for the rows labeled "time since exposure,» the numbers 
given in Tables 2A-2 and 2A-8 are estimates of /3 in the model 
represented by Equation 2A-14, that is, age-specific excess relative 
risk per 100 WLM (lagged by 5 yr) for the specified levels of the 
variables indicated. For the case where the relative risk is not taken 
to depend on other factors, labeled "constant" in the tables, the 
estimates in Table 2A-3 for the external comparisons are essentially 
those that arise from conventional SMR calculations. That is, if 
SMR.s were computed by dose category and appropriately regressed 
on the mean dose for eac::h category, then the estimated slope is the 
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TABLE2A-3 External Analysis of Relative Ris.k as a Function of Age at 
Risk, Age at Start of Exposure, Duration, and Time Since Exposure 

(3" Depending fncrease in Relative Risk/ 100 WLMq 

on: Eldorado Ontario Malmbergct Coloradob 

Constant 2.6 (I .4)< I .2 (1.5) ).6 (2.5) 0.6 (1.5) 

Age (yr) 
<SS 2.S (l. 7) 1.6 (1.6) 2.5 (3.2) 0.7(1.4) 
55-65 3.6 ( 1.5) 1.2 (1.7) 2.4 (2.2) 0.6 (1.S) 
<65 1.7 (2.0) 0.0 (-) l.l (3.0) 0.3 {1.6) 
Chi-squaredd 1.5; P "" 0,47 2.8; P "" 0.25 3.2; P"" 0.20 6.6; P"" 0.04 

Age (yr) at start 
< 30 0.7(4.0) 1.4 (2.9) l. 7 (2.4) 0.6 (1.5) 
>30 3.2 (1 .4) 1.2 (1.6) 1.3 (6.0) 0.6 (l.S) 
Chi-squared 2.9; P = 0.09 0.0; P > o.s 0.2; P > 0.5 0.0;P > 0.5 

Duration (yr'f 
<2.5 1.0 (2.0) L.4 (5.0) l.2(-) 0.1 (2.5) 
2.5-5 o.s (12.0) 1.6 (1.9) 2.3 (2.6) 0.3 (1.5) 
>5 3,2 (I .4) 1.2 (1.6) 1.3 (3.4) o. 7 (l.4) 
Chi-squared 4.J; P ;;;;; 0.L2 0.2: P > o.s 1.7; P = 0.43 21.0; P < 0.OOl 

Time (yr) since 
e:itposurc 

5-10 l l.2 (1.5) 0.7 (S.9) 8.6 (2.3) 0.7 (1.5) 
10-1S 1.2 (3.8) 3,5 (l.5) 0.7 (-) 0.8 (1.5) 
> 15 1.7(1.8) 0.2 (6.0) 1.0 (3.7) 0.5(1.4) 
Chi-squared 7.1: P = 0.03 8.2; P "" 0.02 3.8; P - 0.15 J.6; P "" 0.45 

Background 
SMR 1.4 (1.2) Lt (l.2) l.25 (fi:ited) 0.8 (1.3) 
0 (j in Equation 2A-l4. 
bCumul3tive exposures > 2,000 WLM are excluded. 
0 Nurnbers in parentheses are multiplicative standard errors. 
dSlgnificance of the dependence of the relative risk on the factor in comparison with a constant 
relative risk model. 
•Durations for Malmberget are < 20, 20-29, and >30 yr. 

f3 for a constant relative excess risk in Table 2A-8. The estimates 
of the time-since,.exposure effect at the bottom of Tables 2A-2 and 
2A-3 a.re the parameters /31 , /32 , /33 of the model represented by 
Equation 2A-15. 

The numbers in parentheses are multiplicative standard errors, 
which a.rose in the following way. These parameter estimates are 
more nearly normally distributed on a logarithmic scale. A standard 
error of the ordinary plus or minus type for estimates on a log scale 
becomes a (multiplicative) factor given by its antilogarithm upon 
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changing back to the original sea.le. For example, the first entry 
in Table 2A-2 was calculated on a log scale a.s 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 the 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}2]. These standard 
errors represent only the uncertainty of the estimates due to sampling 
variation, not that, for example, due to any errors in dosimetry 
ascertainment of deaths. 

Another primary feature of the tables are chi-squared statistics 
and P values for the statistical significance of the dependence of 
relative risk on each of the factors investigated. A13 outined above, 
these statistics are based on likelihood ratio tests, 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 where the 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, the 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 subsequent 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 20,17118 and it ia rather widely held 
that such an effect should be expected more generally. 14 It should 
be realized, though, that in prolonged exposures such at these, age 
at first 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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sufficient statistical power to detect a real effect. The results in 
Tables 2A•2 and 2A-3 certainly do not suggest following up on this 
aspect of risk variation for these particular cohort data. 

Turning to the effect of duration of ex.posure, it is emphasized 
that since the relationship examined here is, in effect, adjusted for 
cumulative exposure, this could equally be called an effect of expo
sure rate. The only significant or consistent such effect found here 
is in the Colorado cohort. The direction of this effect is that short 
high-level exposures are associated with lower risks per unit cumu
lative exposure, a result also noticed by Hornung and Meinhardt.7 

Because this effect is not seen in the other cohorts, and because 
we found it difficult to incorporate this rough assessment of it into 
further modeling, it is not followed up here. It would be important 
to do so in future work. 

Except for the Colorado cohort, the parameter estimates at the 
bottom of Tables 2A-2 and 2A-3 show a quite consistent and possibly 
significant decrease in relative risk with time since exposure. The 
committee considered, through various more detailed investigations, 
whether this apparent effect rnight be an artifact of some other 
time-dependent factor in the cohort experience. Although this may 
be possible, no alternative explanation could be found. A possible 
concern is that when an apparent decrease of relative risk with age 
and time since exposure factor are investigated separately, as in 
Tables 2A-2 and 2Aft3, they might reflect the same aspect of the 
data. This is because at a time when a miner's substantial exposure 
was many years ago he will also tend to be older. Tbe separation of 
these effects is considered in the analysis of their joint effect in the 
combined data. (see below). 

Several aspects of the Colorado data require further discussion. 
H the full dose range is used, a quadratic departure from linearity 
in the model given in Equation 2A-14 is marginally significant (P 
= 0.06). The linear term in this quadratic fit is essentially the 
same as the value of 0.60 given in Tables 2A-2 and 2A-3 for the 
linear fit to the restricted dose range. If a linear model is fitted 
to the entire dose range, the slope decreases to about 0.40. These 
considerations led us to conclude that for risk estimation in the 
moderate dose range, it would be better to restrict the range of 
exposures used. The decision to use exposures under 2,000 WLM 
was based on the observations that this is roughly the widest range 
where these nonlinearity problems a.re not present, and that the slope 
is essentially the same for this range as for restricting the exposure 
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to under 1,000 WLM. Moreover, current interest centers on risks 
at relatively low levels of exposure. The analyses of the Colorado 
data in Table 2A~2 were also carried out with a linear model both 
by restricting the exposures to less than 1,000 WLM and by using 
all exposures. The results were quite similar to those in Table 
2A-2 with three exceptions. As noted, the constant risk estimate is 
substantially smaller when the entire dose range is used, and also in 
that case the decrease of relative risk with age and with time since 
exposure become larger. 

The reason for fixing the Malmberget background SMR at 1.25 
was as follows. For this cohort the background SMR is very poorly 
estimated at a questionably high value of about 2.0, with a multi
plicative standard error of 2.5. The reason for this can be seen by 
inspection of Figure 2A-8, where estimation of this background SMR 
corresponds to estimation of a. zero-dose intercept. (In Figure 2A-3, 
the intecept would be 1.0 less than the SMR.) The large relative 
risk of 3.2 in the 20-50-WLM category is very poorly estimated but 
highly influential in estimating the value of the intercept, When the 
SMR is estimated as 2.0, the slope is about 0. 7. However, fixing 
the SMR at even 1.0 does not cause a significantly poorer fit ( chi
squared = 1.0 on 1 d.f.), and the slope estimate increases to 1.8. 
This means that estimation of the background SMR for that cohort 
results in a very imprecise estimate of the slope, which is highly 
influenced by the large but poorly estimated relative risk in the 
20-5().. WLM category. It was our judgment, considering the pattern 
of dose response shown in Figure 2A-3, that the slope estimate of 
0.7 was unreasonably small; and thus, it was best in this case to 
fix the background SMR at some arbitrary but reasonable value. In 
line with the other two cohorts where the value was greater than 1, 
it was fixed at a value of 1.25. This element of arbitrariness does 
not have a substantial effect on the overall conclusions presented 
here. The inferences from Tables 2A-2 and 2A-3 regarding effects 
of factors other than cumulative dose are affected very little by fix
ing this SMR. In the analyses of the combined data sets to obtain 
our final risk estimates, the Malmberget estimate is given relatively 
small weight because these data are less extensive than are those for 
the other cohorts. 

For those interested in more careful scrutiny of the above results, 
Tables 2A-6 through 2A-21 at the end of Part 1 of this annex 
provide a fairly detailed description of the data for each of the 
four cohorts. These tables give observed and expected lung-cancer 
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deaths, in several cross-classifications of dose and other factors. No 
adjustment was made to the background rates in computing the 
expected numbers in Tables 2A-6 through 2A-21 that were obtained 
by conventional SMR methods. The background SMRs from Table 
2A-3 can be applied to these if desired. 

Summarizing the :results of the analyses of individual cohorts, 
there is substantial evidence that the relative risk depends on age 
at risk and/or time since exposure, and there is little clear evidence 
that it depends on the other factors considered. The Colorado 
cohort does not exhibit the time since exposure effect at under 2,000 
WLM; but, as with all the effects examined here, this aspect is not 
well-estimated from that cohort a.lone. Moreover, this effect does 
emerge when the wider range of exposures there are considered. The 
duration ( or dose-rate) effect seen in the Colorado data is of interest, 
but will not be pursued further here. 

ANALYSIS OF COMBINED COHORTS 

In this section the effects of age and time since exposure are 
investigated further by formally estimating them in common over 
the four cohorts. It is well-known that serious biases can occur in 
estimation of effects by combining cohort studies with very different 
levels of apparent risk or by involving very different ranges of dose 
and other variables whose effects are under consideration. We feel 
that we have taken reasonable care to avoid this by paying close 
attention to the comparison of analyses by cohort and the combined 
analysis. Fu,rther, in the analysis to follow a different level of overall 
risk for each cohort is allowed, largely to minimize the possibility of 
such biases. 

The basic model used for the combined analysis is of the form: 

r(age1 per iod, cohort, d1, "2, ds) = ro(age, period, cohort) 

·ll + ,8(cohort)'y(age)(d1 + 82"2 + Bsds)], (2A-16} 

where, d1, d2, and d3 are the WLM exposures incurred in respective 
periods of &-10, 10-15, and 15 yr or more prior to the age at which 
risk is being estimated. The parameter .8(cohort) represents the 
cohort-specific level of risk, which is defined more precisely below. 
The parameter 'Y( age) represents an effect of age on the relative risk, 
taken to be the same over cohorts. This parameter is allowed to take 
on distinct values for age in each of the three intervals <55, 55-64, 
and 65+ yr. Due to the parameterization here, one age interval can 
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be arbitrarily defined as a baseline, and it is taken to be 1.0 for 
5~4 yr of age. The parameters 82 and 83 represent a.n effect of 
time since exposure, also taken as the same over cohorts. Factoring 
out ,B(cohort) and reexpressing the time-since-exposure effect in this 
way a.mounts to requiring that the ratios of the three /J's for each 
cohort in Equation 2A-16 are constant over cohorts, while their 
general level can depend on cohort. In view of these definitions, it 
follows that ,B(cohort) is specifically the excess relative risk per 100 
WLM incurred during the period &-10 yr before the current age for 
one of age 55-64 yr. 

Both internal and external analyses follow, with r0 (age, pe
riod) for each case taken as explained in the previous section. The 
Malmberget background SMR is fixed at 1.25, as before, and only 
the Colorado data at less than 2,000 WLM of cumulative (lagged) 
exposure are used. For each of the analyses, four models related 
to that in Equation 2A·l6 are fitted to the combined cohort data. 
The results are reported in Tables 2A-4 and 2A-5. First, all three 
1

1s and both 61 1s are fixed at 1.0, resulting in a c-0nstant.relative-risk 
model as in Tables 2A-2 and 2A-3. Next, the models were fitted 
by estimating the -r's to represent an age effect but holding O's at 
1, that is, no time-since-exposure effect. Then, similarly, models 
were fitted with a time-since-exposure effect but no age effect, and 
finally, models were fitted with both effects estimated. The primary 
purpose of fitting four models in this way is to investigate whether 
these are to a large extent separate effects, or just different ways of 
explaining the same aspect of the data. 

A number of things can be learned from studying Tables 2A-4 
and 2A-5 and comparing them with Tables 2A-2 and 2A-8. These 
will first be discussed without going into technical statistical issues, 
which will be explained later. The fit to the combined data with 
common age effects is not significantly poorer than that when each 
cohort is allowed its own estimated age effect; that is, the age 
effects do not differ significantly between cohorts. In this same 
sense, the time-since-exposure effects are marginally significantly 
different between cohorts, primarily because of the rather sharp and 
significant effect in the Eldorado cohort and the lack of an apparent 
effect (for exposures under 2,000 WLM) in the Colorado cohort. 
It is nevertheless our judgment that it is reasonable to pool the 
cohorts for estimation of this effect, and the way of doing this will 
be explained in the following section. Discussion of the variation of 
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TABLE 2A-4 Internal Analysis of Combined Data for Four Cohorts: 
Analysis of Joint Effects of Age and Time Since Exposure 

Excess Relative Risk/JOO WLM" 

Constant Relative Both Age 
Risk Age Effcctb Effect of TSE0 and TSE Effect 

Eldorlldo 2.6 (LS)" 3.3 (1.6) 6.2 (1.6) 7.0 (1.7) 
Ontario 1.4 (1.6) 1.3 (1.7) 2. 7 (1.6) 2.3 (1.8) 
Malmbet8Ct 1.4 (2.6) 2.2 (2.6) 3.5 (2.4) 5.1 (2. 7) 
Colorado 0.6 (l.S) 0.7(1.7) 1.0 (1.6) 1.1 (1.8) 

y parameters at: 
<55 yr 1.1 (1.7) 1.1 (1.6) 
65+ yr: 0.3 (2.0) 0.3 (2.0) 

Theta r;>arametcr$ 
(TSE): 

Exp 10-15 0.7 (1.4) 0.8 (1.4) 
Eitp 1S+ 0.3 (1.4) 0.4 (1.4) 

Comparison of 
fits: 

Chi-squared 4.1 (2 df'): 6.0 (2 df); 9.6 (4 df); 
comparison to P :::, 0.13 P "" 0.05 P = 0.05 
column I 

•Parameter estimates for Equation 2A-15 fitted with neither age nor time effects, with each one 
alone, and with both. 
b Age effect = l for age SS-64. 
"TSE = Time since ~owre. 
dNumbers in parentheses ate multiplicative standard errors. 
'df "' Degrees of freedom. 

general levels of risk between the cohorts is also postponed until the 
following section. 

The age and time effects do appear to be substa.ntially indepen
dent effects, rather than just capturin.g a single effect in the data. 
that is correlated with both variables. Simply stated, the evidence 
for this is that the chi-squared statistics for the joint effect are sub
stantially larger than those for either of the effects taken separately, 
and also that the standard errors in the model with both effects are 
not substantially larger than those in the models with a single effect. 

The significance of the age a.nd time effects is somewhat greater 
in the external analysis than in the internal one. This is to be 
expected on general statistical grounds. Even the combined cohort 
data are rather weak for estimating such detailed aspects of the 
relative risk. Use of known external rates is of substantial help in 
estimatin.g such detail, even though the estimates for simpler models 
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TABLE 2A-S External Analysis" of Combined Data for Four Cohorts: 
Analysis of Joint Common Effects of Age and Time Since Exposure in 
All Four Cohorts Together 

BKcess Relative Rlsk/ 100 WLMb 

Constant Relative Risk Age Effecr Effe<lts or TSE" Both Age and TSE 

Eldorado 2.6 (1.4)' 3.2 (l.S) 4.1 (LS) 3.8 (1.6) 
Ontario 1.3 (1.5) t.4 (t.S) 1.9 (1.6) 1.6 (1.6) 
Malmberget 1.6 {2.5) 2.2 (2.5) 2.5 (2.4) 2. 7 (2.4) 
Colorado 0.6 {1.5) 0.6 (1.5) 0.8 (J.5) 0.7 (l.6) 

'Y parameters at: 
<SS yr I.I (1.2) 1.2 ( 1.2) 
65+ yr 0.5 (l.3) 0.6 (1.3) 

Theta parameters 
{tSE): 

Exp 10- 1s 1.J (1.4) l.3 ( l.4) 
Exp 15 + 0.5 (l.3) 0.6 (1.3) 

Comparison of 
fits: 

Chi-squared 12.5 (2 dr/); 9.9 (2 dfl); 19.2 (4 elf); 
comparison to P = 0.002 P = 0.007 P < 0.001 
colt1mn ,1 

"The background SMRs are essentially the same as In Table 2A-3. 
bParameter estimates for Equation 2A-15 fitted with neither age ·nor t ime effects, with each one 
alone, and with both. 
t Age effect = l for age S5-64. 
"TSE = Time since exposure. 
tNumbers in parentheses are multiplicative standard errors. 
l df - Degrees of freedom. 

such as the constant-relative-risk model are almost equally precise by 
either method. Counter-balancing this gain from the use of external 
rates is the concern that they may not be entirely appropriate for 
these cohorts. 

The decline in relative risk with age is quite consistent and 
significant. It is estimated as essentially the same in both the 
internal and external comparisons and whether or not the time-since
exposure effect is simultaneously estimated. Our interpretation of 
this effect is that excess cancer begins to appear within a few years 
of exposure, regardless of age, and can lead to a rather substantial 
relative risk in middle age because the background risk i.s not as 
great there as at older ages (65+ yr) . 

Point estimates of the parameters for the time-since-exposure 
effect differ somewhat under the two types of analyses. In particular, 
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it is of concern that, in the external analyses, the parameter for 
exposures 10-15 yr back is greater than that for the 5- to 10-yr 
interval. This may be due, in part, to the fact that the 5-10 yr 
category includes latency years, which reduces the apparent risk. 
However, it should be understood that these individual parameters 
are not very precisely estimated from these data. Eliminating the 
Colorado cohort from the analysis shows that most of the difference 
between the external a.nd internal analyses comes from this cohort. 
In the external analysis of the Colorado cohort alone, the risk due 
to exposures 10-15 yr back is estimated as only 0.8/0.7 of that due 
to exposures 5- 10 yr back (Table 2A-3), a ratio smaller than 1.3 
from the combined analysis. Thus it seems likely that some bias 
due to combining cohorts may lead to the estimate of l .S in the 
external analysis. Reea.11 also that analysis of the full dose range for 
the Colorado cohort shows an effect of time since exposure similar 
to that in the other cohorts. We conclude that there is a trend in 
relative risk with time since exposure, as well as with age at risk, 
and merge the evidence from all aspects of the analyses. 

Finally, we turn to some of the more technical statistical aspects 
of analyses to support the above conclusions. Formal statistical 
assessment of the significance of the time-since-exposure effect ad
justed for the age effect can be made a.s follows, In the internal 
analysis (Table 2A-4), the difference in chi-square for both effects 
compared to chi-square for the age effect is 9.6 - 4.1 = 5.5 on 
2 d.f. (P = 0.07), about the same level of significance as for the 
time-since-exposure effect a.lone. Similar calculations apply to the 
external analysis and for assessing the effect of age adjusted for time 
since exposure. These considerations show that the two effects are 
substantially independent of one another. 

Information given in Ta.hies 2A-2 through 2A-5 also provides 
for assessment of the commonality of the age and time effects over 
cohorts. This forms the basis for this analysis and underlies any 
generalization from these studies. For example, consider the question 
of equality of the time-since-exposure effects over the cohorts from 
the internal analysis. The sum 11 + 5.3 + 2.1 + 0.1 = 18.5 of 
the chi-squared statistics for time-since-exposure effects in Table 
2A-2, less the value 6.0 for testing this effect from Table 2A-4, is 
a chi-squared statistic of 12,5 on 6 d.f. for testing the equality over 
cohorts of the time-since-exposure effect. (The 6 d.f. is the result 
of the fact that there are eight parameters for this effect when they 
are not constrained to be equal and two parameters for it when 
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they are.) The P value for this test is about 0.05, indicating some 
evidence for a difference. However, from the external analysis, the P 
value is about 0.10, and the corresponding tests for equality of age 
effects are not at all significant. Our interpretation of these results 
is that it is reasonable to rely on estimates of these effects from the 
combined analysis, taking them to be an estimation of a quantity 
that is roughly constant over cohorts. 

ESTIMATION OF A FINAL MODEL 

Our conclusions from the above analysis are that it is best to 
describe these data in terms of a model that incorporates effects 
on the relative risk of both age and time since exposure, and that 
effects of age at first exposure and duration of exposure should not 
be included. Further, we conclude that the dose-modification effects 
that we have included can reasonably be estimated as the same in 
all four cohorts. 

How to handle the apparent variation of the general levels of risk 
over cohorts, as shown by the cohort-specific parameters of Tables 
2A-4 and 2A-5, is a somewhat different matter. For the constant
relative-risk models, the likelihood ratio test of equal relative risk 
over the four cohorts yields chi-squared statistics of approximately 
6.6 and 6.5, on 3 d.f., for the internal and external analyses, respec
tively. These correspond to a P value of about 9%i that is, there 
would be 9 chances in 100 of obtaining estimates this different if, in 
fact, the risks were the same for all four cohorts and the dosimetry 
and ascertainment of mortality were exact. For the other models 
incorporating age and time effects taken to be the same over co
horts, testing for the equality of cohorts shows about the same level 
of statistical significance. This quite marginal statistical significance 
of the cohort differences might seem surprising, in view of what are, 
from a risk assessment perspective, quite dispa:rate estimates; it is 
worth looking at this in another way. It is a routine and general 
statistical calculation that if four independent estimates of the same 
quantity are obtained, estimates whose logarithms are normally dis
tributed and whose multiplicative standard errors are 1.5, in line 
with the estimates here, then there is a 10% cha.nee that the ratio 
of the largest to the smallest will be at least 4.6, which is about the 
same as the variation found here. 

Thus, particularly in view of the inevitable systematic differences 
in dosimetry and other substantial inadequacies in studies such as 
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this, the variation seen here is as small as could reasonably be 
expected. This is not to say that the differences are of no interest and 
may not reflect inadequacies in the data, which would be important 
to eliminate. There is certainly no reason, though, to discount the 
results from any of these studies purely on the grounds that the 
estimate from it is too extreme in relation to the others. 

Returning to the age and time effects, the decline in relative risk 
with time since exposure seems to us to be indeed quite different from 
the experience of the Japanese atomic-bomb survivors17•18 and some 
other cohorts exposed to external low-LET radiation.u Darby et al.4 

have, however, recently reported a similar effect in the ankyloaing 
spondylitis data. Other investigators have found this general sort 
of effect in the radon data on miners: Lundin et al.,11 Harley and 
Pasternack,6 Thomas and McNeill,22 Thomas et al., 2s and Hornung 
and Meinhardt. 7 We feel that the differences between our results 
and those of these investigators are much less important than the 
possible differences between the results here and those found in the 
acute, low-LET external exposures. 

A decline of relative risk with age is not easily distinguished 
from a decline with time since exposure, and these effects are likely 
to become confused in many cohort analyses. Evidence presented 
here does suggest that both effects act somewhat independently. The 
analyses of the Japanese atomic~bomb survivor data are commonly 
held to support no such effect. Those analyses, however, include a 
substantial decrease in relative risk with age at exposure, and this is 
difficult to distinguish from a decline with age. If models are fitted 
to the Japanese atomic-bomb survivor data with no ( or substantially 
less) effect of age at exposure, then there is an apparent decrease 
in relative risk with age.17•18 Moreover, it has recently been pointed 
out that there' is some indication of a decrease in relative risk with 
age for those exposed at an early age.17•18 Thus, the evidence of a 
difference between the data. analyzed here and those on external, 
acute, low-LET exposures with regard to age at risk is not totally 
clear. 

In view of the results shown in Tables 2A-4 and 2Aw5, it seems 
reasonably clear that the parameter 82 in Equation 2Aw 16 for the 
ratio of effects of exposures 10-15 yr back to that of 5-10 yr back 
should be taken as fairly close to unity. Our judgment is that it 
is best for present purposes, with the lack of clearer information, 
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to take this as 1.0. If the combined data are refitted with this 
specification, the remaining estimates for age/time effects are: 

Time since e"posure i: 15 yr 
Age, <55 yr 
Age, 65+ yr 

l ntcrnol 
Analysis 

0.4 
1.2 
0.3 

External 
Analysis 

0.6 
J.2 
0.6 

The committee decided to take the TSE parameter as 0.6, and the 
age parameters for less than 55 yr and 65 or more yr as 1.2 and 
0.4, respectively. Refitting the data with the three parameters fixed 
at these values yields for /J, the excess relative risk per 100 WLM 
cohort-specific risk for the baseline categories of age and time as: 

Internal External 
Cohort Analysis Analysis 

Eldorado S. l s.o 
Ontario 1.8 2.0 
Malrnbetget 3.6 3.7 
Colorado 0.9 0.7 

When the combined data are fitted by replacing these cohort-specific 
parameters by a common parameter for all cohorts, the estimate of 
f3 for the internal analysis is 2.2 and for the external analysis is 
2.6. The difference between these values is small relative to the 
precision of estimation. The committee selected 2 .5 as the values of 
this parameter, Thus, the final model chosen to describe these data 
15 

r(age, period, dose history) = ro(age) 

·11 + 0.025"Y(age)(W1 + 0.SW2)]1 (2A-17) 

where -y(age) is 1.2 for age <55 yr1 1.0 for a.ge 55-64 yr, 0.4 for age 
65 yr or more; W 1 is the cumulative WLM incurred between 5 and 
15 yr before age 4i and W 2 is the WLM incurred 15 yr or more 
before this age. 

We do not think that standard errors of parameter estimates 
in a model of this complexity are very useful. Some discussion 
of this is given in Chapter 2. It may be of interest, though, in 
consideration of this, that if the age and time effects are taken 
as fixed at the above values, then formal multiplicative standard 
errors of the two estimates 2.2 and 2.6 per 100 WLM given above 



Copyright © National Academy of Sciences. All rights reserved.

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

122 HEALTH RISKS OF RADON AND OTHER ALPHA-EMITTERS 

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 
model without 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 errors for these 
estimates are 1.3 and 1.2. 
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TABLE 2A,6~ Observed and Expected Lung Can~r Deaths and Excess 
Relative Risk' Cross-Classified by Age and Cumulative Dose for t he 
Eldorado Cohort 

Ago Cyr) 

Do1< (WLM) <SS SS-6• oS-

0 ◄ 4 3 
◄.5816 3.5484 2.8')84 

0.00' 0.13 0 ,1)4 
0-20 10 q J 

5.6-168 4, lllS l.l S97 
0 ,?1 1.19 0,JQ 

20-SO s 4 0 
l.•687 1.ZZ6$ M IO? 

2.4-0 2.26 0.00 
SD- 100 I 4 J 

0,7423 M 1JO o.m, 
O.JS ).92 .1.21 

100•150 2 J 0 
0,2704 D.2818 0.2991 

6,40 9.64 0.00 
150•200 2 I 0 

0.1322 0. 1'™1 0.000,-, 
14, IJ S.8S 0.00 

> 200 I J 
o.ms 0,1941 0,2875 

7.66 14,45 9,44 

"The d111a ln each ccll 11l"t orraoged • i. ro1t01,1,·at; 

Ob><m,d 101 
Expcc1<d (E) 

~,,.., roloti, o risk 110 / Ei - 11 
11Ex~css rtlatlvc rbk1 comp111e:d to be~" than zuo ar~ n ponrd u it.en,, 

TABLE 2A•6b Observed and Expected Lung Cancer 
Dc.1.1hs and Excess Relative Risk' Cross-Classified by 
Age at First £x:posurc and Cumulati~e Dose for the 
Eldor~do Cohort 

Ag,i: at Fint E,iposuro (7rl 

0... (Wl,M) <30 JO+ 

0 6 s 
8,6084 2,21'19 

o.oo" 1.2s 
0-lO I 21 

2.• 188 9,$()()2 
0.00 I ,21 

20-50 I 8 
0,7$44 2.5515 

0,33 2.14 
50-100 0 8 

0.4183 1,8505 
0.00 3.32 

100-150 I 4 
0.1612 0.oqo2 

S.20 4,60 
150-200 I 2 

0.0!>\ol 0.2S4J 
10.34 b,81 

l00-250 0 l 

0.0870 0,5100 
0,00 ll,72 

~ d.il ll l fl d dt CCII AN irrt n~t ..S a. (Ol!Owri: 

Qb.,,.,-4 (0) 
~,poq1c~ (t> 

e,c,:i, l'(l!ll•c rlst l (OtE) - 11 
"e:~~r,s rel11iY(.! rh:11:,cnmpuw<J IQ b~ ~ fi.~th[lft 1cro 11re ri!poned as 1.ero. 
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TABLE 2A•6c Observed and Expected Lung Cancer Deaths and Excess 
Relative Risk• Cross-Classified by Time $inc• Cessation Qf Exposure and 
Cumulative Dose for the 'Eldorado Cohort 

Time &fore CuSAt.iDn (1r) 

Do:,,(WLMI <5 S• IS 15+ 

0 II 0 0 
11.0ll\O 0,0000 0.0000 

o.oo' 0.00 0.00 
O· lO s 8 9 

l.◄089 4.6136 S.8965 
2.SS 0.73 O.Sl 

lO-SO J 3 l 
0.S◄ II I. 1169 l,6'479 

•.S◄ 1.69 0.82 
.S0-100 s I 2 

0,◄4il7 0.8~63 o.ma 
10, 19 0. 13 1.14 

100•150 4 I 0 
0,lJJ◄ 0.3575 0,2606 

16, U 1.80 0.00 
150•200 2 I 0 

0,0992 0,0965 0, 1◄11 
19.16 9. 16 0.00 

200-250 l 4 I 
0, IOSJ 0.2975 0, 19◄3 

18.00 12,◄5 4.15 

•The data in ca~h cell •re arranged as follows: 
Ob1<rvtd (0) 
Expect«!(£) 

e:, .. ., n:la1i•• ri,k I 10/ E) - 1 J 

llExc~n relative ri$k$ ~mpulcd to be kili thin Zero &rv nport.cd 11 &aro, 

TABLE 2A,6d Observed and E~pected Lung Cancer Ocaths ond Excess 
Relative Risk" Cross-Cl;,n\fied by Duration of Exposure and Cumulative 
00$¢ ror the Eldor~do CQhOrt 

DumlQ~ of laxP')'urt (yr) 

Oo1e(WLMl <2.S 2.5. 4 st 
0 II 0 0 

1l.02l\O 0.0000 0.0000 
o.oo' 0.00 o.oo 

0--20 18 I l 
7.9415 2.9194 l,OS82 

1.27 o.oc 1.84 
20--SO J I 

1.19)5 1,3431 0.7693 
J, 19 1.23 0.30 

S0-100 I I 6 
,Ji,35 o.m9 1.1 114 

1,75 0.26 ◄-40 

100-1~ 0 0 5 
.04JQ o.w,1 0.5~1 1 

.oo 0.00 7_q1 

150•200 0 I l 
.0011 0.1521 o, 1843 

.00 s.ss 9.SS 
lOM$0 0 0 7 

.0002 0.0dl,9 0,5500 
.00 0.00 11.73 

"The d1111 ln u cll cell are iur11n3<!d H follows: 

Ob,.m-d (01 
ll,pected (El 

E, ms Nl>ilvc ri>k I\OI C) - II 
'-'F.1teht. rd;ni"c rl~kt. comput,d to ba lcn th~n 1.no urt rtl)Otiec.1 n -urn, 
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TABLE 2A-7a Ob$ervcd and Expected Lung Cancer Deaths and Excess 
Relative Ri,k• C«m•CIAssificd by Age and Cumulative Dose for Ontario 
Uranium Mitter$ 

Age hr) 

Dos, (WLM) <SS 5S• b4 ~b~ 

6 j 0 
2. 7f>YI 1.7.lW 0,8qJ4 

1.17 I.JO 0.00' 
0-20 1l II 0 

ll.21J0 9, 14<>8 J,1619 
o.oo 0.20 0.00 

20-SO 10 10 I 
U~29 M l4l I ,J922 

o.s2 1,17 0.00 
SD-100 ' 2 

J ,J92i> 2.7187 l.02◄S 
0.77 M• 0.95 

IOO• ISO J I I 
1,2711 0,94116 0.243$ 

1.J& o.os J.Ol 
150•200 4 2 0 

0,8159 Q.66@2 O. l(!JO 
J ,90 1.99 0.00 

> 200 $ J 0 
0.S$b9 0.6861 0.25% 

7,91! J,J7 0.00 

"Tt~, <h1t1 ln each t"C-11 ire a"■ngcd 1~ fo llows,: 

◊bleo<d (0) 
6>p<ctod IE) 

HK<m rcln1lvc risk l(OIE) - 11 
1tEj¢trti rcl■live rli k, oompu1cd 10 be tc:H 1han ~cro :111! n!ported :u nro, 

iABLE 2A-7b Observed and Expected Lung Cancer 
Death, and E•cess Rcl~tive Risk" Cross-Classified by Age 
at fir5t Exposure and Cumulotive Dose for Ontario 
Uranium Miner$ 

A11c •1 P,r,o E•po,u,. (yr) 

Do" (WLM) <lO JO+ 

s 5 
3.498J 1.Sbb9 

0.4J 1.68 
0·20 l 17 

5.9$25 20,lb'IO 
0,/JII' 0.00 

lo-SO • 11 
J .2.594 9,JJOO 

0.2J o.az 
!0-100 J tO 

1,7091 $,4)?q 
0.1b 0.$4 

100-ISO I 4 
o.~ t.80'18 

0.52 ,.Z1 
150•200 2 4 

0,4028 U<>U 
J ,97 2. tb 

>200 2 6 
0,2SJ9 1.24\11, 

b ,88 .\.80 

u'fhc- d11111 In t:Ath ctll 111tt:1 in:,"):cd ~\ follows: 
Ob,orv.d 10) 
6>poctcd tEI 

F.""" .,,.,t,c ,is~ 1(0/ ll) - 11 
.4EJ.ti.'-Ji:, n:l11tlYic rl:o;k~con,p1,11cd 10 be l11i.!! l htu, ,.croal'C' rrpont'd ,n i"n•. 
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TABLE 2A-7c Observed and Expected Lung Cancer Deaths and Excess 
Relative Risk' Cross•Clossilled by T ime since Cessat ion of Exposure and 
Cumul~1ive Dose for Ontario Uranium Miners 

T!mC' since Ces,i.atl<m or Elposun, 

o.,,.• <5 5. 15 >15 

0 10 O'' 0 
S,Jo51 0,0000 0,0000 

o.a. 0.00 0,00 
0-20 J 9 12 

l.41>7J 7.'IQOJ 16.bMO 
I.OJ O.IJ 0,00 

20-50 II 8 
0.9271> U28-5 b.9882 

1.11> l.l! 0,14 
50•100 l s b 

l,lJ~ 3,0798 2.92JI 
0,11> O.bl I.OS 

100• 150 0 J l 
O.SM I. Lb5◄ 0.77~1 

0,00 1.57 L.58 
JS(l. lO() • 2 0 

0,JJ21 0.9◄29 0,4219 
8,1>1 I. 12 0.00 

>200 3 5 0 
0,707 0,5827 0,lb7J 

J.01 7,58 0.00 
11Thi: d 1u2 In e:ac-h con Ht Gtfitll(Cd 1h rolh)wS: 

Obse...,td (0) 
Expected (E) 

l;x«eii rel••l~rlJ~ 110/ E) - II 
""'oase I, 1verqe of ,11e(lcard ud Jr,«b.l. 

TABLE2A-7d Observed and Expected Lung Cinccr Deaths and Excess , 
Relative Risk' Cross-Classified by Duration o l Exposure ~nd Cumulative 
Dose for Ontario Uranium Miners 

OurAtiOtl or E,wsuro ltrl 

OoiC IWLM) <l,S l .5-5 >S 

0 10 s 0 
S,JMI 0,0000 0.0000 

0,So (lnrlnhy) o.00' 
0-20 19 IS 0 

16.9260 8.9149 0.2708 
0.12 0.68 o.oo 

20-so 4 1 2 
1.9l00 ~-•6'>9 2,107$ 

· -~ 
0.00 0,00 

50-100 0 I 6 
0 .320S 2.7238 .:,0')55 

0.00 0,00 0,47 
100-150 0 4 

0.0008 0,401J 2,06J2 
0.00 0.00 0,94 

150-200 0 , 6 
0,0001 o.osoa 1.SM.l 

0.00 11.38 2.1$ 
>200 0 0 8 

0,0000 0,0144 1.4~ 
0.00 0.00 ,US 

•Tho da\a In each a ll tlrt' a.rran3t"d ;u followr.: 
Ob,..Md(O) 
Eapc<tcd IE) 

lu«•• rol,lh·, ri,k 1(016) - I I 
ltG•tni l'Cllllivll ri&ik!t cumputcrd lo b~ 1~, , lhfin 1.u ('l 11r1,1 l'Cf)urt¢<l M ~~ro. 



Copyright © National Academy of Sciences. All rights reserved.

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

THE OOMMITTEE'S ANALYSIS OF FOUR COHORTS OF MINERS 127 

TABLE 2A•8a Observed and Expected Lung Cancer Deaths and E~ccss 
Relatl~e Risk' Cross-Classified by Age and Cumulath·e Dose for the 
Malmbcrge1 Cohort 

A,t, I r) 

Oo,e(WLM) <SS .SS-"'1 U$ 
0 0 0 0 

0,0611 o.om 0.0000 
0,00' 0,00 0,00 

0-lO 0 0 0 
Q,2$4$ 0,50JS O.JS86 

0,00 0.00 0,00 
20-50 

0.4840 I. 11J7 0.9520 
3. 13 J ,l6 J,20 

50- 100 0 6 s 
O.◄SJO l,S886 I ,94QS 

0,00 2,78 1.55 
100- 150 J 3 2 

0,3503 l.03Q2 I ,J760 
1.Sb 1.119 0.45 

150-lOO 0 9 6 
0.0bll 1.16$8 1,7075 

0.00 6.12 2,SI 
200. 250 0 I $ 

0.0000 0.2372 1.0?54 
0.00 J,22 ) .bS 

"Th• data in "ch cell•'< m~n#¢d u fot low;: 
Observed (0) 
E,pc<ttd (131 
E,co" rolativ, rl,k i(OI EI - ll 

"£,1ceJJ r0la1i~ risks compu1ed to be W,n thfln O in reported ail 0. 

TABLE 2A·8b Observed and Eipccted Lung Cancer 
Deaths ~nd Excess Relative Risk• Cross-Classified by 
Ago at First E~p<>surc and Cumulative Dose for the 
Malmbergct Cohort 

AR• 01 First e,po1ur,: 1yri 

Ooic (WLMJ <JO JO .. 

0 0 0 
0.0002 0. 1094 

o.oo• 0,00 
0•20 0 0 

0.5912 O.SSS I 
0.00 0,00 

20.$0 8 3 
1.5%8 1.om 

4,01 1.96 
50. 100 6 J 

2,616$ l ,Jl>'lb 
2.0b 2.10 

100, 150 6 i 
2.12811 O,bJbQ 

1.82 2.14 
150- 200 13 l 

2.4394 O.S011 
4.33 Vl'I 

200-lSO 6 0 
t.3126 0.0000 

J.57 o.oo 
"Thi; <11ua In t3th <'l!II ue arnnsed 05 followtl 

Ob"ns:d (0) 
P.,pc<1ed (6) 

P.,om n:l• •i•• ,i, k I (0/E) - 11 
11lh:ci~, rcl.:ulvc.• rh.k~ c-on1putrd 10 be less than a arQ rcpnned u O. 
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TABLE 2A-8c Observed and Expected Luns Caneer Oeaths an(! ~ees, 
Relative Risk• Cross-Classified by i ime since Cessation of Exposure and 
Cumulative Dose for 1he Malmbcrgct Cohort 

Time sl11cc Cl;)UIIOn of B~pa\Urt' (zrl 
0<>10 (WLM) <b S-IS t: 15 

0 0 0 0 
0.10% 0.000() 0.0000 

o.oo• 0.00 0,00 
0-20 0 0 0 

0,2015 0,1 385 0,8o(,J 
0.00 0.00 0,00 

20-50 4 2 5 
0,b920 o.m, 1,J94 I 

4.78 ui 2,59 
SO-100 s 4 

1.0014 1.0783 1.9033 
3.99 0.85 1.10 

100- 1!0 s 2 I 
0,941>8 0.8051 1.0136 

◄.28 1.48 0.00 
150-200 10 4 I 

I. IOJJ 1.498\l 0.3J83 
8.0(> 1.~, 1,9b 

200. 2.1,0 I s 0 
0,3325 0.8941 0.08{,0 

2,01 4.50 0.00 
"'The dau in r■!:!h c~II Art JJ'f'~i'i$«1 u fOlklwS; 

Oru<r,·,d (O) 
E1p .. ted (E) 
Enm rel11lvc rl,k 1(0 11,1 - 11 

6
.ExtaSI ndative risks eon1pu11:d to be; IC•i 1htt1 0 ' '"' r<!'pOrted \U 0. 

TAilLE U,,8(1 Observed and Expected Lung Cancer Deaths and Excess 
Relative Rhk' Cross•Clnuiricd by Duration of Exposure and Cumuldtlve 
Dose for the Ma!mbcrgcl Cohort 

0Ufl'1iOn of Ex~ure (lrl 
O<,,.(WLM) <l0 20-JO >JO 

0 0 0 0 
0.1096 0.000() 0.0000 

o.oo• 0.00 0,00 
D-20 0 0 0 

I. 14b3 0.000() 0,0000 
0,00 0.0() MO 

20-50 b s 0 
2,197J 0.4124 0.0000 

l.7J 11.37 0.00 
50-100 7 I 3 

J,02•9 O.J404 0.&17? 
l,Jl 1.94 3.8b 

100-ISO l 6 0 
o.s,m 1.83.Jl 0.0844 

1.J~ 2.27 0.00 
150-lOO 0 ~ b 

0.0000 1,4470 l,4Q26 
0.00 S.22 3.02 

200· l$0 0 0 6 
0.0000 0.0000 1.J l26 

0.00 0,00 J ,57 

wrh, d1t.i. ln co~h cell ire :J.rra.ngcd in followi: 
Ob.,ncd(Ol 
E,p«led (£1 
E,«:,. r<lo1l•¢ ,1,~ 1(0/E) - 11 

"E•cc~ rtiliul1,o , ,,s'litb ¢1)f'r1f,lut1:d to be ID$ 1han O arc ~ported u D. 
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TABLE 2A-9a Observed and Expected Lung Cancer Deaths and Excess 
Relative Risk• Cross-Classified by Age and Cumulative Dose for the 
Colorado Cohort 

Age (ir) 

DQ<e(WLM> < 5S 55-64 11, 65 

0-60 2 2 5 
2,85 J,48 2.()8 

o.oo• 0.00 0.37 
60- 12() l 2 I 

l.25 1,76 1.84 
0.60 0.14 0.0() 

120-240 4 4 b 
2.00 2.68 2,4i 

1.02 0.49 1.49 
240-41JO 10 10 

2.15 4, IJ 4. ,. 
2.1>4 1.42 0.69 

4&M60 IJ 23 21 
2.71 4,54 4.26 

J ,79 4,07 J,90 
>960 54 62 28 

3,.lS S.94 6.35 
15,10 Q,44 J.41 

" The duo In c,eh «II •re 1rr1ngad a; 1011.,.,.., 

Ob~rve~ (Ol 
Expcotcd (E) 
Ex,m rrlo1ive riik I (0/ 6) - II 

~E,m1 rcla1rvo ri1k, w mputed to bo less 1han O •re rcporte<I as 0, 

TABLE 2A-9b Observed and Expected Lung Cancer 
Death$ and Excess Relative Risk• Cross-Cla$sified by 
Age at First Exposure and CumuiMive Dose for the 
Colorado Cohort 

Age 01 First E,Po'uro (yr) 

Oo.11(WLMI <JO 30+ 

0-60 0 9 
1.02 6.00 

0.00' 0. IJ 
60- 120 0 s 

.85 4,(1() 
0.00 0.15 

120-240 12 
I.JJ 5,74 

0.51 1,10 
240-480 b 21 

tJ2 8,70 
1.59 1.41 

480•960 11 46 
2.87 8.1>8 

2.84 4.JI 
> 960 70 74 

6,87 8.76 
9.t9 7.44 

"The dolO In each "'II orr >rrmng,,d ~s lol lows: 

Obmved(OI 
E~pected ( El 
Ex«., rclotlvc rl,k I (O/ E) - 11 

11Exc-~s~ rel:uive risk$ C:O'llP\HC<l to bt II!~ than Oare rc:portcd m; O. 
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TABLE 2A-9c Observed and Expected Lung Cancer Deaths and Excess 
Relative Risk• Cross-Classified by Time since Cessation of Exp0surc and 
Cumuiative Dose for the Colorado Cohort 

Time 1in~ ~ lion (yr) 

Dose(WLM) s 
0-60 2 

2.53 
0.00~ 

60- 120 I 
0.67 

0.49 
120-2411 3 

1.00 
l .00 

240-480 6 
1.82 

2.29 
480-960 II 

1.97 
4.58 

>%0 47 
3.JJ 

13.10 

"The d11a In <a<h <•II •re•"•"~ •s follows: 
Obmved(O) 
Expected (E) 
Excess ttlative risk I (0 /E) - l} 

5-15 

3 
Z.JO 

1.74 

7 
2.83 

14 
09 

JO 
S.27 

76 
7.34 

O.JO 

0.IS 

1.◄8 

1.87 

4.69 

9.JS 

~ Gxcen relative ri1ks computed to be less th An O are rtponed as 0. 

>15 

4.16 
0.00 

2 
2.4◄ 

0.00 
4 
3.25 

0.23 
7 
◄.31 

0.62 
16 
4.J0 

2.72 
ll 

4.97 
J .23 

TABLE 2A-9d Observed and Expected Lung Cancer Deaths and Excess 
Relative Risk• Cross-Classified by Duration of Exposure and Cumulative 
Do$C for the Colorado Cohort 

Dur:ation Qf E:ipo:..ure (yr) 

Dose(WLM) <2.S 2.S-5 >5 

0•60 9 0 0 
8,75 0.21 0.03 

0,03 o.oob 0.00 
fl0- 120 3 2 0 

3.94 0.81 0.09 
0.00 1.46 0.00 

120-2411 10 J I 
J.89 2.50 0.68 

1.57 0.20 0.47 
240-480 •I IZ II 

4.14 4,40 2.49 
0.00 1.73 J.43 

480-960 5 17 35 
l.?J S.31 4.50 

1.90 2.20 6.78 
> 960 I 18 125 

0.54 J.33 11.77 
0.85 4.41 9.62 

•1nc dat• in coch <Cl! arc arranged H follo~·o: 
Ob~~ CO) 
ExJ>Cc:1Cd (ll) 
Ex«ss relative risk l (0/E) - Ii 

'Ex~ss rclotivc risks computed 10 be ltss th•n Oare rtpottcd u 0. 
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PART 2: Measures of Lifethne Risk 

The committee uses the model developed in Part l of this annex 
to estimate the risk due to exposure to radon progeny. In this 
part of Annex 2A, we present the mathematical basis for the risk 
estimates given in the section "Projecting Risks Associated with 
Radon-Daughter Exposure" in Chapter 2. 

Two measures that can be used to assess an individual's risk of 
death from lung cancer are: (1) lifetime probability of lung cancer 
given that a person is alive at a given age to and {2) expected years 
of life beyond t0 . If t 0 = 0, then items (1) and (2) above are, 
respectively, the lifetime probability of lung cancer and expected 
years of life at birth. 

To calculate the probability of dying of lung cancer, suppose 
q, is the probability of surviving year i when all causes are acting, 
conditional. on surviving through year i - 1; ht is the mortality rate 
due to all causes; and h; is the lung-cancer mortality rate at year i. 
Then, g, = exp(- h,•) and the probability of death in i is 1 - q;. 
The probability of surviving up to year i is the product of surviving 
each prior year: 

i-1 

qi x 1J2 x ... x q; - 1 = "' qi. = S(l, i), 
11:=1 

(2A-18) 

with S(l,1) = 1.0. The probability of surviving through year i - 1 
and dying in year i is: 

i - 1 

" q1;(l - q;) = S(l,i)(l - q;). 
11= 1 

(2A-19) 

Multiplying by the proportion of the cause of interest, that is, lung 
cancer among all causes, gives the probability of surviving 1 - 1 
yea.rs and dying of lung cancer at i: 

(2A-20) 

The lifetime probability of lung-cancer mortality is then the sum
mation over all years, t = 1 to t = 110: 

(2A-21) 
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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 - S(l,110). For the 
mortality rates for U.S. males given in Table 2A-10, this quantity is 
1 - 0.0042expl- 5(0.18794)] = 0.9984. 

The additional risk of lung cancer due to exposure to radon 
progeny is incorporated into 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 h, (1 + t,), and the overall mortality rate is A,• + h, e,, 
where e, is the excess relative risk for year i. The e, 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 q,exp(h,e,) . Corre
sponding to Equation 2A-21, the lifetime chance of lung cancer for 
an individual with excess risk profile e1 , .. . ,e11o is: 

i - 1 

·exp(- L h111ek)· (2A-22} 
.1,:::,1 

The ratio of lifetime risks for a specified exposure history compared 
to the case for no exposure is Re/ R0 . 

In some instances it is important to condition all events on 
survival after a given age to, 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 i :2: to is: 

110 

L h./h.• S(to,i){l - q,). (2A-23) 
i = 1o 

Table 2A-10 demonstrates the calculation oflifetime 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 probabilities in column 6, 
Ro = 0.06734. (Note that in this example g; is the 5-yr survival 
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TABLE 2A-10 Probability of Lung-Cancer MortaJity in the Presence of Other Causes of DeathQ ~ 
t,j 

Mortality Rates () 
Probability of 

~ Age Interval Lung-Cancer All Causes Probability of Surviving Luog Cancer" 
(h, X JO' yr- •) (h* , X 10' yr- 1) Interval i (q) Up to InteJYal; (S) p 

~ 
0-<I 0.006 36.552 0.9819 1.0000 0.000003 i 5- 9 0.001 3.500 0.9983 0.9819 0.000001 

10- 14 0.003 3.833 0.9981 0.9802 0.000002 ~ 
~ 15- 19 0.003 14.139 0.9930 0.9784 0.000001 
~ 20-24 0.014 20.347 0.9899 0.971S 0.000007 
~ 

25-29 0.039 19.616 0.9902 0.9617 0.000019 ~ 30-34 0.124 19.59S 0.9902 0.9523 0.000059 ~ 
3S-39 0.579 24.S13 0.987& 0.9430 0.000272 

~ 40-44 J.925 36.426 0.9820 0.9314 0.000&!6 
45- 49 4.956 58.409 0.9712 0.9147 0.002235 6 50-54 10.133 94.292 0.9539 0.8883 0.004401 §j 55-59 17.076 146.070 0.9296 0.8474 0.006974 
60-64 26.387 223.096 0.8944 0.7877 0.009839 ~ 6S-69 36.4S2 339.381 0.8439 0 .7045 0.011812 
70-74 45.769 507.750 0.7758 0.5946 0.01.2017 g 
75-79 49.701 747.904 0.6880 0 .4613 0.009564 ~ 
80-84 47.391 I, 124.224 0.5700 0.3173 0.005751 

~ 85-69 36.801 1,879.436 0.3907 0.1809 0.00ll58 
90-94 36.801 1,879.436 0.3907 0.0707 0.000844 i 95-99 36.801 1,879.436 0.3907 0.0276 0.000329 

JO<H04 36.801 1,879.436 0.3907 0.0108 0.000129 
t.,,j 
~ ' 

105+ 36.801 1,879.436 0.3907 0.0042 0.000050 tll 

0 Basecl on 1980-1984 U.S. male lung-cancer and all causes of mortality rates. 
Ri:skscomputed in 5-yr intervals, q; = exp(-51,1) , 
"Probability of lung-cancer in interval i grn!n survival to that interval. ... 

(>) 
~ 
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probability, exp[- 5h, •]. In computing the results given in this report, 
yearly increments of risk were used.) 

Conditioning on survival can result in changes in risk estimates. 
Suppose a person is known to have survived t0 = 60 yr. Then the 
probability of disease must be divided by the probability that the 
individual is alive, S(l, 60) = 0.7877. The conditional lifetime risk 
of lung cancer (between 60 and 110 yr) increases to 0.06734/0.7877 
= 0.08551. 

Years of life lost is the difference in expected years of life between 
those exposed and not exposed. For each i, the probability of an 
event is assumed to follow an exponential distribution with rate h~• . 
The expected years of Life are; 

Lo = f uh* { u)P(survival to u)du 

110 i 

= ~ S(l,i) j_
1 

uh;* exp [- uh.;*+ (i - l)h,*]du 

110 

= L S(l,i)[(l/h.* + i - 1)(1 - q,) - q,]. (2A-24) 
t "" l 

NJ above, expected years of life for an exposed individual L,, is 
obtained by replacing ht by h,• + h;e; in Equation 2A-24. The 
decrease in life span due to exposure is Lo - Le. 

Expected years of life can also be conditioned to t
0

, L
0
(t

0
), and 

is similar in form to Equation 2A-24: 

Loto = / uh*(u)P(survival to ulalive at to)du 

110 [' = ~ S(to, i) , - i uh;* exp[- uh;* + (i - t)ht]du 
• - 110 

110 

= L S(to,i}[l/h/ +i - 1)(1 - q;) - qi], (2A-25) 
i =to 

Using Equation 2A-25 and the data in Table 2A-221 the expected 
years of life for U.S. males is 69.72. Conditional on survival for 60 
yr, the expected years of life increases to 77.30 yr. 
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ANNEX2B 

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 factors influencing dose per unit 
exposure in underground mines and homes. 

DECAY OF RADON AND ITS DAUGHTERS 

The decay scheme of ra.don-2221 starting with its parent isotope 
radium-226 and ending with stable lead-206, is shown in Figure 2-1 
of Chapter 2. Although this decay scheme appears complicated, the 
frequency of decay along some of the branches is so low that ordinarily 
they can be neglected. When these branches are omitted, the result 
is a simple, linear chain. The first four progenies of radon, 218Po, 
214 Pb, 214Bi, and 214Po (or RaA, RaB, RaC1 and RaC', respectively) 
have half-lives that a.re short ( all less than 30 min) compared to the 
22 yr of the fifth progeny 210Pb (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 214Po. It is so short that for all practical purposes it is always 
in equilibrium with its parent, 21'Bi, and decay cha.in calculations 
only need to be made for the chain 218Po, 214Pb, and 214Bi. 
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TABLE 2B-1 Some Physical Properties of 222Rn and Its Short-Lived Decay Products 

Element 

mRa 
'llRn 
Zl&"pO 

ll<Pb 

"•Bi 
UCpO 

Historical Symbol 

Ra 
Rn 
RaA 
RaB 
Rae 
RaC 

Dec.ay Energies 
Principal Radiaoon(s) (Me V) 

a 4.8 
a 5.5 
a 6.0 
{J,"( l.0max 
fJ,"t 3.3 max 
a 7.7 

No. of Atoms 

Ha!f-Life Per 1-'Ci 

1,620 yr 2.7 X 1015 

3.82 day l.8 X 1010 

3.05 min 9 .n X 106 
26.8mm 8.58 X 101 
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Uranium-238 1 the head of the cha.in of which radon is a part, bas 
a half-life of 4.5 x 109 yr. Since this time is comparable to the age 
of the earth, the 338U now present was in existence when the earth 
was formed. A typical concentration of uranium in ordinary soil is 
20 Bq/kg (0.6 pCi/g), with a range of roughly 7 to 40 Bq/kg (0.2- 1 
pCi/g).s2 

The fifth progeny of 238U and the immediate pa.rent of radon is 
radium, 2 26Ra. Radium's half-life is 11620 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 
238U, because the two a.re approximately in radioactive equilibrium. 
Only rarely do natural processes tend to separate radium from the 
uranium in the soil. Wa.,tes from uranium and phosphate mining 
and processing contain significantly higher concentrations of radiumj 
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.33 

A typical value for the radon concentration in air over average 
soil is 4 Bq/m3 (100 pCi/m3 ) , but diurnal and seasonal variations are 
a factor of 2 or more. The radon escapes from considerable depths in 
soil, but less efficiently with greater depth. Kraner et al.20 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 soil differs 
widely between different locations and between different times at 
the same location. It 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 ma.terial with a of high radium and radon content, such as in 
and near mines, is roughly proportional to its concentration in the 
soil- 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 a.ir, 
most of the charged a.toms 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/, 
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The working level (WL) was introduced by Holaday et al, 16 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 :218 Po, 
2 14iPb, 214Bi, and 214Po (the short-lived progeny of radon) in l liter 
of air, under ambient temperature and pressure, that results in the 
ultimate emission of 1.3 x 106 MeV 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 210Pb (22-yr half-life) and 
subsequent progeny are probably eliminated from the body before 
they decay (but 210Pb has been measured in people with many years 
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 A pCi/liter of 218Po, B pCi/liter of 214Pb, and O pCi/liter 
of214Bi is 

wt = 0.001A + 0.0052B + 0.00380 (2B-l) 

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) was 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 an exposure 
of 1 WL for 170 h (approximately 1 working month). 

LUNG MODELS FOR RADON EXPOSURE 

A dosimetry model is 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 aerosol factors include the size distribution 
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TABLE 2B-2 Definition of the Working Level" 

No. of Atoms/ 
100 pCI 

Nuclide of lllRn 

l 14Pb 8,500 
ll◄Bi 6,310 
2"Po 0 

Totals 

Ultimate et 
Ultimate et Energy/ 
Energy/atom 100 pCI Fraction of 
(MeV) (MeV x 1()$) Total a :Energy 

6.0 + 7. 7 0.134 0.10 
Cl 13. 7 
7.7 0.660 0.52 
7.7 0.465 0.38 
7.7 0 0 

1.279 l.00 

"Explanation of the calculation: From Table 2B•l , 977 atoms of m po 
are in equilibrium with 100 pCI of Rn. Each atom gives 6.0 MeV when it 
decays plus ;mother 7. 7 MeV when its daughter 214Pb decays. There will 
also be 8,500 atoms of 214Pb: no alpha particle enetgy will be released 
until these atoms turn into RaC which releases 7. 7 MeV when it decays, 
etc. 

141 

of the particles, the fraction unattached, and the equilibrium fac
tor. The physiological factors which determine the dose include the 
lung morphometry, the depth o( the target cells, the amount of air 
moved through the lung per minute, the particle deposition fraction, 
the mucus thickness, and the mucus transport rate. This section 
describes some of the recent dosirnetric models for radon daughters. 

In 1964, Altshuler et al.1 and Jacobi21 introduced the first mod
ern lung models which described the inhalation, deposition, and 
retention of the radon daughters. Since then, many other investi9 

gators authors have developed improvements, reflecting the growing 
interest in exposure to ra.don.6•14•23•2r.,H,40- 42 The Nuclear Energy 
Agency (NEA)36 gives a good review of the problems of modeling 
radon daughter dose, and its report is particularly valuable in report
ing results of numerical comparisons of two commonly used models, 
the models described by Jacobi and Eisfeld23 and James et al.28 using 
similar values for the parameters in these models. 

Radon is an inert gas, Essentially, it does not react with any
thing. It does dissolve .in body fluids, but the resulting concentration 
is so low that the dose to tissues from radon itself is negligible. 
Figure 2B-1 shows roughly how the regions of the body relevant to 
radon-daughter dosimetry are considered for mathematical model
ing. Each block in the model, in principle, gives rise to a differential 
equation; in practice, however, only limiting forms of the equations, 
representing equilibrium conditions, are used. 
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Air 

Nasopharynx 

Trachea 

Bronchus #1 

Bronchus #n 1----.....i--i 

Pulmonary 
region 

GI tract 

Blood 

FIGURE 2B-1 A 11imple compa.rtmenta.l model for ra.don-daughter dosimetry. 

The differential equations are of the same form as those used 
for radioactive decay chains because the two theories are based on 
similar assumptions. Present dosimetry models assume that every 
radionuclide of a given type has the same probability per unit time 
for removal from a. compartment (i.e., first-order kinetics) such as 
those shown in Figure 2B-l. Similar models used in the study of 
radioactive tta.cers have been successful in many cases, probably b~ 
cause the tracers undergo very rapid mixing in the body and thus 



Copyright © National Academy of Sciences. All rights reserved.

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

RADON DOSIMETRY 143 

give each nuclide a similar chance to be removed. But alpha-emitters 
deposited in an organ, for example, the lung, may have different re
moval probabilities in different parts of the organ- in different parts 
of each compartment in Figure 2B-l . One can divide the organ into 
smaller parts in the hope that the spread of probabilities will thus be 
reduced; but such division requires that the probabilities be supplied 
for ea.ch part. Often the probabilities are poorly known even for the 
whole organ, and objections are raised to the speculations involved 
in assigning probabilities to smaller parts. Many think it best to 
keep the physiological part of the model fairly simple and to accept 
the inaccuracies that result from oversimplification- the uncertain
ties may be no greater than those resulting from inaccuracies in the 
physiological data. 

Figure 2B-1 was simplified for the present discussion. One simpli
fication is that only one set of arrows ( the arrows represent processes 
of deposition and removal) is shown; actually, each arrow must be 
replaced by several, for example, for individual radionuclides, for 
free atoms of the radionuclide, for atoms bound to aerosols. Each 
arrow is associated with a probability per unit time for transfer of 
material from one compartment to another. These probabilities are 
determined from detailed studies of the processes. 

The first step for the mathematical modeling of the respiratory 
tract is compartmentalization, as shown in Figure 2B-l. The dimen
sions and relative orientations of the airways these compartments 
represent are based on measurements of human lungs, 17•43•44 To ob
tain a computer-manageable structure for the respiratory tract, the 
measurements are averaged to give a symmetrical branching struc
ture; that is, each division of an airway wa.s assumed to give two new 
airways of equal size at the same angle to the original airway. The 
change in lung structure during the breathing cycle is not included 
in the dosimetry models; rather, the structure at mid-breath is used. 
The parts of the tract are numbered, and the parameters describing 
each part are stored in the computer. For purposes of discussion, 
the airways are also divided into three functional compartments: the 
nasopha.ryngeal, the tracheobronchial, and the pulmonary regions. 
The first 16 generations are included in the tracheobronchial region, 
and the pulmonary region extends beyond the 16th generation. 

Yeh and Schum" used a computer program to trace all avail
able pathways from the trachea to the terminal bronchioles in their 
measured data for human lungs. They then averaged the parameters 
describing the pathways to develop a typical path model. Their data 
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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.3ll James and colleagues28,35 

included use of the Yeh and $churn 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},1' Jacobi-Eisfeld (J-E),23 and James 
and colleagues (J-B).28 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. 28 

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 similar. 

In the H-P model, clearance is by mucus only and uptake in the 
blood is ignored. It incorporates the recent model of the lung by Yeh 
and Schum44 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 µm below the surf ace for the first 10 generations and at 
10 µm beyond the 10th generation. 

The J-E model assumes the symmetrical lung model of Weibel49 

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 Schumm•• Jung mor
phometry and a uniform probability distribution of depths for target 
cellsj 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 transported 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 humans 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 gives a measure of 
one source of uncertainty in the determination of dose from radon 
daughters. 
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FIGURE. 2B-2 Mea.n dose to the tracheobronchial region ae a function of 
particle size (minute volume, 1.2 m3 /h).26 

Figure 2B-2 shows how the mea.n dose (averaged over the range of 
the alpha particles) to the bronchi varies BB 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 µm, the H-P model gives a higher value for 
0.1 activity median aerodynamic diameter (AMAD) particles than 
do the other two models. For small particles the variation between 
the models is about a factor of 3. For the pulmonary region1 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 aerosols with attached radon daughters in 
mines, George et al.0 measured activity median diameters of 0.1 to 
0.3 µm with geometric standard deviations ur, of about 2.7. Jackson 
et al.20 found four components of mine atmospheres: (1) free a.toms; 
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(2) condensation nuclei with activity mean aerodynamic diameters 
(AMAD) of less than about 0.1 µm; (3) diesel soot with AMAD 
between 0.2 and 0.4 µm, with a erg of about 2; and (4) ore dust with 
AMAD of 0.6 µm and a <7q of 2. Davies6 also concluded that the 
broad spectrum of aerosol sizes could be represented by components 
with <1 g's of about 2. 

A second factor affecting the bronchial dose, the fraction of 
radon progeny that is not attached to dust particles (/ p), also varies 
between different kinds of occupational and domestic environments. 
The behavior of unattached atoms is not well understood. It is often 
modeled by assuming the atoms diffuse with a diffusion coefficient 
of 0.05 cm2 /s (from the work of Chamberlain and Dyson3 ) . Jacobi 
and Eisfeld23 and James and colleagues26•36 investigated the use of 
diffusion coefficients as low as 0.02 and as high as 0.08 in their 
models. More recently, Harley and Pasternack14 have suggested a 
value of 0.005 cm2 /s for the diffusion coefficient (corresponding to 
the formation of clusters with diameters of approximately 0.004 µm). 
The variation in the calculated doses between the models ie greater 
for larger diffusion coefficients. In the range 0.02-0.08 crn2 /s the 
deposition changes by as much as a factor of 2 in the regions of 
highest deposition and by 1 order of magnitude in the lower airways. 
In no case did any appreciable deposition occur in the pulmonary 
lung. 

Each of the three models treats the unattached fraction differ
ently. Figure 2B-3 shows how the mean dose per unit exposure varies 
as a function of percent unattached fraction in ea.ch model. The 
means of dose per WLM given by the various models differ by about 
a factor of 2 for an unattached fraction of 0.1 but agree better for 
lower values {Figure 2B-3). The mean doses shown in Figure 2B-3 
are again the average doses throughout the full depth of tissue pene
trated by the alpha particles. The dose is larger at the surface of the 
bronchi. Consequently, calculations using the H-P model for doses 
to the basal cells at 22 µm in the segmented bronchi are larger than 
those shown in Figure 2B-3. For example, at / P = 0.1, this model 
yields doses that are about twice the basal dose calculated with the 
J-B and J-E rnodels.~13 At smaller values of the unattached fraction, 
differences between models are more modest. 

Mouth breathing increases the dose due to the unattached frac
tion. Measurements by George and Breslin7 indicate that for nasal 
breathing about 60% of a charged aerosol is deposited in the nose. 
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FIGURE 2B-3 Mean dose to the tra.cheobroncbia.l region as a function of 
percent unattached fra.ctlon.26 Symbols: 6 , diffusion coefficient = 0.005 cm2 /s; 
•, diffusion coefficient = 0.05 cm2 /s 

In contra.st to charged particulates in the unattached fraction, little 
deposition of uncharged particulates occurs in nasal passages. 

A third factor affecting the dose is the a.mount of radioactivity 
that i.s inhaled and deposited in the bronchi. The entry of radioactiv
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 Radiological Protection (ICRP} report on reference man18 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 a reasonable average over the day's 
activities for most occupations, although it is recognized that there 
is a wide variation. The 20 liters/min corresponds to a tidal volume 
of 1.25 liters and a breathing rate of 16 breaths per minute. 

The NEA studyu compared minute volumes of 12.5 and 20 
liter/min (0.75 and 1.2 m3 /h} in two models. lncreased breathing 
rates can decrease the fractional deposition in the earlier bronchial 
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generations by as much a.g 50%, so that the total deposition in
creases less rapidly than the increased alpha energy inhaled. Re
cently, J ames27 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 
a.n AMAD of 0.15 µm. 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 dose to the lung 
show significant differences in the estimates of the dose per unit of 
exposure in the tracheobronchial region of the lung: factors of 2 to 
8 are typical. Unfortunately, there are few experimental data with 
which these estimates can be compared, so it is not possible to make 
a fully informed choice among the models on the basis of measure
ments. Recently, Cohen4 has reported on rnea.gurements leading to 
correction factors of about 2 in an updated H-P five. lobe model.1$ 
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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. 31 These observations have not, how
ever, been confirmed by Cohen's studies.4 Although the deposition 
pattern predicted by any particular model cannot be validated in 
vivo1 the average deposition patterns (and hence, the average dose) 
Cor 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 £or miners 
made in the period 1951- 1981 by the National Council on Radiation 
Protection and Measurements (NCRP)34 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. Jacobi22 

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 l rad/WLM). Agreement is even better when the average dose 
to the trachealobronchial tree is calculated. For the most advanced 
ca.lculational models, the variation in mean doses can be as little as 
20%.35 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 environmental 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 model that has been shown to be best in all cases of radon 



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 A.ND OTHER ALPHA-EMITTERS 

exposure, the committee finds that there is no single characterization 
of the environment in mines or homes that can be called typical. For 
the same working-level exposure, there can be a wide variation of 
particle size, equilibrium factors, and percent unattached fraction. 
In addition, a miner working underground and a person living in a 
home have different levels of activity and, thus, different breathing 
patterns. 

Rather than postulating some average or typical values for the 
various factors that affect the dosimetry of radon progeny in mines 
and homes and calculating appropriate dose per WLM conversion 
factors, the committee proposes a .methodology that can be applied 
when any radon environment is sufficiently characterized. By using 
the ratio of the dose per WLM in mines to that in homes obtained by 
means of the lung models described above, it is possible to extrapolate 
the risk values obtained for underground miners to people living in 
homes, at a reasonable level of approximation. 

Let K be a dimensionless factor that, when multiplied by the 
risk to miners per WLM1 will give the risk to an individual in a home 
per WLM. 

{Risk)m _ (Risk)h 
K(WLM)m - (WLM)h. 

(213-2) 

While miners exposed to 1 WL receive 1 WLM during a 170-h 
working month, a person living in a home at 1 WL would normally 
be exposed to more than 1 WLM in a month. If an occupancy factor 
(O.F.) is defined as the fraction of a 720-h month that is spent in a 
house, then 1 WL will result in 720/170 O.F. WLM per month of 
occupancy. Since risk is proportional to dose, K varies as the ratio 
of the dose per WLM in houses and mines. 

K = Riskh/WLMh ex Doseh/WLMh . 
Riskm/WLMm Doaem/WLMm 

{2B-3) 

As described above I the dose to the lung depends upon both aerosol 
and physiological factors. Therefore, to a first approximation, the 
dimensionless proportionality constant K can be expressed in terms 
of the partial dose conversion factors obtained from a specified lung 
model. 

(2B--4) 



Copyright © National Academy of Sciences. All rights reserved.

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

RADON DOSIMETRY 151 

where P is dose conversion factor for particle size, / is dose conver
sion factor for the unattached fraction, F is dose conversion factor for 
the equilibrium factor I MV is dose conversion factor for the minute 
voh.une; all these parameters have units of rad per WLM. Physiolog
ical factors such as mucus thickness, mucus transport rate, bronchial 
moi:phometry, depth of the target cells, and the particle deposition 
fraction can be assumed to be approximately equal in miners and 
pe.rsons living in homes. These factors undoubtedly vary from per
son to person; but except for the pos.sibility of job-related damage to 
the lung, they should be about equal in miners and others, and there-
fore would largely cancel out in Equation 2B-4. Differences between 
smokers and nonsmokers, however, may be important (see Part 3 of 
Appendix VIl). 

The committee considered the possibility of systematic differ
ences between miners and others, for example, prevalence of inhala
tion via the mouth, but found that data were not available for evalu
ation. However, sex and age are factors to be considered. Although 
most calculations of aerosol deposition are baaed on the anatomy of 
the male, the female airway geometry is similar, and scaling factors 
can be used for estimating the dimensions of individual airways.34 In 
the case of the growing child, the alveolar area is not fully developed 
at birth. However, the ciliated airways are complete. Calculated 
deposition patterns16,36 indicate higher relative deposition in the 
first few generations in the lungs of children for aerosols of 0.2-µ.m 
diameter or less. 

For adults of working age and the same smoking status, it is 
likely that mucociliary clearance rates are similar in miners and in the 
general population. However, there is little information concerning 
clearance in other groups in the population and none for children. It 
is known that clearance in the elderly is delayed.10 Most lung models 
show an increase of bronchial dose per unit exposure until about age 
6, after which it falls off and becomes nearly constant after age 10. 
The NEA Organisation for Economic Co-operation and Development 
has recommended that age dependency of dose equivalent per unit 
exposure be neglected/)~ 

It is instructive to examine the variations of the proportionality 
factor K, given by Equation 2B-4, under the various dosimetry mod
els, as illustrated by the results shown in Figures 2B-2, 2B-3, and 
2B-4. In doing so, it will be shown that for a range of conditions 
typical in mines and homes, under a given model, K is reasonably 
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stable, even though the variation between models in the calculated 
dose per WLM varies by a factor of 2 or more. 

The first three terms in Equation 2B-4, the conversion factors 
for particle size, unattached fraction, and equilibrium factor, are rep
resentative of the physical environment in the mine or home and a.re, 
to some extent, interconnected. For example, with increasing aerosol 
concentration the dose per WLM conversion factor for equilibrium 
(F) generally increases somewhat, while that for the unattached frac
tion (/J decreases. However, these factors are independent to a first 
order and K can be approximated by the product of the ratios given 
in Equation 2B-4. 

George and colleagues.8•0 made particle size measurements in 
homes in New York and New Jersey and in mines in Canada and 
Colorado. They found that particle size was log normally distributed 
with an activity mean diameter of 0.12 µmin homes and 0.17 µmin 
the mines. From Figure 2B-3 it is seen that a.II three lung models give 
about 1 rad/WLM for 0.12-µm particles compared to approximately 
0.7 rad/WLM for 0.17-µm particles. For these particle distributions 
P,./ Pm is about 1.4. 

The amount of activity that is unattached depends on the am
bient environment. Because of low ventilation, the mass concen
tration of airborne dust was probably high in early mines and the 
unattached fraction low. More recently, the ventilation in mines has 
been greatly increased. However, the number concentration of air
borne dust particles may have become higher due to the widespread 
use of underground diesel equipment. In a C•areful study of several 
uranium mines, George et al.9 found that the unattached fraction 
ranged from 0.004 to 0.16, with a mean value of 0.04. 

Recent investigations have provided some preliminary data on 
the fractions of unattached Ra.A and the size distribution of the car
rier aerosol for the attached fraction in the home environment.8 The 
number and size of particles in the air of a home vary considerably 
throughout the day, depending, among other factors, on the pres
ence of cigarette smoke and the cooking of food. This, in turn, has 
a large effect on how many ions become attached to particulates. 
Particulate concentrations are generally lower at night but rarely fall 
below 104 particles/ml. In the absence of specific aerosol sources in 
the home, Reineking et al.38 calculated, on the basis of measured 
concentrations of particulates, that the unattached fraction ranged 
between 0.06 and 0.15 (mean value, 0.1). With additional aerosol 
sources, the unattached fraction fell below 0.05. This value for the 
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unattached fraction (0.1) is somewhat higher than those previously 
assumed, 10,23 and is higher than the mean value (0.04) measured in 
uranium mines.701> Although the unattached fraction of RaA may be 
perhaps twice as 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 (J m) 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 cm2 /s 
and a.n unattached fraction of 7% in homes, the same curves give 
conversion factors between 0.6 and 0. 7 rad/WLM. The ratio / h / f m 

would then be about 1.2 (1.0-1.4) , depending on which lung model 
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 Fh and Fm may be different, the ratio of the conversion 
factors 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 a.nd 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 0£ 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 airways. 

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 subject2 tp 
about 60% nasal breathing.37 Moreover, many normal people breath 
oronasally,39 and those with any form of nasal obstruction have a 
mainly oral fol:'m 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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nose. Increased oral breathing, therefore, increases bronchial doses, 
wheteas increased nasal breathing reduces this dose. It can be argued 
that the larger fraction of unattached RaA in the home compared 
to that in a mine increases the dose to the bronchus for a given 
concentration of radon progeny in air. However, the increased minute 
ventilation of the miner is associated with more mouth breathing, 
which would tend to increase his dose. The committee could not 
find data on the pattern of nose or mouth breathing in miners and 
therefore could not examine this factor analytically. It is an obvious 
problem for further field investigation. 

ICRP,19 NEA,36 and NCRP33 assign a breathing rate of 20 
liters/min to underground. miners and base their dose estimates 
on this minute volume. Ventilation rates in working coal miners 
have been measured;11 values obtained ranged from a.bout 30 to 40 
liter/min when averaged throughout the working shift. This is about 
1.5 to 2 times the 20..liter/min value assigned to miners and 3 to 4 
times the 12.6 liter/min value assigned to the general population in 
the NEA35 model. Moreover, individuals undertaking the same task 
have differing minute ventilation .11 Heavier miners breathe more, as 
do older miners. The very high ventilation rates found in coal miners 
might not be representative of values for uranium miners. 

In the case of the home environment, there are considerable 
uncertainties in attempting to estimate overall deposition patterns 
throughout the 24-h cycle. Not only is the distribution of oral/nasal 
breathing a relevant factor, but the tidal volume and frequency of 
breathing change continuously. The minute volume of a sleeping 
person is low I and the convective diffusion component of bronchial 
deposition may be insignificant.80 

For a miner who averages a minute volume of 30 liters/min, 
the conversion factors from the three models shown in Figure 2B-4 
would b.e on the order of 0.8 rad/WLM. The average person in a home 
breathing, 12.5 liters/min would receive a dose of 0.45 rad/WLM. 
Thus, the conversion factor ratio due to these different minute vol
umes (MV ,.,/ MV ,,.) would be 0.56. H the miners do a significantly 
larger amount of mouth breathing than occurs in homes, this ratio 
would be smaller. 

For the mean bronchial dose; differences between the models 
are small. The ratio of the conversion factors due to the different 
minute volumes would remain nearly the same for any of the three 
models because the shapes of the curves in Figure 2B-4 are very 
similar. However, for basal cells at 22-1,lm depths as the target 
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cells, the H-P model gives somewhat higher doses per unit exposure 
than do the other two models, a.nd the variation in the ratio of the 
factor, MV ,.j MV m , in Equation 28-2 due to the choice of the model 
becomes larger. 

As outlined in Equation 28-4, the four conversion factors making 
up K have ratios in homes to mines of 1.4, 1.2, 1.0, and 0.56. 
Therefore, for this specific case, the product of these factors is 0.94 
and the mean dose received by a person exposed in a home to 1 WL 
of radon for 170 h is very nearly the same as the dose to a miner 
exposed to 1 WLM. On the other hand, if the minute volume for 
miners is taken as 20 liters/min, the ratio K is increased to about 
1.3. In homes where the unattached fraction is low (4%), this ratio 
is less, about 0.8. 

Other investigators have reached similar conclusions.12 After 
reviewing the parameters relevant to a comparison of the WLM 
in a mine and in the home, the NCRP concluded that the alpha 
dose to the surface of the bronchial tree (rad per WLM) may be 
somewhat higher for environmental exposure than for underground 
exposure, largely due to a higher fraction of unattached RaA in 
the home.34 In contrast, the NEA has estimated smaller doses per 
WLM for adult members of the general population than for miners.85 

The NEA assumed a smaller unattached fraction (3%) than that 
assumed by the NCRP (7%) and a slightly lower breathing rate than 
that assumed by the NCRP. Both the NCRP and the NEA analyses 
assume that miners inhale 20 liters/min, that is, light activity. Upon 
their review of the possible range of the input parameters for the 
dosimetric models, the NCRP concluded that the dose per WLM in 
homes, as compared to that in mines, differs by less than a factor of 
2. 

In summary, the committee believes that with the present state 
of scientific knowledge, it can neither choose between the three major 
radon lung models nor specify the best values of the factors which 
characterize the dose in a home or in a mine. However, all of the 
models are in agreement within about a factor of 3 or so. While the 
method of ratios used here does not directly calculate a dose to the 
lung tissues, it does allow the extrapolation of known risks in a mine 
to a home where dosimetry factors have been established. 

Future work on this methodology should be concentrated in 
areas that will improve the quantification of the constant K. This 
will include improving our knowledge of the environment in the 
mines from which the risk estimates were obtained, characterizing 
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the indoor environment of homes more completely, and determining 
breathing characteristics of uranium miners 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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3 
Polonium 

INTRODUCTION 

Polonium was the first radioactive element that Marie and Pier.re 
Curie separated from the uranium ore pitchblende. It has over 25 
isotopes 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 a.re listed 
in Table 3-1. Only 208Po, 209Po, and :Hopo have half-lives long 
enough to permit useful biomedical research; of these, 210Po has 
been used most. 214Po and 218Po 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 be inferred from t he effects of isotopes with longer 
half-lives. 212Pa and 216Po a.re 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 isotope 210Pa, which has a half-life of about 138 
days and decays to a stable lead isotope (2°6Pb) 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 half-life. 

159 
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TABLE 3·1 Selected Polonium Isotopes and Their 
Alpha Emissions 

Isotope Half-Life Emission a Energy (MeV) 

lOllpO 2.93 yr a (99%) 5.114 
:o9po 103 yr Cl (99%) 4.882 
11op 0 138.4 days Cl S.JOS 
l 11Po 0.52 s Cl (99%) 7.448 
21>mpo 45 s Cl (97%) ll.65 
l 1J po 4 X LO-• s Cl (99%) 8.38 
ll<po 1.6 X 10-◄ S Cl (99%) 7.69 
z,~Po ).8 X JO- JS Cl 7.38 
116p 0 0.15 s "' 6.77 
m po < !O s Cl (80%) 6.SS 
2,11p0 3.05 min Cl 6.11 

Polonium has been used ext ensively 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, 210Po was the alpha-particle source in the neutron
producing initiators of a.t least the first generation of atomic weapons. 
During the Manhattan Project days of World War II, large quantities 
of 2 10Po were produced at a plant in Dayton, Ohio, and protection 
of workers and the environment was needed. 

210Po ha.a 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 occurs 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. 37 

PROPERTIES 

The chemical behavior of polonium was described many years ago 
by Ha.issinsky18•19 and others, later by Moyer,33 and in the Russian 
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literature by Moroz and Parfenov .30 It has a complex solution and 
electrochemistry. Properties of prime importance for understanding 
its behavior in living systems are discussed in a volume prepared by 
Stannard and Casarett62•63 and are discussed specifically by Morrow 
et al.,31

•
32 Thomas and Stannard,4~ Thomas,51 and Feldman and 

Saunor. i:2 Subcellular distribution was investigated by Lanzola et 
a1.2e 

Polonium is chemically different from most of the alpha-emitting 
elements discussed in this report. It has many of the characteristics of 
the rare-earth elements, is ampboteric, 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 deposits 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?6 have characteristically demonstrated the presence of much 
aggregated polonium both in solutions at or near neutral pH and 
in vivo. These aggregates demonstrate the presence of radiocolloids. 
They are not seen in vivo after oral administration of polonium, 6 

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 substantial 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 
glob in portion of hemoglobin and other blood 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, 210Po 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, 210Pb. 

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 only 
by contrast to the highly localized doses imparted by bone seekers, 
such a., plutonium and radium. In genera.I, 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 administration.13,43,46,47 

Polonium can enter red blood cells in nonaggrega.te 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 is found associ
ated with red blood cells combined with the globin of hemoglobin.4•61 

A considerably smaller 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 relative 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.46 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 characteristics 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 a.s measured 
by lethality in rats shows that it is nearly the same for all routes 
of administration.10 This simplifies dosage calculations, but applies 
largely to doses considerably higher than those of primary interest. 
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Calculations of long-term low to intermediate radiation doses should 
consider the differences influenced by route of administration.6 •7 

Because retention half-times in tissues range from as little as 
11 days in liver to 153 days in testes, the relative contribution to 
dose rate in different tissues depends markedly on time after a single 
administration. The largest pa.rt of the alpha dose is delivered over 
the first 100 days after a single administration, so these differences 
have less effect later on total dose than on the dose rate. 

Many situations, even continuous intake, involve a series of doses. 
In a large experiment with rats,48 it was shown tha.t the metabolism 
of polonium was not the same after a multiple-dose regimen as after a 
singl~dose regimen. Excretion was slower, effective half-time in the 
body rose from a.bout 30 days to nearly 40 days, and other evidence 
indicated that a more tenacious retention of polonium was received 
in multiple doses. Thus, a somewhat higher radiation dose per mi
crocurie disintegrating within the body is expected for the important 
organs {spleen, liver, and kidney) than after a single dose. Anthony 
et a.1.1 discussed the influence of these variations on establishing 
maximal permissible exposures to polonium. Long-term pathologic 
developments are affected by differences in dosage regime.8 

The presence of aggregates of polonium in tissues after parenteral 
administration raises the question of whether special account should 
be taken of the nominally much larger potential dose surrounding 
a large aggregate in a given tissue compared with the dose from a 
comparable amount of diffusely distributed polonium. Results of an 
investigation of the comparability of the "hot spot" problem in bone 
and the "hot-particle" problem for plutonium in the lungs seem to 
indicate that the diffuse pattern can be as effective or even more 
effective in carcinogenesis. This is because of the cell-killing compo
nent of the aggregates and because a substantial portion of the dose 
is derived Crom monomeric or weakly polymeric forms. Therefore, 
special account need not be taken of the dose from aggregates in 
calculating polonium doses; the average dose to tissue is considered 
the pertinent quantity. 

ANIMAL STUDIES 

TISSUE DISTRIBUTION AND EXCRETION 

Much effort has been devoted over many decades to animal stud
ies of the distribution and excretion of polonium.15•26,30,33, 47•4g After 
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intravenous administration, most 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 polonium 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. 
N evertheless1 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 calcium 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 animals by 
Fink13 and in the early work of Lacassagne summarized by Fink. It 
has also been postulated that the intestinal wall has a role.11 

Polonium is secreted in the milk of lactating a.nimals.•0,&• 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 ~low 1.0 (maximum, 0.18; minimum, 
0.0089). 

In the context of the important relative toxicity experiments 
with alpha-emitters, 210Po 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. 

Blair2 compared the long-term life-span-shortening effects of sin
gle doses of 210Po, 230Pu, and 226Ra in rats. 210Po administered at 
1 µCi/kg of body weight shortened the life span of the animals by 
4.S weeks. Comparable life.span shortening was brought about by 
230Pu at 0.9 µCi/kg and 226 Ra at 5 µCi/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:r;o 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.17 Indeed, the ef
fect of beta particles from 89Sr 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 ca.used by protraction of the dose 
from alpha particles, described elsewhere 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 effects of polonium have 
been described by investigators at Argonne National Laboratory, Ax
gonne, Ill.; the Mound Laboratory, Maimisburg, Ohio; the University 
of Rochester, N. Y .; and the USSR. Most follow the sequences of acute 
or chronic 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 Hirsch16 reported the presence of lymphomas in mice by 
250 days a.fter injection of polonium at about 1.5 and 0.9 µCi/kg. 
They also reported a significant increa.se in bone tumors (presumably 
arising from bone marrow deposition, inasmuch as polonium is not a 
bone-seeking element) at 8 and 0.46 µCi/kg.u ,u;,47 Although tumors 
appeared in the animals at the Mound Laboratory, the incidence did 
not differ significantly between control and experimental animals. 

Casarett0-s 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 was a considerable 
variety. Tumor incidence was maximal at the middle doses (5 and 10 
µCi/kg). At the highest dose (20 µCi/kg), the life span was too short 
for much expression of tumor growth. At the lowest dose (1 µCi/kg), 
there were somewhat fewer tumors. Tumors were both increased in 
incidence and advanced temporally by polonium. Neoplastic effects 
were present, but in different incidences and distributions. After oral 
administration, 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 effects 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 portions of the kidney.6 This lesion, 
like many others in this and other experiments, depended heavily on 
dose and was never a.s 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, arteriola.r 
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.6 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 a.re relevant to possible population or 
environmental exposure. 

Observations in animals in the USSR30 placed considera.ble 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 sympa.thoadrenal 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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FUNCTIONAL CHANGES IN ANIMALS 

With the evidence of polonium-associated arteriosclerosis and 
hypertension, Sproul et al.44 used an indirect noninvasive technique 
to measure blood pressure in animals bearing polonium under con
ditions similar to those in the 10-µCi/kg histopathology experiment. 
Increases in blood pressure were clearly evident and were a func
tion of time after injection of the polonium. The investigators found 
cataracts with a slit-lamp microscope. The incidence was high
nearly 100% by 1 yr at some doses. Cataracts might be produced 
even at lower doses, but the data are inconclusive. 

Other functional studies have appeared in the Russian litera
ture, 3° including changes related to the blood and cardiovascular 
systems, such as changes in coagulation times, changes in capillary 
strength, increased vascular permea.bility, and changes in cardiac 
function and blood-pressure stability. Disturbances of protein and 
nucleic acid metabolisms and impairment of activity of the nervous 
system and the immune system were observed. 

HUMAN STUDIES 

PATIENTS AND WORKERS 

In the work of the Manhattan Project during World War II and 
as part of the broad study of distribution and excretion of polonium, 
five patients hospitalized with lymphatic cancer or leukemia received 
tracer doses of polonium. ia Excretion rates and partition between 
urine and feces in all five patients were comparable with those find
ings in animal experiments. The tissue distribution of the isotope 
measured in one patient who died on the sixth day was also compa
rable, except for a suggestion that more polonium was deposited in 
the liver than was usually seen in animals. 

Workers at the Dayton Project in World War II were tested 
weekly for polonium excretion. The effective half-life in the human 
body was calculated as a.bout 30 days (an average for 18 employees) 
a.nd was comparable with findings in rats and dogs. 

Three chemists who had increased urinary excretion of polonium 
were studied in some detail. 3"•36 They were estimated to have received 
'maximal doses of 10 µCi in the body (0.13 µCi/kg). These doses were 
well above the maximal allowable body concentrations at the time 
and the limits imposed after World War II (0.04 µCi in the body). No 
evidence of kidney damage was evident, but subclinical depression of 
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the hematopoietic system was suspected in association with the two 
higher doses. 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 
had incorporated 1-5 µCi of 210Po.24 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 gradual ingrowth 
from the decay of 226Ra deposited in the skeleton of luminous-dial 
painters and radium chemists, or as an end product of radon-222 
exposure and the deposition of ~110Pb in bone. In both 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. Hill21 analyzed 
both 210 Po and 210Pb 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 210Po at 1,500 pCi/kg and 226Ra at about 
4,000 pCi/kg. In the absence of exposure to specific precursors, the 
210Pb concentrations in soft tissues have been found to be quite 
low. Holtzman22 postulated that normal people acquire only a small 
fraction of their 210Po burden in soft tissues from the decay of skeletal 
226Ra or 210 Pb. The highest concentrations of polonium in any 
tissue in the radium~dial painters were found in hair. 21 One sample 
contained 25 µCi/kg . High concentrations in the pelts of animals 
have also been reported sporadically. 

OTHER EXPERIENCES IN HUMANS 

Shantyr and coworkers41 reported on clinical and laboratory in
vestigations in 10 children who were contaminated accidentally with 
210 Po from a damaged polonium-beryllium neutron source. Analysis 
of excreta indicated body burdens of 0.2- 7 µCi, which is far above the 
existing maximal permissible burden of 0.04 µCi. Yet no noticeable 
changes in general health, blood, or kidney function were observed 
throughout a 46-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 bas amply confirmed the metabolic behavior 
of polonium as observed in investigations with animals. 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 amounts of 210 Po 
from the environment. Concentrations above 1,000 pCi/ kg have 
been found in some animal tissues in the Arctic food cha.in and in ar
eas of high rainfall. Hill21 presented a summary of the 210Po content 
of va.tious human and animal 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 210Po are available to humans in 
their diet. Adding the contribution of 210Pb, which has a half-life 
of 21 yr and which is a precursor of 210Po, 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. Holtzman22 calculated a 
dietary intake of 1.8 pCi/day for a few otherwise unexposed subjects 
on an average American diet, and Hill21 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 a metabolic ward for a month or more.23 

Both urine and feces were collected. Mean dietary concentrations 
over 5 months were 1.63 ± 0.05 pCi/day of 210Po and 1.25 ± 0.04 
pCi/ day of 210Pb. Urinary excretion of 210Po was 0.269 ± 0.033 
pCi/day and 210Pb was 0.275 ± 0.026 pCi/day. Fecal excretion ac
counted for 1.89 ± 0.10 and 1.333 ::I: 0.062 pCi/day, respectively. 
Thus, the mean overall balances showed that lar'ger 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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The usual dose contribution to humans from polonium in the 
natural environment has been estimated by the National Council on 
Radiation Protection and Measurementa36 to be 4.8-60 mrem/yr. 

As evidence accumulated in laboratory research that alpha
emitters were potent pulmonary carcinogens when inhaled as aerosols 
of plutonium or polonium and on the health effects in uranium min
ers, attention turned to a possible role of naturally occurring polo
nium in the production of lung cancer in smokers. Radford and 
Hunt37 calculated a minimal dose of 36 rem to bronchial epithelium 
from 210Po inhaled on particles in cigarette smoke as a result of 
smoking two packs of cigarettes per day for 25 yr. Skrable et al.42 

used the mathematical model of the International Commission on 
Radiological Protection and calculated a much lower figure. Rajew
sky and Stahlhoffen39 considered the doses far too low to cause lung 
cancer. 

Work done in several laboratories demonstrated that the polo
nium content of tobacco varies considerably in different types of 
tobacco and in different locations. The polonium was largely f o
liar; that implied deposition from the air rather than uptake from 
the soil. Ratios of 210Pb to 210Po were used to determine how long 
the insoluble particles from cigarette smoke remained on bronchial 
epithelium.38 Polonium contents of many plants were measured, and 
no large differences in initial contents were found. However, the 
2

i
0pb activity of tobacco was fixed on insoluble particles by the cur

ing process. Also, the small trichomes on the surface of the tobacco 
leaf entered the smoke stream and were deposited in the lungs,28 

where they produced high local alpha-radiation sources by the in
growth of 210Po. Furthermore, the same trichomes are covered with 
a. sticky hydrophobic substance that makes foliar deposits of :nopb 
or 210Po stick to tobacco leaves, whereas they might wash off other 
plant leaves. 

Moroz and Parfenov30 observed that urinary polonium output 
was sometimes higher in tobacco smokers. Little et al.27 showed 
little significant difference in general tissue contents of polonium 
between smokers and nonsmokers. Blanchard3 measured average 
concentrations of polonium in several tissues and found them to 
be slightly higher in smokers than in nonsmokers. Only in lung 
concentrations were the differences statistically significant. Hill,21 

in contrast, reported a two- to threefold difference in lung-tissue 
concentration between smokers and nonsmokers, but this was not 
found at bronchial bifurcations. 
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Because tumors a.rise 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 Pa.rfenov:.i0 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 with that of 
the natural background. The highest dose of this wide range of pos
sible doses approached potential biological significance, whereas the 
lowest dose was far too low to influence the statistics on lung-cancer 
incidence in smokers. Cohen et al.9 and Harley et aL20 reported that 
alpha activity in the bronchi from :uopo in cigarette-smoke tar might 
be about 10 fCi per cigarette. From a.nalyses of human lung tissue, 
they concluded that there could be areas of high concentration, but 
that the usual concentration was about 1 fCi/m2

• That translated 
to an average radiation dose of about 1 mrad/yr, with possible hot 
spots of up to about 1 rail/yr. Again, the doses cover the range 
from probably insignificant to possibly significant, depending upon 
the importance of hot spots. 

Martell29 explained the postulated effectiveness of a few pic
ocuries of 210Po and 210Pb 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 
a.dopted 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 humans, but its health effects exemplify those 
of alpha-particle radiation in soft tissues, Risk eatimates 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 based 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 210Po. 
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Risk 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 Thorotra.st, because it seeks the reticuloen
dothelial system 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. 14••6 In these experiments 
the long-term toxicity of polonium was roughly comparable to that 
of plutonium and about 5 times that of radium. However, the time 
span for these experiments was still short, relative to the life span of 
humans and other long~lived animals. In view or' 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 humans. 
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4 
Radium 

INTRODUCTION 

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

The primary sources of information on the health effects a.nd 
dosimetry of radium isotopes come from extensive studies of 224 Ra, 
226Ra, and 228Ra in humans and experimental animals. These studies 
were motivated by the discovery of cancer and other debilitating 
effects associated with internal exposure to 226Ra. and 228Ra. Later, 
similar effects were also found to be associated with internal exposure 
to 224 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, 
because 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. Befo:re concern developed over environmental exposure, 
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attention was devoted primarily to exposure in the workplace, where 
the potential exists for the accidental uptake of radium at levels 
known to be harmful to a significant fraction of exposed individuals. 
AI; the practical concerns of radiation protection ha.ve shifted and 
knowledge has accumulated, there has been an evolution in the design 
and objectives of experimental animal studies and in the methods of 
collection, analysis, and presentation of human health effects data. 

The first widespread effort to control accidental radium expo
sure was the abandonment of the technique of using the mouth to 
tip the paint.laden brushes used for application of luminous material 
containing 226Ra and sometimes 228Ra to the often small numerals 
on watch dials. This change occurred in 1925- 1926 following re
ports and intensive discussion of short-term health effects such as 
"radium jaw" in some dial painters. Shortly thereafter, experimen
tal animal studies and the analysis of case reports on human effects 
focused on the determination of tolerance doses and radiation pro
tection guides for the control of workplace exposure. These limits 
on radium intake or body content were designed to reduce the in
cidence of the then-known health effects to a: level of insignificance. 
The question remained open, however, whether the health effects 
were threshold phenomena that would not occur below certain ex
posure or dose levels, or whether the risk would continue at some 
nonzero level until the exposure was removed altogether. The is
sue remains unresolved1 but as a matter of philosophy, it is now 
commonly assumed that the so-called stochastic effects, cancer and 
genetic effects, are nonthreshold phenomena and that the so-called 
nonstochastic effects are threshold phenomena. Practical limitations 
imposed by statistical variation in the outcome of experiments make 
the threshold-nonthreshold issue for cancer essentially unresolvable 
by scientific study. For nonstochastic effects, apparent threshold 
doses vary with health endpoint. Low-level endpoints have not been 
examined with the same thoroughness as cancer. There is evidence 
that 226•228Ra effects on bone occur at the histological level for doses 
near the limit of detectability. Whether these effects magnify other 
skeletal problems is unknown, but issues such as these leave the 
threshold.nonthreshold question open to further investigation. 

Current efforts focus on the determination of risk, as a func
tion of time and exposure, with emphasis on the low exposure levels 
where there is the greatest quantitative uncertainty. The presen
tation and analysis of quantitative data vary from study to study, 
making precise intercompa.risons difficult. Occasionally, data from 
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several studies have been analyzed by the same method, and this has 
helped to illuminate similarities and differences in response among 
224Ra., 220Ra, and 22aRa. 

Human health studies have grown from a case report phase into 
epidemiological studies devoted to the discovery of all significant 
health endpoints, with an emphasis on cancer but always with the 
recognition that other endpoints might also be significant. This chap
ter focuses on bone cancer and cancer oi the paranasal sinuses and 
mastoid air cells because these effects are known to be associated with 
224Ra or 226•228Ra and are thought to be nonthreshold phenomena.. 

Several general sources of information exist on radium and its 
health effects, including portions of the reports Crom the United Na
tions Scientific Committee on the Effects of Atomic Radiation; The 
Effects of Irradiation on the Skeleton by Janet Vaughan; The Radiobi
ology of Radium and Thorotrast, edited by W. Gossner; The Delayed 
Effects of Bone Seeking Radionuclides, edited by C. W. Mays et al.; 
Volume 35, Issue 1, of Health Physics; the Supplement to Volume 44 
of Health Physics; and publications of the Center for Human Radio
biology at Argonne National Laboratory, the Radioactivity Center at 
the Massachusetts Institute of Technology, the New Jersey Radium 
Research Project, the Radiobiology Laboratory at the University of 
California, Davis, and the Radiobiology Division at the University of 
Utah. 

CHEMISTRY AND PHYSICS OF RADIUM 

When injected into humans for therapeutic purposes or into 
experimental animals, radium is normally in the form of a solution of 
radium chloride or some other readily soluble ionic compound. Little 
research on the chemical form of radium in body fluids appears to 
have been conducted. The radium might exist in ionic form, although 
it is known to form complexes with some compounds of biological 
interest under appropriate physiological conditions; it apparently 
does not form complexes with amino acids. 

Each isotope of radium gives rise to a series of radioactive daugh
ter products that leads to a stable isotope of lead (Figure 4-la and 
4-lb). In addition to the primary radiation- alpha, beta, or both
indicated in the figures, most isotopes emit other radiation such as x 
rays, gamma rays, internal conversion electrons, and Auger electrons. 
In the analysis of radiation-effects data, the alpha particles emitted 
are considered to be the root cause of damage. This is because of the 
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high linear energy transfer (LET) associated with alpha. particles, 
compared with beta particles or other radiation, and the greater 
effectiveness of high-LET radiations in inducing cancer and various 
other endpoints, including killing, transformation, and mutation of 
cells. 

The decay products of radium, except radon, a.re atoms of solid 
materials. Radon is gaseous at room temperature and is not chem
ically reactive to any important degree. Unless physically trapped 
in a matrix, radon diffuses rapidly from its site of production. For 
222Rn (whose half-life is very long compared with the time required 
for untrapped atoms within the body to diffuse into the blood su~ 
ply), this rapid diffusion results in a major reduction of the radiation 
dose to tissues. 

RETENTION AND DISTRIBUTION 

Following entry into the circulatory system from the gut or lungs, 
radium is quickly distributed to body tissues, and a rapid decrease 
in its content in blood occurs. It later appears in the urine and feces, 
with the majority of excretion occurring by the fecal route. Reten
tion in tissues decreases with time following attainment of maximal 
uptake not long after intake to blood. The loss is more rapid from 
soft than hard tissues, so there is a gradual shift in the distribution of 
body radium toward ha.rd tissue, and ultimately, bone becomes the 
principal repository for radium in the body. The fundamental rea
son for this is the chemical similarity between calcium and radium. 
Because of its preference for bone, radium is commonly referred to 
as a bone seeker. 

Various radiation effects have been attributed to radium, but the 
only noncontroversial ones are those associated with the deposition 
of radium in hard tissues. Two compartments a.re usually identified 
in the skeleton, a bone surface. compartment in which the radium is 
retained for short periods and a bone volume compartment in which 
it is retained for long periods. A third compartment, which is not 
a repository for radium itself but which is relevant to the induction 
of health effects, consists of the pneumatized portions of the skull 
bones, that is, the paranasal sinuses and the air cells of the temporal 
bone (primarily the mastoid air cells), where radon and its progeny, 
the gaseous decay products of radium, accumulate. 

Direct observation in vivo of retention in these three compart
ments is not possible, and what has been learned about them has 
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FIGURE -'·l a, Deci,,y eerie, for radium-228, & beta-particle emitter, and 
radium-224, an alpha-particle emitter, showing the principit.l i11otope11 pre8ent, 
the primary radiations emitted (a:, {J, or both), a.nd the ha.If-lives (1 = second, 
m = minute, h = hour, d :::: day, y :::: year). b . Decay series for radlum-226 
showing the primary radiations emitted and the blf-lives. 
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been inferred from poatmortem observations and modeling studies. 
During life, four quantities that can be monitored include whole.
body content of radium, blood concentration, urinary excretion rate, 
and fecal excretion rate. These are supplemented by postmortem 
measurements of skeletal and soft-tissue content, observations of ra
dium distribution within bone on a microscale, and measurements of 
radon gas content in the mastoid air cells. 

For humans and some species of animals, an abundance of data 
is available on some of the observable quantities, but in no case 
have all the necessary data been collected. In general, the data. from 
humans suffice to establish radium retention in the bone volume 
compartment. Animal data supplemented by models are required 
to estimate retention in the human bone surface, and human data. 
combined with models of gas accumulation are applied to the pneu
matized space compartment, 
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FIGURE 4-2 Whole-body radium retention in human,, Summary of virtually 
a.II available data for adult ma.n. The hea.vy curve represents the new model. 
Moat of the points lie a.hove the model curve for the first 1-2 days becau9e no 
correction for fecal delay has been made. SOURCE: International Com.misaion 
on Ra.diologieal Protection (ICRP).20 

Figure 4-2 is a summary of data on the whole-body retention of 
radium in humans. 20 Whole-body retention diminishes as a power 
function of time. This observation has also been made for the reten
tion of radium a.nd other alkaline earths in animals. Marshall and 
Onkelix39 explained this retention in terms of the diffusion charac
teristics of alkaline earths in the skeleton. 

The excretion rate of radium can be determined by direct mea
surement in urine and feces or by determining the rate of change in 
whole-body retention with time. When radium levels in urine and 
feces a.re measured, by far the largest amount is found in the feces. In 
people with radium burdens of many years' duration, only 2% of the 
excreted radium exits through the kidneys. The other 98% passes 
out through the bowel. 

At high radiation doses, whole-body retention is dose depen
dent. This observation was originally made on animals given high 
doses where retention, at a given time after injection, was found to in
crease with injection level. The most likely explanation is that tissue 
damage to the skeleton, at high doses, alters the retention pattern, 
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primarily through the reduction in skeletal blood flow that results 
from the death of capillaries and other small vessels and through the 
inhibition of bone remodeling, a process known to be important for 
the release of radium from bone. A recent examination of data on 
whole-body radium retention in humans revealed that the excretion 
rate diminished with increasing body burden.70 Absolute retention 
could not be studied, because the initial intake was unknown, but 
the data imply the existence of a dose-dependent retention sim.ilar 
to that observed in animals. Subnormal excretion rate can be linked 
with the apparent subnormal remodeling rates in high-dose radium 
cases.77 

Radium has an affinity for hard tissue because of its chemical 
similarity to calcium. It does, however, deposit in soft tissue and 
there is a potential for radiation effects in these tissues. The data 
on human soft-tissue retention were recently reviewed.74 The rate of 
release from ~oft tissue exceeds that for the body as a whole, which 
is another way of stating that the proportion of total body radium 
that eventually resides in the skeleton increases with time. 

Postmortem skeletal retention has been studied in animals and in 
the remains of a few humans with known injection levels. Otherwise, 
the retention in bone is estimated by models. 

Autoradiographic studies37 of alkaline earth uptake by bone soon 
after the alkaline earth was injected into animals revealed the ex
istence of two distinct compartments in bone (see Figure 4-3), a 
short-term compartment associated with surface deposition, and a 
long-term compartment associated with volume deposition. The up
take and release of activity into and out of the surface compartment 
was studied quantitatively in animals and was found to be closely 
related to the time dependence of activity in the blood.66 Mathemat~ 
ical analysis of the relationship showed that bone surfaces behaved 
as a single compartment in constant exchange with the blood. 37 

This model for the kinetics of bone surface retention in animals was 
adopted for rnan and integrated into the ICRP model for alkaline 
earth metabolism, in which it became the basis for distinguishing 
between retention in bone volume and at bone surfaces. This is an 
instance in which an extrapolation of animal data to humans has 
played an important role. 

A mechanistic model for alkaline earth metabolism2Q was devel
oped by the ICRP to describe the retention of calcium, strontium, 
barium, and radium in the human body and in human soft tissue, 
bone volume, bone surfaces, and blood. Separate retention functions 
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FIGURE 4-8 Autora.dlograph ol bone from the distal left femur of a former 
radium-dial painter showing hotspots (black areas) and diffuse n,dioactivity 
(gray a.reu). 

a.re given for each of these compartments. When the model is used 
for radium, careful attention should be paid to the constraints placed 
on the model by data on radium retention in human soft tisaues.74 

Because of the mathematical complexity of the retention functions, 
some investigators have fitted simpler functions to the lCRP model. 
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These simpler functions ha.ve no mechanistic interpretation, but they 
do make some calculations easier. 

The kinetics of radon accumulation in the pneumatized 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 
aiI 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 220Rn 
through tissue adjacent to bone surfaces. Clearance through the 
ventilatory ducts is 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 mucosa.I 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 a.re open. Otherwise, 
clearance half-times are about 100 min and are determined by the 
blood flow through mucosa.I tissues.73 The radioactive half-lives of 
the radon isotopes- 55 s for 220Rn and 8,8 days for 222Rn-a.re quite 
different from their clearance half-times. In effect, essentially all 
the 220Rn 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 226,228Ra expo
sure wa.s a tumor of the scapula reported in 1929, 2 yr after diagnosis 
in a woman who had earlier worked a.s a radium-dial painter."2 Bone 
tumors among children injected with 224Ra for therapeutic purposes 
were reported in 1962 among persons treated between 1946 and 
1951.87 

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 lnstitute1s 
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TABLE 4-1 Locations of Bone Sarcomas among 
Persons Exposed to 22~Ra and rn.,228Ra for Whom 
Skeletal Dose Estimates Are Available 

Loc11tlon 

Axi11l skeleton 
Appendicular $kcleton 
Unspcdfied or widespread 

s.s 
35.5 
5 

8 
58 

• One tumor located in the left sacroiliac joint has been assigned haJf to 
the appendicular skeleton and half to the axial skeleton. 

Surveillance, Epidemiology, and End Results (SEER) program.62 

The chance of contracting bone sarcoma during a lifetime ia less than 
0.1%. 

Some 87 bone sarcomas have occurred in 85 persons exposed to 
226,228Ra among the 4,775 persons for whom there has been at least 
one determination of vital status. Multiple sarcomas not confirmed a.s 
either primary or secondary are suspected or known to have occurred 
in several other subjects. A total of 66 sarcomas have occurred in 
64 subjects among 2,403 subjeds for whom there is an estimate of 
skeletal dose; fewer than 2 sarcomas would be expected. Many of 
the 2,403 subjects are still alive. Tumor frequencies for axial and 
appendicular skeleton are shown in Table 4-1. The frequencies for 
different bone groups are axial skeleton-skull (S) , mandible (1), ribs 
(2), sternebrae (1), vertebrae {l), appendicular skeleton-scapulae (2), 
humeri (6) 1 radii (2)1 ulnae (1), pelvis {10), femora {22), tibiae {7), 
fibulae (1), legs (2; bones unspecified), feet and hands (5; bones 
unspecified). 

Some 55 sarcomas of bone have occurred in 53 of 898 224 Ra
exposed patients whose health status is evaluated triennially.46 Two 
primary sarcomas occurred in 2 subjects. Locations are shown in 
Table 4-1 for 49 tumors among 47 subjects for whom there is an 
estimate of skeletal dose. 

In Table 4-1 note the low tumor yield of the axial compared 
with the appendicular skeleton. In an earlier summary for 24 224 Ra
induced osteosarcomas,00 21% occurred in the axial skeleton, These 
percentages contl'a.st sharply with the results for beagles injected with 
226Ra, in which osteosarcomas were about equally divided between 
the axial a.nd appendicular skeletons a.nd one-quarter of the tumors 
appeared in the vertebrae. 90 
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TABLE4-2 Relative Frequencies for Radium-Induced 
and Naturally Occurring Tumors by Age Group 

Age and Tumor Type Natural i2•Ra 2211,22&R a 

Under 30 
Ostcosarcoma 1.0 1.0 1.0 
Chondrosarcoma 0.08 0.10 0.0 
Fibrosarcomo 0.06 0.0 0.16 

Over 30 
Osteosarcom~ 1.0 1.0 1.0 
Chondrosarcoma. I.I 0.10 0.03 
Fibrosarcoma 0.42 0.10 0.44 

Histologic type has been confirmed by microscopic examination 
of 45 tumors from 44 persons exposed to 226•228 Ra for whom dose es
timates a.re available; there were 27 osteosarcomas, 16 fibrosarcomas, 
1 spindle cell sarcoma, and 1 pleomorphic sarcoma. The distribu
tions of histologic types for the 47 subjects exposed to 224Ra with 
bone sarcoma and a skeletal dose estimate are 39 osteosarcomas, 1 fi
brosarcoma, 1 pleomorphic sarcoma, 4 chondrosarcomas, l osteolytic 
sarcoma, and 3 bone sarcomas of unspecified type. The distribution 
of tumor types is not likely to undergo major cha.nges in the future; 
the group of 226•228Ra-exposed patients at high risk is dwindling due 
to the natural mortality of old age and the rate of tumor appearance 
among 224Ra-exposed patients has dropped to zero in recent years."'~ 

The distribution of histologic types for radium-induced tumors 
is compared in Table 4-2 with that reported for naturally occurring 
bone tumors.11 The data have been divided into two groups according 
to age of record for the tumor. In some cases, this is the age at death 
and in others this is the age at which the presence of the tumor can be 
definitely established from the information available. The data. have 
been normalized to the frequency for osteosarcoma and limited to 
the three principal radiogenic types: osteosarcoma, chondrosarcoma, 
and fibrosarcoma. 

Under age 30, the relative frequencies for radiogenic tumors a.re 
about the same as those for naturally occurring tumors. The to
tal numbers of tumors available are too small to assign significance 
to the small differences in relative frequencies for a given histologic 
type. Over age 30, the situation is different. Distinctly lower relative 
frequencies occur for chondrosarcoma and fibrosarcoma induced by 
22

' Ra compared with these same types that occur spontaneously. The 
relative frequencies for fibrosarcomas induced by 224Ra and 226,228Ra 
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are also different1 as are the relative frequencies for chondrosarco
mas induced by 226,228Ra and naturally occurring chondrosarcomas. 
Thus1 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 cells that accumulate their dose while within an alpha
particle range. These cells are within 3~80 µm 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 or these cells are uncertain, and their move
ments and life cycles are only partly understood. Since it is not yet 
possible to realistically estimate a target cell dose, it has become 
common practice to estimate the dose to a 10-µm-thick layer of tis
sue 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, ra.dium concentrates heav
ily on bone surf aces and then gradually shifts its primary deposition 
site to bone volume. Because of its short radioactive half-life, about 
90% of the 224 Ra atoms that decay in bone decay while on the 
surfaces. 40 

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.76 Schlenker and Smith80 have reported that 
only 5- 25% of 220Rn generated at bone surfaces by the decay of 
224Ra is retained there 24 h after injection into beagles. The rest 
diffuses into surrounding tissue. Most of the 220Rn (half-life, 55 s) 
that escapes bone surfaces decay nearby, as will 216Po (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 Smith80 also reported incomplete retention for 
212Pb and concluded that the actual endosteaJ dose rate 24 h after 
injection varied between 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 :m Ra was resident on bone 
surfaces and was applicable to humans, it would imply that estimates 
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of the risk per unit endosteal dose, such as those presented in the 
Biological Effects of Ionizing Radiation (BEIR) III report,64 were low 
by a factor of 2- 3. 

226Ra and 228Ra are also heavily concentrated on bone surfaces at 
short times after intake. Roughly 20% of the total lifetime endosteal 
dose deposited by 226Ra and its daughters is contributed by the initial 
surface deposit. These estimates are based on retention integrals74 

and relative distribution factors40 that originate from retention and 
dosimetry models. 

There is more information available on the dosimetry of the long
term volume dep08it. 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 tissue 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 rat27 

and human28 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 
authors. 21>- 2s.s&. 77 

Hoecker and Roofe28 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 60 µ.g 7 yr after leaving 
the dial-painting industry, and one who died in 1931 with an esti
mated terminal burden of 8 µg 10 yr after last employment as a dial 
painter. These body burden estimates presumably indude contribu
tions from both 228Ra and 228Ra. They reported that about 50% of 
the Haversian systems in the os pubis were hot spots, while hot spots 
constituted only about 2% of the Haversian systetns 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 85 times as great a.s that in the femur sha.fti this subject 
developed a sarcoma in the ascending and descending rami of the os 
pubis. 

In a atudy of microscopic volumes of bone from a radium-dial 
painter I Hindmarsh et al.20 found the ratio of radium concentrations 
in hot spots 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- 16.26 Rowland and Marshall 65 reported the maximum 
hot-spot and average concentrations for 12 subjects. The ratios of 
maximum 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. 

Marshall3 7 summarized results of limited studies on the rate 
of diminution of 226Ra 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 rnicrodistribution 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.26 the most frequent ratio of hot
spot to average concentration in bone from a radium-dial painter 
was 3.5. When combined with the mea.n value for diffuse to aver
age concentration of a.bout 0.5,6~·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. Marshall36 showed that bone apposition during the pe
riod of hot-spot formation, following a single intake of radium, would 
gradually reduce the dose rate to adj a.cent 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.37 Later, Marshall and Groer88 

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 that 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 ra.diogenic bone cancer 
has been proposed by Pool et al. 59 They suggest that the cells at risk 
are the primitive mesenchymal cells in oeteons that are being formed. 
Because of internal remodeling and continual formation of haversian 
systems, these cells can be exposed to buried radioactive sites. 

It should be borne in mind that hot-spot burial only occurs to 
a significant degree following a 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 is several hundred days, as it was 
for humans exposed to 226•228Ra, 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.67 

Autoradiogra.phs from radium cases with extended exposures such as 
those published by Rowland and Marsha.1165 bear this out and form 
a sharp contrast to autoradiographs of animal bone following single 
injection36 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 Groer88 to occur during prolonged in
take, has a strong theoretical justification. AB stated earlier, aver
age hot-spot concentrations are about an order of magnitude higher 
than average diffuse concentrations, leading to the conclusion 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 diffuM 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 spot1 assuming the hot-spot-to-diffuse ratio of 7 derived above, 
would be the 7th power or the survival adjacent to the typical diffuse 
concentration. If the survival adjacent to the diffuse component 
were 87%, as might occur for endosteal doses of 50 to 150 rad, 
the hotrspot survival would be 0.09%. When one considers that 
endosteal doses from the diffuse component among persons exposed 
to 226

•
228Ra 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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induction among those subjects in whom bone cancer is known to 
have developed. 

At!, dose diminishes below the levels that have been observed to 
induce bone cancer, cell survival in the vicinity of hot spots increases, 
thus increasing the importance of hot spots to the possible induc
tion of bone cancer at lower doses. The picture that emerges from 
considerations of cell survival is that hot spots may not have played 
a role in the induction of bone cancers among the 226•228 Ra-exposed 
subjects, but they would probably play a role in the induction of 
any- bone cancer that might occur at significantly lower doses, for 
example, following an accidental occupational exposure. 

With life-long continuous intake of dietary radium, the distinc
tion between hot spot and diffuse activity concentrations is dimin
ished; if dietary intake maintains a constant radium specific activity 
in the blood, the distinction should disappear altogether because 
blood and bone will always be in equilibrium with one another, 
yielding a uniform radium specific activity throughout the entire 
mineralized skeleton. 

In summary, hot spots may not have played a role in the in
duction of bone cancer among members of the radium population 
under study at Argonne National Laboratory because of excessive 
cell killing in tissues which they irradiate, and the carcinogenic por
tion of the average endosteal dose may have been a.bout one-half 
of the total average endosteal dose. With the occasional accidental 
exposures that occur with occupational use of radium, both hot.spot 
and diffuse radioactivity are probably important to cancer induction, 
and the total average endosteal dose may be the most appropriate 
measure of carcinogenic dose. For animals given a single injection, 
hot spots probably played a role similar to that played by diffuse 
radioactivity. This was because the dose rate from most hot spots is 
rapidly reduced by the overgrowth of bone with a lower and lower 
specific activity during the period of appositional bone growth that 
accompanies hot spot formation. For this reason, the total average 
endosteal dose is probably the best measure of carcinogenic dose. For 
exposure at environmental levels, the distinction between hot spots 
and diffuse radioactivity is reduced or removed altogether. There
fore, the total average endosteal dose should be taken into account 
when the potential for tumor induction is considered. 

A common reaction to intense radiation is the development of fi
brotic tissue. Lloyd and Henning33 described a fibrotic layer adjacent 
to the endosteal surface and the types and locations of cells within it 
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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 S- to 50-µm thick, was 
sometimes acellular, and sometimes contained cells 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 µm from 
the bone smface compared with an average distance of 1.98 µm 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 Henning33 are correct, current estimates of endosteal dose 
for 226Ra and 228Ra obtained by calculating the dose to a 10-µm-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 in response to a. single injection of 224Ra or whether the layer 
could develop fast enough to modify the endosteal cell dosimetry for 
multiple 22"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 
22"Ra and 226

•
228Ra differ markedly. For 22'Ra tumors have been 

observed between 3.5 and 25 yr after first 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 stan
dard deviation are 11.6 ± 5.2 yr.46 In contrast, tumors induced by 
226

•
228Ra. have appeared as long as 63 yr after first exposure.1 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 .6g 

Spiess and Mays86•86 have shown that the distributions of appear
ance times for leukemias among Japanese atomic-bomb survivors and 
bone sarcomas induced by 224 Ra. lie approximately parallel with one 
another when plotted on comparable scales. For the atomic-bomb 
survivors and the 224 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 22M 28Ra. It 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 Marshal120 estimated the minimum time for osteosar
coma appearance in persons exposed to high doses of 22t1Ra and 
228Ra. Among these individuals the minimum observed time to os
teos&l'coma 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 
5.4 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 to 
high doses and suggested that the sample of tumor appearance t imes 
investigated had been drawn from an exponential distribution. 

DOSE-RESPONSE RELATIONSHIPS 

Cancer induction by radiation is a multifactorial process that 
involves biological 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-response graphs or functions 
in which the dependent variable represents some measure of risk and 
the independent 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. 

Thr~dimensional representation of health effects data, although 
less common, is more realistic and talces account simultaneously of 
incidence, exposure, and time. This is sometimes in the fonn 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, body bur
den, estimated maximal body burden, absorbed dose to the skeleton, 
time-weighted absorbed dose, and pure radium equivalent (a quan
tity similar to body burden used to describe mixtures of 226Ra and 
228Ra). The type of dose used is stated for ea.ch set of data discussed. 

:n.i,Ra, 226Ra, and 228 Ra all produce bone cancer in humarui 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. Since it is the bombardment of target 
tissues and not the absorption of energy by mineral bone that confers 
risk, the apparent carcinogenic potency of these 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 224 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, 226Ra delivers most of its dose while residing in bone 
volume, from which dose delivery is much less efficient. With 228Ra, 
dose delivery is practically all Crom bone volume, but the ranges of 
the alpha particles from this decay series exceed those from the 226Ra 
decay series, allowing 228Ra 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 5 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 presumably 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.07 This fact implies 
that coverage of the radium-dial painter segment of the population 
is reasonably good, thus reducing concerns over selection bias. 

The first comprehensive graphical presentations of the dose
response data were made by Evans.16 In that study both tumor 
types {bone sarcoma and head carcinoma) were lumped together, 
a.nd the incidence data were expressed as the number of persons with 
tumor divided by the total number known to have received the same 
r{'nge band of skeletal radiation dose. These were plotted against 
a variety of dose variables, including absorbed dose to the skeleton 
from 226Ra and 228 Ra, pure radium equivalent, and time-weighted 
absorbed dose, referred to as cumulative rad years. This type of 
analysis was used by Evans16 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 hypotbesis.17 
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Concurrently, Mays and Lloyd44 analyzed 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 overpredicts 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 a series of papers by Rowland and colleagues.8tHio Bone 
tumors and carcinomas of the para.nasal sinuses and mastoid air cells 
were dealt with separately, epidemiological suitability classifications 
were dropped, incidence was redefined to account for yea.rs at risk, 
and dose was usually quantified in terms of a weighted sum of the 
total systemic intakes of 220Ra and 228Ra, although there were anal
yses 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 subject 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 a.nalyses 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), those medically exposed, and others, 
In this way, some pro bl ems 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 + o.D + ,6'D2)exp(- 1D)1 (4-1) 
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where D is estimated systemic intake. Equation 4-1 was modified 
from the general form adopted in the BEIR III report:54 

(ao + 0t1D + 0t2D2)exp(-,81D - /32D2). (4-2) 

As with Evans et al.'s work,17 the data. were plotted against the 
logarithm of dose so that the low-dose region was not obscured. 

A plot of the bone sarcoma data for a population subgroup 
defined as female radium-dial workers first exposed before 1930 is 
shown in Figure 4-4. The dissimilarities, primarily between the plots 
of Evans et al. and Rowland et al., are from the use of person-years 
at risk in the definition of tumor incidence, from the inclusion of both 
groups of radium-induced tumor, and the use of different weighting 
factors in the summation of 226Ra and 228Ra dose. In the Evans et al. 
analysis, 226 Ra and 228Ra dose contributions were weighted equally; 
in Rowland et al.'s analysis, the 228Ra dose was given a weight 1.5 
times that of 226Ra. 

The functional form in the analysis of Rowland et al . that pro
vided the best fit to the data. as judged by the chi-squared test, was 
( 0 + {3D2) exp(-'YD), although three other forms provided accept
able fits: 0 + aD + (3D2 , (C + aD) exp(- 1D), and (C + aD + 
{JD2) exp(- 1D). If forms with negative coefficients a.re eliminated, 
as postulated by the model, then only ( 0 + atD) exp(- 1D) from 
this latter group provided an acceptable fit, but it had a chi-aqua.red 
probability (0.06) close to the rejection level (0.05). Forms with pos
itive coefficients, which were rejected on the basis of goodness of fit1 

were C + a D and C + {JD2 . Rowland et al. concluded that a linear 
dose-response function was incapable of describing the data over the 
full range of doses. 

Three other analyses of the data relevant to the shape of the 
dose-response curve are noteworthy. The first is that of Rowland 
et al.61 in which estimated systemic intake (D) rather than average 
skeletal absorbed dose was used as the dose para.meter a.nd functions 
of the form ( 0 + aD + (3D2) exp(-'YD) were fitted to the data. The 
findings were similar to those described above. For female radium
dial workers first employed before 1930, the only acceptable fit to 
the data on bone sarcomas per person-year at risk was provided by 
the functional form ( C + (3D2 ) exp(-1D), which was obtained from 
the more general expression by setting a = 0. When the population 
was later broadened to include all female radium-dial workers first 
employed before 195069 for whom there was an estimate of radium 
exposure based on measurement of body radioactivity, a much larger 
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group than female radium-dial workers first employed before 1930 
(1,468 versus 759), the only acceptable fit was age.in provided by the 
functional form ( 0 + {JD'2) exp(- -rD) . 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 
measurement 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 O + 0 D and ( 0 + /J D2) exp ( --y D) gave acceptable fits. 

The second analysis is that of Marshall and Groer ,38 in which 
a carefully constructed theoretical model was fitted to bone-cancer 
incidence data. The model wa.s based on a series of three differential 
equations 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 226 Ra and 228Ra 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 parameter. 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 t ime) that is 
proportional to the square of endosteal bone tissue absorbed dose. 
In the model, this dose is directly proportional to the average skele
tal dose, and tumor rate is an analog of the response parameter, 
which is bone sarcomas per person-year at risk. Thus, the model 
and the Rowland et al. analysis are closely parallel a.nd, as might 
be expected, lead to the same general conclusion that the response 
at low doses [where exp(--rD) ~ 1] is best described by a function, 
that varies with the square of the absorbed dose, The analysis of 
Marshall and Groer38 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 estimation of tumor risk at low doses. 

The third analysis was carried out by Raabe et a.l.,61•62 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 was fitted to the data and that could be 
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used to determine bone--cancer incidence, measured as a percentage of 
those a.t risk, versus absorbed skeletal radiation dose. When plotted, 
the model shows a nonlinear dose-response relationship for any given 
time after exposure. 

Evans, Mays, and Rowland and their colleagues presented ex
plicit numerical values or functions based on their fits to the radium 
tumor data. For Evans' analysis, the percent tumor cumulative in
cidence for bone sarcomas plus head carcinomas is constant at 28 ± 
6% for mean skeletal doses between 1,000 and 50,000 ~ad. No fitted 
value is given for doses below 1,000 rad, but all data points in this 
range are at zero incidence. Error bars on the points vary in size, 
and are all less tha.n about 6% cumulative incidence (Figure 4-4). It 
is clear, therefore, that a nonzero function could be fitted to these 
data but '\\'.OUld have numerical values substantially less than 28%. 

For the percent of exposed persons with bone sarcomM, Mays 
and Lloyd"' give 0.0046% D,, where D, is the sum of the average 
skeletal doses for 226Ra and 228Ra, in rad. 

In the analysis by Rowland et al. 67•68 based on dose, equations 
that give an acceptable fit are: 

I = (10-1> + (2.0 ± 0.4) X 10- 0 D,] 

exp[- (3.l ± 1.8) x 10-6 D,I, and 
l = [10-6 + (9.8± 1.4) x 10-10D,2 ] 

exp[-(1.5 ± 0.1) X 10- "'D,]1 

(4-3) 

( 4-4) 

where the risk coefficient I equals the number of bone sarcomas per 
person-year at risk that begin to appear after a 5 yr latent period, 
and D. is the average skeletal dose from 220 Ra. plus 1.5 times the 
average skeletal dose from 228Ra, expressed in rad. For the analyses 
based on intake, the equation that gives an acceptable fit is: 

I = [10-6 + (6.8 ± 0.6) x 10- 8 D;2 Jexp[- (1.1 ± 0.1) x 10- 3 D,], (4-5) 

where I is bone sarcomas per person-year at risk, and D; is the total 
systemic intake of 226Ra plus 2.5 times the total systemic intake of 
228Ra, expressed in microcuries. In the latter analysis,60 the only 
acceptable fit based on year of entry into the study is: 

I = [0.7 X 10- 6 + (7.0 ± 0.6) X 10- s D/1 
exp[-(1.1 ± 0.1) x 10-3 D;], (4-6) 
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where I and D, are as defined above, The equations based on year 
of first measurement of body radioactivity a.re: 

I = 1.75 x 10- 5 + (2.0 ± 0.6) X 10- 5Di, and (4-7) 
1 = [l.76 x 10- 6 + (1.8 ± 0.4) x 10-7 D?] 
exp[- (1.5 ± 0.2) x 10-s D,]. (4-8) 

With attention now focused on exposure levels well below those 
at which tumors have been observed, it is natural to exploit functions 
such as those presented above for radiogenic risk estimation. The 
radiogenic risk equals the total risk given by one of the preceding 
expressions minus the natural tumor risk. This may lead to negative 
values at low exposures. For example, if D, = 0.5 rad, which is 
approximately equal to the lifetime skeletal dose associated with 
the intake of 2 liters/day of water containing the Environmental 
Protection Agency's maximum concentration limit of 5 pCi/liter, the 
expression of Mays and Lloyd44 would predict a total risk of 0.0023%. 
With a lifetime natural tumor risk of 0.1%, the radiogenic risk would 
be - 0.0977%. Comparable examples can be given for each expression 
of Rowland et al. that contains a.n exponential factor. Such negative 
values follow logically from the mathematical models used to fit the 
data and underscore the inaccuracy and uncertainty associated with 
evaluating the risk far below the range of exposures at which tumors 
have been observed. 

Negative values have been a.voided in practical applications by 
redefining the dose-response functions at low exposure levels. For 
the Mays and Lloyd44 function, this consists of setting the radiogenic 
risk equal to the total risk rather than to the total risk minus the 
natural risk. For the functions of Rowland et al. that contain an 
exponential factor, the natural tumor ra.te is set equal to zero, and 
the resulting expression is then defined as the ra.diogenic risk. For 
example, when the risk coefficient is: 

I = [0.7 x 10- 5 + (7.0 ±0.6) x 10- B D.2Jexpf- (1.l±0.1) x 10- 3 D.], (4--9) 

the radiogenic risk would be: 

(4-10) 
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For functions that lack an exponential factor, such as I = 1.75 x 
10-6 + (2.0 :I: 0.6) x 10-5 D,, rede6nition is not required to avoid 
negative expected va.lues1 and radiogenic risk is set equal to the 
difference between total risk and natural risk. 

There have been two systematic investigations of the 226
•
228 Ra 

data related to the uncertainty in risk at low doses. Rowland et al. 69 

examined the cla.Y of functions / = { 0 + o:D, + {3D,2
) exp(- -rDi) 

with positive coefficients, not all of which were determined by least
square fitting to the data, based on year of entry and found that: 

lu = (0. 7 X 10- 6 + 1.3 X 10- 5 D; + 4.3 X 10- 8 Di2
) 

exp(- 0.9 X 10- 3 D,), and 

11 = (0.7 x 10- 6 + 7.0 x 10-8 D?}exp(- 1.1 x 10- 3 D,) 

(4-11) 
(4-12) 

determined the upper and lower boundaries (Ju 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 
(lu - 0.7 x 10-6) and (11 - 0.7 x 10- 5) are used to determine a 
range of values based on the envelope boundaries, a measure of the 
uncertainty in estimated bone sarcoma risk at low doses can be 
formed as: 

(4-13) 

where I is the best-fit function [0.7 x 10- s + 7.0 x 10- s D?]exp(- 1.1 
x 10- 3 D,), based on year of entry. This ratio increases monotonically 
with decreasing intake; from a value of 1.5 at D,: = 100 µCi to a value 
of 480 at D, = 0.5 µCi. 

Schlenker74 presented a series of analyses of the 226
•
228Ra 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- 3 bone sarcomas per person-year when no tumors were observed, 
and there was 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 10-8 D,:2)exp(~ 1.1 x 10-s D,). With smooth 
curves, this analysis defined envelopes for which there was a 9, 68, or 
95% chance that the true tumor rate summed over the seven intake 
groups fell between the envelope boundaries when no tumors were 
observed. The 9% envelope was obtained by allowing the parameters 
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in the function to vary by 2 standard errors on either side of the 
mean and emphasizes that the standard errors obtained by least
square fitting underestimate the uncertainty at low doses. Figure 4-5 
shows the results of this analysis, and Table 4-3 gives the equations 
for the envelope boundaries. 

TABLE 4-3 Equations for the Functions I " and 11 

That Define the Dose-Response Envelopes in Figure 4-5 

Envelope Function 

90/o l. = (lQ-$ + 8.0 X J0- 1Df)exp(- l.1 X 10-JD1) 
I, = 00-3 + S.6 X 10- 1D;)exp(- L.1 X 10- iv,) 

68% l . = 10- • + 6.1 X tO- •D, + 2.1 X 10- 1D: 
0 1 < 26.8 µCi: 11 + 10-$ 
D, .:; 26.8 µCi: 11 = 10- 5 + 7.9 x 10-8 (D, - 26.S)l 

95% P = IQ-! + 1.6 x 10- 50 , - 3.6 X 10- 8D: 
D1 < 57.5 /,ICi: l1 = 10- 5 

D , :!e 57.S /,ICi: 11 = 10- 5 + l.3 x LO- ' (D1 - 57.S)l 
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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 ca.uses, is I = (10- 6 + 6.8 x 10-8 D,2)exp(- 1. l x 10-3 D,) 
with 95% confidence that total risk lies between Ir = 10-5 and lu = 
10- 5 + 1.6 x 10-5 D. - S.6 x 10-a D\2 for Di between 0.5 and 100 
µ.Ci. The ratio of the 95% confidence interval range, for radiogenic 
risk, to the central value, 

(4-14) 

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

When radiogenic risk is determined by setting the natural tumor 
rate equal to O in the expressions for total risk and by eliminating 
the natural tumor rate (10-6 /yr) from the denominator in Equation 
4-14, the value of the ratio increases more slowly, reaching 470 at 
D, == 0.6 µCi. At Di = 0.05 µCi, the total systemic intake in 70 yr 
for a person drinking 2 liters of water per day at the Environmental 
Protection Agency's maxi.mum 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 envelopes defined by these analyses are not unique. 
Other functions can be determined that meet this 95% probability 
criterion. This emphasizes 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. 

224 RA BONE CANOER. 

Internal radiation therapy has been used in Europe for more than 
40 yr for the treatment of various diseases. Between 1944 and 1951 
it was injected in the form of Peteosthor, a preparation containing 
22• Ra, eosin, and colloidal platinum, primarily for the treatment of 
tuberculosis and ankylosing 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
sis. 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 of2:URa at sites of 
disease development, have been proven ineffective and are no longer 
used. 

Two extensive studies of the adverse health effects of 224Ra 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 colleagues84- 116 for more than 30 yr and 
have shown a variety of effects, the best known of which is bone 
cancer. To supplement these investigations of high-level exposure, 
a second study was initiated in 1971 and now includes more than 
1,400 individuals treated with small doses of 224Ra for ankylosing 
spondylitis and more than 1,500 additional patients with ankylosing 
spondylitis treated with other forms of therapy who serve as controls. 

As with other studies, the shape of the dose-response curve is 
an important issue. Based on their treatment of the data, Mays et 
al.40 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
nential (y = a:z:2 e-lcz), and a threshold function. None can be rejected 
because of the scatter in our human data." Rowland64 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 understood. 

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 in 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 sarcomas that have appeared divided by the 
number of persons known to have been exposed within a dose 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 doses were obtained.85 The linear 
slope for juveniles, 1.4%/100 rad, wa.s twice that for adults, 0.7%/100 
ra-d. 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 been 
reported. 

The removal of the difference came in two steps associated with 
analyses of the influence of dose protraction on tumor induction. 
Based on a suggestion by Muller drawn from his observations of 
mice, Speiss and Mays86 reanalyzed their 224Ra data in an effort to 
determine whether there was an association between dose protraction 
and tumor yield. In the analyses, a linear dose-response ~elationship 
was postulated, a.nd the data were sorted according to the time 
period over which 224Ra 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 
decreasing average skeletal dose rate, in accordance with results 
in mice. Although the change of tumor incidence with exposure 
duration was not statistically significant, an increase did occur both 
for juveniles and adults. In a subsequent analysis,46 the data. on 
juveniles a.nd adults were merged, a.nd an additional tumor wa.s 
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: 

(4-15) 

where tJ is the number of bone sarcomas per millon person-rad and :i 
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 dose 
rate in humans and the unequivocal appearance of a dose-protraction 
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effect in mice and rats. Though one might wish to dispute its exis
tence in humans on statistical grounds in order to defend a claim for 
greater childhood radiosensitivity, it would seem uneconomical to do 
so until there is clear evidence of greater radiosensitivity to alpha 
radiation for the induction of bone cancer in the young of another 
species. 

The first analysis to take account of competing risks and loss 
to follow-up74 was based on a life-table analysis of data collected88 

for persons 16 yr of age and older. Cumulative incidence, computed 
as the product of survival probabilities in the life table, 10 was used 
as the measure of response with errors based on approximations by 
Stehney. AB the dose parameter, absorbed dose in endosteal tissue 
was used, computed from the injection levels, in micrograms per 
kilogram, using conversion factors based on body weight and relative 
distribution factors similar to those of Marshall et al.40 but altered 
to take into account the dependence of stopping power on energy. 
The functional form found to provide a best fit to the data was: 

11/N ::, 1 - exp(-0.00003De)1 

where 11 / N is the cumulative incidence, and D a is the endosteal dose. 
Not long afterward, Mays and Spiess46 published a life-table 

analysis in which cumulative incidence was computed annually from 
the date of first injection by summing annual tumor occurrence prob
abilities. For each year, the cumulative incidence so obtained was 
divided by the average value of the mean skeletal dose for subjects 
within the gtoup, in effect yielding the slope of a linear dose-response 
curve for the data. Adults and juveniles were treated separately. The 
resultant graph of dose-response curve slopes versus years of follow
up is shown in Figure 4-6. Although the points for adults always lie 
below those for juveniles, there is always substantial statistical over
lap. In a subsequent life-table analysis, in which the same methods 
were used but 38 cases for whom there were not dose estimates were 
excluded, the points for juveniles and adults lie somewhat further 
apart. This type of analysis updates the one originally conducted for 
this group of subjects in which juvenile radiosensitivity was reported 
to be a factor of 2 higher than adult radiosensitivity. According to 
the la.test life-table analysis, the risk to juveniles (188 ± 32 bone 
sarcomas/108 person-rad) is 1.4 times the risk to adults (133 ± 
36 bone sarcomas/106 person-rad). Presumably, if dose protraction 
were taken into account by the life-table analysis, the difference 
between juveniles and adults would vanish. 
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The third analysis that corrects for competing risks was per
formed by Chemelevsky et al. 9 using a proportional hazards model. 
The data for juveniles and adults was separated into different dose 
groups, a step not taken with the life-table analysis of Mays and 
Spiess. ' 6 This, in effect, frees the analysis from the assumption of 
a linear dose-response relationship, implicit in the Mays and Spiess 
analysis. Estimates of the cumulative tumor rate (incidence) versus 
time after first injection were obtained, and when those for juveniles 
and adults in comparable dose groups were compared, no difference 
in either the magnitude or the growth of cumulative tumor rate with 
time was found between the two age groups. The cumulative tumor 
rate for juveniles and adults at 25 yr after injection, a. time after 
which, it is now thought, no more tumors will occur, were merged 
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into a. single data set and fitted with a linear-quadratic exponential 
relationship: 

R = (0.0085D, + 0.0017D,2)exp(-0.025D,), (4-17) 

where R is the probability that a tumor will occur per person-gray 
and Di is the average skeletal dose in gray (1 Gy is 100 rad). This 
curve and the data points are shown in Figure 4-7. The error bars 
on each point are a greater fraction of the value for the point here 
than in Figure 4-61 because the subdivision into dose groups has 
substantially reduced the number of subjects that contributes to 
ea.ch datum point. A linear function was fitted to the data over the 
full range of doses, but the fit was rejected by a statistical test for 
goodness of fit that yielded a P value of 0.02. This is the first report 
of an explicit test of linearity that bas resulted in rejection. The 
best-fit function, however, does contain a linear term, in contrast 
to the best-fit functions for the data on 220,n8Ra. This means that 
when dooes are low enough, the risk varies linearly with dose. The 
same observation can be made for the function l - exp(- 0.00003D) 
for the probability of tumor induction developed from the life-table 
analysis of Schlenker.74 

The data points in Figure 4-7 for juveniles and adults are not 
separable from one another I and the difference between juvenile and 
adult radiosensitivity has completely disappeared in this analysis. 
From this, we can conclude that much, and perhaps all, of the dif
ference in radiosensitivity between juveniles and adults originally 
reported was due to the failure to take into account competing risks 
and loss to follow-up. If a dose-protraction effect were included in 
the analysis, there might be a reversal of the original situation, with 
adults having the greater radiosensitivity. The results of this series 
of studies of bone sarcoma incidence among 224 Ra-exposed subjects 
extending over a period of 15 yr underscore the importance of re
peated scrutiny of unique sets of data. Whether due to competing 
risks, dose protraction, or a combination, it is clear that differential 
ra.diosensitivity for this group of subjects is a hypothesis that cannot 
be supported. 

As of December 1982, the average followup time was 16 yr for 
patients injected after 1951 with lower doses of 22'Ra for the treat
ment of ankylosing spondylitis.93 Of 1,426 patients who had been 
traced, the vital status for 1,095 of them was known. Of these, 363 
died and three bone cancers, one fibrosarcoma, one reticulum cell 
sarcoma, and one multiple myeloma were recorded. The average 
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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 Gossner03 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. 88 series. However, 80% of the 
bone tumors in the this series, {or which histologic type is known, 
are osteosarcomas> while fibrosarcomas 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 os
teosarcomas is about (0,2)3 = 0.008, throwing the weight of evidence 
in favor of a nonradiogenic origin for the three bone cancers found 
in this study.03

•
0

• 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.88 series. If the tumors 
are nonradiogenic, then the linear extrapolation gives a substantial 
over prediction of the risk at low doses, just as a linear extrapolation 
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of the 226
•
228Ra data overpredict the risk from these isotopes at low 

doses.17
•" 

Schlenker74 has provided a confidence interval analysis of the 
Spiess et al.88 data. in the region of zero observed tumor incidence 
to parallel that for 2~·228Ra. The results are shown in Figure 4-8. 
There is a 14% probability that the expected number of tumors lies 
within the shaded region, defined by allowing the parameter value 
in Equation 4-16 to vary by 2 standard errors about the mean, and 
a 68% probability that it lies between the solid line that is nearly 
coincident with the upper boundary of the shaded region and the 
lower solid curve. The shaded region emphasizes that standard errors 
obtained by least~square fitting underestimate the uncertainty in risk 
at low doses. There is a. 95% probability that the expected number 
lies between the dashed boundaries. As with 226•228Ra, the curves in 
Figure 4-8 can be used to establish confidence limits for risk estimates 
a.t low doses1 although it is to be understood that these limits are not 
unique, because the shape of the doae-response curve is unknown. 
As an example, the upper boundaries of the 95% confidence envelope 
for total cumulative incidence corrected for competing risks are: 

(v/N)u = 0.0218, D11 ~ 235 rad1 and 
(v/N)u = 3 X 10- 6 + 1.8 X 10-"De - 4.0 X 10- 7De2, 

D,, < 235 rad; 

Those for the lower boundary are: 

{4-18) 

(v/N), = S x 10- 5 + 1.2 x 10-7(D~ - 314)2 ,D,, ~ 314 rad, a.nd 

(v/N), == 3 x 10- 5 , De < 314 rad. (4-19) 

The ratio of the 95% confidence interval range for radiogenic risk to 
the radiogenic risk defined by the central value function 

(v/N) = 3 X 10-5 
- 2.1 X 10- 7 De+ 4.0 >< 10- 8 Dl (4-20) 

[(i--/N)u - (v/N)d/l(v/N) - 3 X 10-6], 

where 3 x 10- 5 is the natural risk adapted here. This ratio increases 
monotonically with decreasing endosteal dose, from 1.8 at 500 rad to 
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FIGURE 4-8 Dose-response envelopes for 224Ra. from equation 4-16. The 
upper c1u-ve of the 68% envelope is ne:i.rly coincident with the upper boundary 
of the shaded envelope. 

220 at 26 rad, which is the lower boundary of the lowest dose cohort 
used in Schlenker's7' analysis. 

PRACTICAL THRESHOLD 

The term practical threshold was introduced into the radium 
literature by Evans,10 who perceived an increase of the minimum tu
mor appearance time with decreasing residual radium body burden 
and later with decreasing average skeletal dose.16 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 
a. radium•induced tumor would be very small, or zero, as the word 
threshold implies. Evans et al.17 suggested an increase of median tu
mor appearance time with decreasing dose based on observations of 
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tumors in a 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 Polednak67 for bone tumors in a 
larger, all female group of radium-dial workers. Poledna.k cautioned 
that the shorter median appearance time at high doses might simply 
reflect the shorter overall median survival time. Mays et a.l.47 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 humans61 and for bone tumors in
duced in experimental animals by a variety of radionuclides.60 The 
validity of the analysis of mouse data has been challenged,62 but not 
the analysis of human and dog data. As suggested by Polednak's 
analysis,61 the reduction of median appearance time at high dose 
rates in the work by Raabe et al.61•62 may be caused by early deaths 
from competing risks. It is striking, however, that the graph for 
radium in humans61•62 lies parallel to the graphs for all long-lived 
nuclides in dogs,60 where death from bone tumor tends to occur ear
lier than death from other causes. 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 inftuence on the analysis 
by Raabe et al.61•62 • 

The work by Raabe et al.61,62 permits the determination of a 
practical threshold dose and dose ra.te. 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 a.nd a cumulative dose of 80 rads to the 
skeleton. 61 

The increase of median tumor appearance time with decreasing 
dose 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 
occur 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 particles38 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 tumor appearance 
time increases with increasing dose rate, in agreement with the ol>
servations of Raabe et al.6 1•62 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 224Ra data.46 Reasoning from the 
theory, there is always a nonzero chance for both initiations to occur 
close together, regardless of dose rate or total 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 
doses less than the practical threshold. 

CARCINOMA OF THE PARANASAL SINUSES AND 
MASTOID AIR CELLS 

The para.nasal sinuses are cavities in the cranial bones that ex
change air and mucus with the nasal cavity through a small 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.92 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 across 
the epithelial surface toward the ostium.13 

The mastoid air cells, like the ethrnoid 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 eustachia.n 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 
a.s a 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 cuboidal 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 cm3 ; one frontal sinus has 
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a volume of about 4.0 cm3 , 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 cm3 j there are nine cells on the average/~2 for an 
average volume per cell of 0.4 ems. The pneumatized portion of one 
mastoid process has a volume of about 9.2 cm3 . 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, 73 equivalent 
to a volume of about 0.004 ems if the cell were spherical. 

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 to 0.8 mm for the ethmoid 
sinuses, and 0.07 to 0.7 for the sphenoid sinuses. The thickness of the 
simple columnar epithelium, including the cilia, is between 30 and 
45µm. 

The difference between mucosa.I 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 µm upward to nearly l mm. Direct observations of the 
lamina propria indicate that the thickness lies between 14 and 541 
µm.21 

Mucosa.I dimensions for the mastoid air cells have been less well 
studied. Littman et al.31 report a single value of 17 µm for the lam
ina propria in a person who had contracted mastoid carcinoma. In 
a more complete series of measurements on normal persons and per
sons exposed to low 226•228 Ra doses, Harris and Schlenker21 reported 
total mucosal thicknesses between 22 and 134 µm, with epithelial 
thicknesses in the range of 3 to 14 µm and lamina propria thicknesses 
in the range of 19 to 120 µm. 

The normally functioning sinus is ventilated; that is, its ostium 
or ostia a.re 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 sinus cavity changes and 
slight overpressure or underpressure may occur.13 When radioactive 
gases (radon) are present, as with persons exposed to 226•228Ra, there 
is the potential for a. 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 226•228 Ra exposure since the late 1930s"3 following 
the death of a radium-dial pa.inter who had contracted epidermoid 
carcinoma of the epithelium lining of the ethmoid air cells.3 

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 160.1) make 
up only 0.0085% of all malignanciea reported by the National Cancer 
lnstitute's SEER progra.m.62 Those of the ethmoid (ICD 160.3), 
frontal (ICD 160.4}, and sphenoid (ICD 160.5) sinuses together make 
up 0.02% of all maligna.ncies, 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 
16 people died in the United States from cancers of the auditory 
tube, middle ear, and mastoid air cells.63 Comparable statistics are 
lacking for cancers of the ethmoid, frontal, and sphenoid sinuses; 
but mortality, if scaled 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 para.nasal sinuses and mastoid air cells may 
invade the cranial nerves, causing problems with vision or hearing3 •23 

prior to diagnosis. Littman et al.31 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 para.nasal sinuses or mastoid 
air cells following exposure to 226•228Ra. The most frequent clinical 
symptoms for paranasal sinus tumors were problems 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 para.nasal sinuses and mastoid air 
cells have occurred among the 4,775 226•228R-a-exposed patients for 
whom there ha.a been at least one determination of vital status, For 
31 of the tumors, estimates of skeletal dose can and have been made. 
Data on tumor locations and histologic type are presented in Table 
4-4. No maxillary 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% adenocarcinoma, 
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TABLE 4-4 Carcinomas of the Paranasal Sinuses and Mastoid Air Cells 
among Persons Exposed to 226•2213Ra and Currently Under Study 
at Argonne National Laboratory 

Histologic Type 

Site No. Epidermoid M uooepidennoid Adenocarcinoma Unknown 

Mastoid 24 14 7 J• 2 
Etlimoid 2 2 
Ethmoid/sphenoid 2 
Sphenoid 6 3 z 
Frontal l 1 

Totals 35 18 11 J 3 
"Mucin-producing. 

compared with 37, O, and 24%, respectively, of naturally occurring 
carcinomas in the ethmoid, frontal, and sphenoid sinuses.• Among all 
microscopically confirmed carcinomas with known specific cell type 
in the nasal cavities, sinuses and ear listed in the National Cancer 
Institute SEER report,62 76% were epidermoid, 1.6% were mucoepi
dermoid, and 7% were adenoca.rcinoma.. The rarity of naturally 
occurring mucoepidermoid carcinoma, contrasted with its frequency 
among 226•228Ra.-exposed subjects, suggests that alpha-particle radi
ation is capable of significantly altering the distribution of histologic 
types, The complete absence of other, less-frequent types of natu
rally occurring carcinoma that represent 16% of the carcinomas of 
specific cell type in the SEER62 study and 39% or the carcinomas 
in the review by Batsakie and Sciubba4 provides further evidence 
for perturbation of the distribution of carcinoma types by alpha 
radiation. 

The cause of paranasal sinus and mastoid air cell carcinomas has 
been the subject of comment since the first published report,43 when 
it was postulated that they arise " . .. in the mucosa . . . as result of 
the local effects of the radon . . .. in the expiratory air . . .. " In 1962, 
Aub et al.3 stated that the origin of these neoplasms in mucosal cells 
that were well beyond the range of the alpha. particles emitted by 
radium, mesothorium, and their bone-fixed disintegration products 
is also interesting. Only the beta and gamma rays, which were oflow 
intensity compared to the alpha rays, emitted by these radioactive 
materials in the adjacent bone could have reached these cells. How
ever, the mucosa. may have been irradiated by the alpha rays from the 
radiothotium that was fixed in the adjacent periosteum. Also, they 
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were continuously subjected to alpha radiation from another source: 
the radon in expired breath. Restated in more modern terms, the 
residual range from bone volume seekers (220Ra and 228Ra) is too 
small for alpha particles to reach the mucosal epithelium, but the 
i:ange ma.y be grea.t enough for bone surface seekers (228Th), whose 
alpha particles suffer no significant energy loss in bone mineral; 78 

long-range beta particles and most gamma rays emitted from adja
cent bone can reach the rnucosal cells, and free radon may play a role 
in the tumor-induction process. Hasterlik22 and Ha.5terlik et al.23 

further elucidated the role of radon by postulating that it can diffuse 
from bone into the essentially closed airspaces of the mastoid air cells 
and paranasal sinuses and decay there with its daughters, adding an 
additional dose to the epithelial cells. 

A significant role for free radon and the possibly insignificant 
role for bone volume seekers is not universally acknowledged; the 
ICRP lumps the sinus and mastoid mucosa) tissues together with 
the endosteal bone tissues and considers that the dose to the first 
10 µm of tissue from radionuclides deposited in or on bone is the 
carcinogenically significant dose, thus ignoring trapped radon alto
gether and taking no account of the epithelial cell locations which 
a.re known to be farther from bone than 10 µm. 

The first attempts at quantitative dosimetry were those of Kolen
kow30 who presented a detailed discussion of frontal sinus dosimetry 
for two subjects, one with and one without frontal sinus carcinoma. In 
the subject with carcinoma, he observed a hot layer of bone beginning 
about 2 µ.m from the surface and extending inward a distance greater 
than the alpha-particle range. The radium concentration in this layer 
was 50 to 75 times the mean concentration for the whole skeleton. In 
the subject without carcinoma, the measured radium concentration 
in the layer adjacent to the bone surface was only about 3 times 
the skeletal average. Kolenkow30 presented his results as depth-dose 
curves for the radiation delivered from bone but made no comment on 
epithelial cell location. The depth dose for radon and its daughters in 
the frontal sinus of the subject with carcinoma was based on a direct 
measurement of radon activity in the unaffected frontal sinus at the 
time surgery was performed on the diseased sinus. The calculated 
dose from this source was much less than the dose from bone. Based 
on Kolenkow's work,30 Evans et al. 16 reported a cumulative dose of 
82,000 rad to the mucous membrane at a depth of 10 µm for the 
subject with carcinoma. Kolenkow's work30 mustrated many of the 
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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 ,:Z2 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 tissue plus epithelium at between 5 
and 20 µm. 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, Schlenker73 confirmed this 
by determining the frequency with which the epithelium lay nearer 
to or farther from the bone surface than 75 µ.m, at which level more 
than 75% of the epithelial layer in the mastoids would be irradiated. 
Commenting on the mucoaal thickness data of Ash and Raum,2 
Littman et al."1 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.31 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 radon concentration was equal to the radon concentra
tion in exhaled breath. For the 27 subjects 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-µm-thick mucous membrane would be 2 to 5% of 
the average dose from 226Ra 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 Schlenker75 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 endosteal cells and leave the 
impression that both cell types lie within 10 µ.m of the bone surface; 
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this leads to large overestimates of the dose to epithelial cells from 
bone. 

In a. more complete development, Schlenker13 investigated the 
dosimetry of sinus and mastoid epithelia when 226Ra or 228Ra was 
present in the body. He used the same assumptions about linear 
energy transfer as Littman et al.;31 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 cm, representing large 
sinuses. He took into account the dose rate from 226Ra or 228Ra in 
bone, the dose rate from 222Rn or 220Rn 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 226Ra 
specifi.c activity in bone adjacent to the mastoid air cells, the dose 
rate at death from 222Rn and its daughters in the airspaces exceeded 
the dose rate from 226Ra and its daughters in bone. On average, the 
dose rate from airspaces 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 226Ra or 228Ra was present 
in the body except in one situation. For 228Ra the dose rate from 
the airspace to the mastoid epithelium was about 45% of the dose 
rate from bone. These results are in marked contrast to those of 
Kolenkow30 and Littman et a.l.31 Under Schlenker's73 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 para.nasal sinuses and 
mastoid air cells begin to occur later than bone tumors.16,18,66, 71 In 
the latest tabulation of tumor cases, i the first bone tumor appeared 
5 yr after first exposure, and the first carcinoma of the para.nasal 
sinuses or mastoid air cells appeared 19 yr after first exposure; among 
persons for whom there was an estimate of skeletal radiation dose, 
the first tumors appeared at 7 and 19 yr, respectively. The frequency 
distribution for appearance times shows a heavy concentration of 
para.nasal 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 80 yr.67 

Based on the most recent summary of data, 32 bone tumol.'S 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 SO yr. Unless there 
is a bias in the reporting of carcinomas> it is clear that carcinomas 
are relatively late-appearing tumors. 

Rowland et al.66 plotted and tabulated the appearance times of 
carcinomas for five different dosage groups. On the basis of minimum 
and median appearance times, they concluded that the appearance 
times do not change with dose. Rowland et al.67 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 fit 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 observed thus far. 

An analysia of the tumor appearance time data for carcino
mas based on hazard plotting has been as employed by Groer and 
Marshall20 to analyze bone tumor rate in persons exposed to high 
doses from radium. The data are subdivided into three groups based 
on the 226Ra intake. 228Ra intake was excluded because it was 
assumed that 228Ra is ineffective for t he production of these carci
nomas. Data points fall along a straight line when the tumor rate 
is constant. The intersection of the line with the appearance time 
axis provides an estimate of the rninimum 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 µCi and may increase at about 48 yr after first exposure for 
intakes of less than 260 µCi. 

As of the 1980 follow-up, no carcinomas of the para.nasal sinuses 
and mastoid air cells had occurred in persons injected with 224Ra, 
although Mays and Spiess46 estimated that five carcinomas would 
have occurred if the distribution of tumor appearance times were the 
same for 224 Ra as for 226,22s Ra.. 

Carcinomas of the frontal sinus and the tympanic bulla, a por
tion of the skull comparable to the mastoid region in humans, have 
appeared in beagles injected with radium isotopes and actinides. 
Based on epizootiologica.I studies of tumor incidence among pet dogs, 
Schlenker73 estimated that 0.06 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 observed. 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 226 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 73 dosimetric analysis a.nd the epidemiological data16 •67 

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, a.re at risk from alpha 
emitters besides 226Ra., but that the risk may be significantly lower 
than that from 226Ra and its decay products. 

Rowland et al.67 have reported the only separate analyses of 
para.nasal sinus and mastoid carcinoma incidence. As the response 
variable, they used carcinomas per person-year a.t risk and regressed 
it against a measure of systemic intake of 226Ra and against average 
skeletal dose. They fit mathematical functions of the general form: 

(4-21) 

in which all three coefficients (ex, /3, 1) were allowed to vary or one 
or more of the coefficients were set equal to zero. In this expression, 
C is 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 + cxD, obtained from 
Equation 4-21 by setting /3 = , ;;;;; 0. The poorest fit, and one that 
is unacceptable according to a chi-squared criterion, was obtained 
for J = C + {JD2 . All other functional forms 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 exclusion 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-response function. 

The analysis of response as a function of 226 Ra dose was con
ducted with exhumed cases included. The best fit was obtained for 
the functional form I = ( C + o:D) exp ( -1 D), an unacceptable fit was 
obtained for J = C + f]D2 , and all other forms provided acceptable 
fits . 

The linear functions obtained by Rowland et al.07 were: 
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I = 10- 6 + (1.6 ± 0.2) x 10- 6 D,, and 

I = 10- 5 + (1.6 ± 0.3) x 10- 0 D., 

where Di is 226Ra intake, and D, is 226Ra skeletal 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 228Ra at time zero, the person is not considered to be 
at risk for 10 yr; the total number of carcinomas expected to occur 
among N people with identical systemic intakes D, is IN (t - 10) 
for t ~ 10 yr and 0 for t < 10 yr. This is also true for N people, all 
of whom accumulate a skeletal dose D,. 

The analysis of Rowland et al.67 assumes that tumor rate is 
constant with time for a given intake D, 1 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 would be time 
dependent. The success achieved in fitting dose-response functions 
to the data, both a.s 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 discussion 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.67 made in 
their analysis of the ca.rci.noma 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 tumors in the six intake groups 
with intakes above 25 µCi and no tumors observed in groups wit h 
intakes below 25 µCi. Therefore, calculations of the uncertainty of 
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risk estimates from the standard deviation will be accurate above 
25 µCi but may be quite inaccurate and too small below 25 µ.Ci. 
Schlenker74 examined the uncertainties in risk estimates for bone 
tumor induction at low intakes and found it to be much greater 
than would be determined from the standard deviations in fitted risk 
coefficients. The analysis wa., not carried out for carcinoma risk, but 
the conclusions would be the same. 

LEUKEMIA 

Leukemia has not often been seen in the studies of persons 
who have acquired internally deposited radium. Nevertheless, the 
discussion of leukemia as a possible consequence of radium exposure 
has appeared in a. number of published reports. 

Martland,42 summarizing his studies of radium-dial painters, 
mentioned the development of anemia.,. He also described the de
velopment of leukopenia and anemia, which appeared resistant to 
treatment. 

Evans16 listed possible consequences of radium acquisition, which 
included leukemia and anemia. However, no mention of such cases 
appear in his report. 

In a report by Finkel et al., 18 mention is made of seven cases of 
leukemia. and aplastic anemia in a series of 293 persons, most of whom 
had acquired radium between 1918 and 1933. Five of these cases of 
leukemia were found in a group of approximately 250 workers from 
radium-dial painting plants in lllinois. The radium content in the 
bodies of 185 of these workers was measured. There were three cases 
of chronic myeloid leukemia ( CML) and one of chronic lymphocytic 
leukemia (CLL). Because CLL is not considered to be induced by 
radiation, the latter case was assumed to be unrelated to the radium 
exposure. The remaining two cases were a.plastic anemias; these latter 
two cases and one of the CML cases were not available for study, and 
hence no measurements of radium content in the workers' bodies 
were available. 

In an additional group of 37 patients who were treated with 
radium by their personal physicians, two blood dyscrasias were found. 
One of these was panmyelosis, and the other was a.plastic anemia.; 
the radium measurements for these two cases showed body contents 
of 10.5 and 10.7 µCi , respectively. The average skeletal doses were 
later calculated to be 23,000 and 9,600 rad, respectively, which are 
rather substantial values. 
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Finkel et al.18 concluded that the appearance of one case of CML 
in 250 dial workers, with about 40 yr of follow-up time, would have 
been above that which wa.s expected. Two cases, by implication, 
might be considered significant. 

In a review of the papers published in the United States on 
radium toxicity, and including three cases of radium exposure in 
Great Britan, Loutit34 made a strong case "that malignant trans
formation in the lymphomyeloid complex should be added to the 
accepted malignancies of bone and cranial epithelium as limiting 
hazards from retention of radium." He pointed out that the reports 
of Martland41- 0 describe a regenerative leucopenic anemia, and 
he stated that "this syndrome has features of atypical (aleukemic) 
leukemia or myelosclerosis or both." 

It should be noted, however, that the early cases of Martland 
were all characterized by very high radium burdens. The British 
patients that Loutit described34 also may have experienced high ra
diation exposures; two were radiation chemists whose radium levels 
were reported to fall in the range of 0.3 to 0.5 µCi, both of whom 
probably had many years of occupational exposure to external radi
ation. The third patient was reported to contain 4-5 µg of radium. 

Following the consolidation of the U.S. radium cases into a single 
study at the Argonne National Laboratory, Polednak57 reviewed the 
mortality of women first employed before 1930 in the U.S. radium
dial-painting industry. This study examined a cohort of 634 women 
who had been identified by means of employment lists or equivalent 
documents. This cohort was derived from a total of about 1,400 pre-
1930 radium-dial workers who had been identified as being part of 
the radium-dial industry of whom 1,260 had been located and were 
being followed up at Argonne. By 1954, when large-scale studies 
of the U.S. radium cases were initiated, 521 of the cohort of 634 
women were still alive, and 360 of them had whole-body radium 
measurements made after that date while they were still living. 

In the cohort of 634 women, death certificates indicated that 
there were three cases attributed to leukemia and a.leukemia and 
four more to blood and blood-forming organs; both were above ex
pectations. When the study was restricted to the 360 measured 
cases, one case of leukemia wa.s found in a woman with a radium 
intake greater than 50 µCi. Similarly, only one death attributable 
to diseases of the blood, acquired hemolytic anemia, was found for a 
person with a very low radium intake. 
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TABLE 4-5 Incident Leukemia in Located Radium Workers 

Female Mnle 

No. No. No. No. No. No. 
Year Located Observed Expected Located Observed E~pected 

Before 1930 1,285 4 5.44 133 I 0.83 
)930-1949 l.185 4 2.27 59 0 0.34 
1950-1969 226 1 0.26 52 0 0.10 

Totals 2,696 9 7.97 244 l.27 

Stebbings et al. 80 published results of a mortality study of the 
U.S. female radium-dial workers using a much larger data base. This 
study included 1,285 women who were employed before 1930. A 
comparison study included 1,186 women employed between 1930 
and 1949, when radium contamination was considerably lower. 

In this enlarged study, three cases of leukemia were recorded in 
the pre-1930 population, which yielded a standard mortality ratio 
of 73. All of these cases occurred among 293 women employed in 
Illinois; none were recorded among the employees from radium-dial 
plants in other states. An additional three cases were found in the 
1930- 1949 cohort, yielding a standard mortality ratio of 221. These 
authors concluded that there was no relationship between radium 
level and the occurrence of leukemia. 

The most inclusive and definitive study of leukemia in the U.S. 
radium-dial workers was published by Spiers et al.83 By including all 
the dial workers, male and female, who entered the industry before 
1970, a total of 2,940 persons who could be located, they were able 
to document a total of 10 cases of leukemia. A total of 9.2 cases 
would be expected to occur naturally in such a. population. Table 
4-5, based on their report, illustrates their results. 

Included in the above summary are four cMes of chronic lym
phocytic or chronic lymphatic leukemia.. Spiers et al.83 note that this 
number from a. total of 10 is not dissimilar from the 3.6 expected in 
the general population. They conclude that the incidence of myeloid 
and other types of leukemia in this population is not different from 
the value expected naturally. 

When the U.K. radiurn-luminizer study for the induction of 
myeloid leukemia is examined/• it is seen that among 1,110 women 
there are no cases to be found. The expected number, however, is 
only 1.31. 
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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.96 on an association between radium in the 
groundwater of Florida. and the occurrence of leukemia very difficult 
to evaluate. Florida has substantial deposits of phosphate, and this 
ore contains 238U, which in turn produces 226Ra and 222Rn. The 
radium from this ore evidently finds its way into the groundwater 
supplies. By measuring 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.a6 show a significant association between leukemia. 
incidence and the extent of groundwater contamination with radium. 
The majority of the leukemias were acute myeloid leukemias. Fur
ther, a dose-response relationship is suggested for total leukemia with 
increasing levels of radium contamination. 

Lyman et al. 96 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 a.re 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 µCi or more, equivalent to systemic intakes of the order of several 
hundred microcuries, resulted in severe anemias and a.leukemias. 
However, at lower radium intakes, such as those experienced by the 
British luminizers and the bulk of the U.S. radium-dial workers, 
incorporated 226Ra does not appear to give rise to leukemia. 

The 3.62-day half-life of 224Ra results 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 226 Ra and 228 Ra by radium-dial 



Copyright © National Academy of Sciences. All rights reserved.

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

RADIUM 229 

workers. In spite of these differences, 22•Ra has 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 224 Ra., but only a.t incidence 
rates close to those expected in unexposed populations. When an 
excess baa occurred, there exist confounding variables. 

Mays et a.l.50 reported on the follow-up of 899 children and adults 
who received weekly or twice-weekly intravenous injections of 224Ra, 
mainly for the treatment of tuberculosis and ankylosing spondylitis. 
While five cases of leukemia were observed among 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 dose of 1,062 
rad. The expected number of leukemias for the adult group was two, 
but the authors point out that the drugs often ta.ken to suppress the 
pain associated with ankylosing spondylitis are suspected of inducing 
the acute forms of leukemia.. Four of the five leukemias occurred in 
patients with a.nkylosing spondylitis; two were known to be acute; it 
is not known whether the other three were a.cute or chronic. 

It is evident that leukemia. was not induced among those receiving 
224Ra before adulthood, in spite of the high skeletal doses received 
and the postulated higher sensitivity at younger a.gea. There may be 
an excess of leukemia among the adults, but the evidence is weak. 

Wick et al.06 reported on another study of Germans exposed to 
224 Ra.. While the report of Mays et al.00 dealt with persons injected 
with 224Ra. between 1946 and 19501 the study of Wick et al.96 exam
ined the consequences of lower doses as a treatment for a.nkylosing 
spondylitis and extended from 1948 to 1975. The average skeletal 
dose to a 70-kg male was stated to be 56 rad. There were 1,501 
exposed cases and 1,556 ankylosing spondylitis controls. Each group 
consisted of a.bout 90% males. There were 11 bone marrow failures 
in the exposed group1 and only 4 in the control group. Similarly, 
there were six leukemias in the exposed group versus 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 leukemia. The 
authors drew no conclusions as to whether the leukemias observed 
were due to 224Ra, 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 16 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 leukemia and diseases of the blood-forming organs 
have been seen following treatment with 224Ra, it is not clear that 
these are consequences of the radiation insult or of other treatments 
experienced by these patients. The extremely high radiation doses 
experienced by a few of the radium-dial workers were not repeated 
with 224 Ra, so clear-cut examples of anemias following massive doses 
to bone marrow are lacking. 

RADIUM IN WATER 

Since uranium is distributed widely throughout the earth1s crust, 
its daughter products are also ubiquitous. As a consequence, many 
sources of water contain small quantities of radium or radon. In the 
United States there have been at least three attempts to determine 
whether the populations that drink water containing elevated levels of 
radium had different 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 Iowa and Illinois 
who were supplied water containing at least 3 pCi/liter by their pub
lic water supplies. Control 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.66 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 probability of such a 
difference occurring by chance alone was reported as 8 in 100. 

However, Petersen66 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
teosarcoma mortality rate for the total white population in the com
munities receiving elevated levels of radium for the period 1950-1962 
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wa.s 6.2/million/yr; that of the control population was 5.5. The prob
ability of such a. difference occurring by chance was 51 %. The authors 
concluded that "no significant difference could be detected between 
the osteosarcoma mortality rate in towns with water supplies having 
elevated levels of 226Ra and matched control towns." The complexity 
of the problem is illustrated by their findings for Chicago. Although 
this city draws its water from Lake Michigan, where the radium con
centration is reported as 0.03 pCi/liter, the age- and sex-adjusted 
osteosarcoma mortality rate was 6.3/million/ yr; which is larger than 
that found for the towns with elevated radium levels in their water. 

The mobility of populations in this country, the inability to 
document actual radium intakes, and the fact that water.softening 
devices remove radium from water all tend to make studies of this 
nature very difficult to evaluate. 

A pair of studies relating cancer to source of drinking water 
in Iowa were reported by Bean and coworkers.6•7 The first of these 
examined the source of water, the depth of the well, and the size 
of the community. This study was aimed at the role, if any, of 
trihalomethanes resulting from the disinfection of water by chlori
nation. The second, which used the deep-well data from the prior 
study, examined cancer incidence as a function of radium content of 
the water. Twenty-eight towns met the three criteria for the second 
study: a population between 1,000 and 10,000, water is obtained 
solely from wells greater than 500 ft (152 m) deep, and no water 
softening. These 28 towns had a total population of 63,689 people in 
1970. 

When the water supplies were divided into three groups levels 
of 0- 2, 2- 5, and > 5 pCi of 226Ra. per liter and the average annual 
age-adjusted incidence rates were examined for the period 1969-
1978 (except for 1972), certain cancers were found to increase with 
increasing radium content. These were bladder and lung cancer for 
males and breast and lung cancer for females. Their data., plus the 
incidence rates for these cancers for all Iowa towns with populations 
1,000 to 10,000 are shown in Table 4-6. When examined in this 
fashion, questions arise. There is no doubt that male and female lung 
cancers appear to increase with an increase in the radium content 
of the water, but in the case of female lung cancers the levels were 
never as great as observed for those who drank surface water. A 
similar situation exists for female breast cancer; For male bladder 
cancer only, the highest radium level produced a higher cancer rate 
than was observed for those consuming surface water. Were it not for 
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TABLE 4-6 Cancer Incidence Rate among Persons 
Exposed to Different Concentrations of Radium 
in Drinking Water 

Age-Adjusted lncidcnce RMe/ 1,000,000 

pCi/ litcr Water Supply from: 

Cnncer Site 0-2 2-S 5 Surface• Ground• 

M31e lung 64,9 85.6 108.8 82.8 78.2 
Female lung 13.2 18. 7 19.2 19.9 15.6 
Male bladder 24.6 27,6 33.7 29.9 29.8 
Female breast 75.0 89.4 101.5 104.S 95.6 

• All towns. 1,000 to J0,000 poput .. tion, with surface water supplies. 
bAll lowns, 1,000 10 10,000 population, with groundwater supplies. 

the fact that these cancers were not seen at radium intakes hundreds 
to thousands of times greater in the radium-dial painter studies, 
they might throw suspicion on radium. However, it is difficult to 
accept this hypothesis without an explanation of the lesser number 
of cancers found at higher radium intakes. 

In summary, there are three studies of radium in drinking water, 
one of which found elevated "deaths due in any way to malignant 
neoplasm involving bone," the second found elevated incidences of 
bladder and lung cancer in males and lung and breast cancer in 
females, and the third found elevated rates of leukemia. None of 
these findings are in agreement with the long-term studies of higher 
levels of radium in the radium-dial workers. 

RISK ESTIMATION 

There is little evidence for an age or sex dependence of the cancer 
risk from radium isotopes, provided that the age dependence of dose 
that accompanies changes in body and tissue masses is taken into 
account. With the present state of knowledge, a single dose-response 
relationship for the whole population according to isotope provides 
as much accuracy as possible. For 224 Ra, 226Ra, and 228Ra the best
available relationships are based on different measures of exposure: 
absorbed skeletal dose for 2:i•Ra and systemic intake for :i26Ra and 
228 Ra. Simple prescriptions for the skeletal dose from 224Ra as a 
function of injection level have been given by Spiess and Mays8S and 
can be used to estimate skeletal dose from estimated systemic intake. 
Because all of the data analysis for 224 Ra has been based on prescrip
tion of dose given by Spiess and Mays,86 it is important that it be 



Copyright © National Academy of Sciences. All rights reserved.

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

RADIUM 233 

followed in applications of 224 Ra dose-response relationships for the 
estimation of cancer risk in the general population or in case of oc
cupational or therapeutic exposure. Shifting to a different algorithm 
for dose calculation would, at a minimum, require demonstration 
that the new algorithm gives the same numerical values for dose as 
the Spiess and Mays85 algorithm for subjects of the same age and sex. 
The alternative is to reanalyze all of the data on tumor induction 
for 224 Ra by using the new algorithm before it is applied it to dose 
calculations for risk estimation in a population group different from 
the subjects in the study by Spiess and Mays.86 

For ingested or inhaled 224 Ra, a method for relating the a.mount 
taken in through the diet or with air to the equivalent amount 
injected in solution is required. The ICRP models for the gastroin
testinal tract and for the lung provide the basis for establishing this 
relationship. A necessary first step for the estimation of risk from 
any route of intake other than injection is therefore to apply these 
mo~~- • 

A similar issue exists for 226 Ra and 228Ra. Here the available 
dose-response relationships a.re presented in terms.of the number of 
microcuries that reach the blood. Intake by inhalation or ingestion 
must again account for transfer of radium across the intestinal or 
pulmonary membranes when the lCRP models are used.' 

For 224Ra the dose-response relationship gives the lifetime risk 
of bone cancer following an exposure of up to a few years1 duration. 
Because bone cancer is an early-appearing tumor, the risk, so far 
as is now known, disappears within 25 yr after exposure. It peaks 
about 5 yr after exposure following the passage of a minimum latent 
period. Thus, the absence of information on the tumor probability 
as a function of person-years at risk is not a major limitation on risk 
estimation, although a long.term objective for all internal-emitter 
analyses should be to reanalyze the data in terms of a consistent set 
of response variables and with the same dosimetry algorithm for both 
22' Ra and for 226 Ra and 228 Ra, When the time dependence of bone 
tumor appearance following 224 Ra exposure is considered an essential 
component of the analysis, then an approximate modification of the 
dose-response relationship can be made by taking the product of 
the dose-response equation and an exponential function of time to 
represent the rate of tumor appearance: 

M(D,t) = F(D)G(t) = F(D)(r)exp[- r(t - 5)], (4-23) 
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where F(D) is t he lifetime risk, as specified by the analyses of Spiess 
and Mays8.'> and r is a coefficient based on the time of tumor ap
pearance for juveniles and adults in the 22"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. Fort less than 5 yr, M{D,t) 
is essentially 0 because of the minimurn latent period. Thereafter, 
tumors appear at the rate M(D,t). 

The age structure of the population at risk and competing causes 
of death should be taken into account in risk estimation. An ideal 
circumstance 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, ta.king 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 to 
:radium isotopes. 

Table 4-7 illust:rates the effect, assuming that one million U.S. 
white males receive an excess skeletal dose of 1 rad from 22" Ra at 
age 40. The excess death rate due to bone cancer for t > 5 yr is 
computed from: 

M(D, t) = {200 X 10- 6 /rad) X (0.18/yr)exp[- 0.18(t - 5)j. (4-24) 

This assumes the 224Ra 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 224Ra 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 about 15% less than the lifetime 
expectation of 200 x 10- 6 /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 224 Ra exposure in Table 4-7 and the su:rvival 
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TABLE 4-7 Effect of Single Skeletal Dose of 1 rad from 224Ra Received 
by 1,000,000 U.S. White Males at Age 40• 

No. of No. of 
Natural Natural Survivors Survivors 

Age Death Survival without 22'Ra 21' Ra Annual 214Ra Annual wit}i l l<IBa 

(yr) Rate Rate Exposure Tumor Rate Survival Rate Exp0$urc 

40 0.00240 0.998 998,000 0 998,000 
41 0.00263 0.997 995,006 0 l 995,006 
42 0.00289 0.997 992,021 0 l 992,02l 
43 0.00319 0.997 989,045 0 l 989,045 
44 0.00353 0.996 985,089 0.000036 0.999964 985,054 
4S 0.0039l 0.996 98l ,148 0.000030 0.999970 981,084 
46 0.00434 0.996 977,224 0.00002S 0.999975 977,136 
47 0.00483 0.995 972,338 0.000021 0.999979 972,229 
48 0.00538 0.995 967,476 0.000018 0.999982 967,35! 
49 0.00601 0.994 961,671 0.OO0OlS 0.999985 96 1. ,S32 
so 0.00669 0.993 954,939 0.0000l2 0.999988 954,790 
51 0.00742 0.993 948,255 0.000010 0.999990 948.097 
52 0.00820 0.992 940,669 0.0000085 0.9999915 940,504 
53 0.00902 0.99\ 932,203 0.0000091 0.9999919 932.032 
54 0.00989 0.990 922,881 0.0000060 0.9999930 922,705 
55 0.01083 0.989 912,729 0.0000050 0.99999S0 912,551 
S6 0.01184 0.988 901,776 0.0000041 0.9999959 901,597 
57 0.01295 0.987 890,0S8 0.000003S 0.9999965 889,873 
58 0.0l4l6 0-986 877,592 0.0000029 0.9999971 877,412 
59 0.01547 0.985 864,429 0.0000024 0.9999976 864,249 
60 0.01685 0.983 849,733 0.0000020 0.9999980 849,555 
61 0.01835 0.982 834,438 0.0000017 0.9999983 834,261 
62 0.02004 0.980 817,749 0.0000014 0.9999986 817,57S 
63 0.0219S 0.978 799,759 0.0000012 0.9999988 799,587 
64 0.02407 0.976 780,565 0.0000010 0.9999990 780,396 

•u .S. white male mortality rates for 1982 from Stutisllc11/ Abstract of the United StateJ, 106th 
ed., U.S. Department of Commerce, Washington, O.C., 1986. 

rate of those exposed to 224Ra were adjusted to the corresponding 
value (0.9998), survival in the presence of 224Ra exposure after 25 
yr would be 777,293, with 3,272 deaths attributable to the 224 Ra 
exposure. 

Calculations for 2~Ra and 228Ra are similar to the calculation 
with the asymptotic tumor rate for 224Ra. For 226Ra and 228Ra the 
constant tumor rates given by Rowland et al.68 as functions of sys
temic intake a.re computed for the intake of interest, and the results 
are worked out with a table such as Table 4-7. For continuous intake 
with the dose-squared exponential function for bone sarcoma induc
tion, it is necessary to decide whether to add the cumulative dose 
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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 cha.nee of a single cell being hit more than once diminishes 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,s.s however, two hits are required to cause 
transformation. This argues for the interaction of doses and in the 
extreme case for squaring the cumulative dose. Unless bone cancer 
induced by 226Ra and 228Ra 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 
accumulated intake when intake is continuous. 

The advantage of using a tabular form for the calculation of 
the effect of radiation is that it provides a general procedure that 
can be applied to more complex problems than the one illustrated 
above. With environmental radiation, in which large populations are 
exposed, a 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 
system for the calculation. The same goals can be achieved if normal 
mortality is represented by a continuous function and radiation
induced mortality is so i:epresented, as for 224Ra above, a.nd the 
methods of calculus are used to compute the integrals obtained by 
the tabular method. 

SUMMARY AND RECOMMENDATIONS 

A!J documented above, research on radium and its effects has 
been extensive. With continued research the full fruits of these labors 
in terms of lifetime risk estimates for 226Ra and other long-half-life 
alpha-emittei:s which are deposited in bone should be realized. In 
the case of 224 Ra, 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. Correspondingly, 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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10- 2 /person-Gy for bone sarcoma following well-protracted exp~ 
sure. 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. 
Ha:ta.rd functions which consider the temporal appearance of tumors 
have shown some promise for delineating the kinetics of radium
induced bone cancers, and may provide insight into the temporal 
pattern of the effective dose. Conibining this information with results 
observed with 224Ra may lead to the development of a general model 
for bone cancer induction due to alpha-particle emitters. 

Further efforts to refine dose estimates as a function of time in 
both man and animals will facilitate the interpretation of animal data 
in terms of the risks observed in humans. A1J indicated in Annex 7 A, 
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 parallel studies with radium in 
laboratory animals, particularly the rat, would do much to further 
such efforts. 

The committee believes a bala.nced program of radium research 
should include the following elements. 

• The bone-cancer risk appears to have been completely ex
pressed in the populations from the 1940s exposed to 224Ra and 
nearly completely expressed in the populations exposed to 226 Ra 
and 228 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 the 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 :m Ra since the 1940s now in 
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progress in Germany and of similar groups of patients exposed to 
226 Ra and 228 Ra should continue. The detection of bone cancer or 
sinus and 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 st:!.ges 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. 

• The sinus and mastoid carcinomas in persons exposed to 
226 Ra and 228 Ra are produced largely by the action of 222 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 system is much simpler than the dosimetry of the bronchial 
tree; the mastoid :mucosa may be the respiratory tissue for which the 
epithelial structure may permit accurate target cell dose estimates 
so that the risk to epithelial tissues per unit dose and the specific 
energy that has an impact on cells can be determined; this may im
prove our estimation of the carcinogenic risk in the epithelium of the 
respiratory tract. 
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5 
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 1010 

yr) and decays by emission of an alpha particle creating a series 
of radioactive daughters, many of which also emit alpha radiations. 
One of these daughters is an isotope of radon, 220Rn, viz., thoron. 

The high density a.nd 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 (ThO2), Un
til after the end of World War II, Thorotrast was used extensively 
as an intra.vascular contrast agent for cerebral and limb angiography 
in Europe, the United States, and Japan. It was also injected di
rectly into the spleen for hepatolienogra.phy 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.13 Because of Thoro
trast 's colloidal characteristics, thorium and its decay products wete 
deposited in body tissues and organs, most frequently 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 tadiolog
ically administered Thorotrast in the late 1920s through 1955 have 
been followed in epidemiological surveys in Germany/a Portugal,6 

245 
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Denmark/1 and Japan.32 These studies, described below, demon
strate primarily an excess of liver cancer, including hemangiosarco
ma.s and cholangiosarcoma.s> and acute niyeloid leukemia. This is 
in contrast to the 224Ra-exposed patients, discussed in Chapter 4, 
treated for tuberculosis and ankylosing spondylitis,41 in whom no 
significant excess of liver cancer has occurred. The alpha.-radiation 
dosimetry in the liver and bone marrow is complex, and precise quan
tification of risk in these patients is limited because of the nonuniform 
distribution of thorium dioxide in these tissues and the possible ef
fects of the colloidal material on cancer risk. Moreover, the dose 
responsible for induction of neoplasia cannot be distinguished from 
the wasted radiation after initiation has occurred. Therefore, dose
response relationships are highly uncertain. 

PROPERTIES AND DOSIMETRY 

The long-lived isotope 232Th is the parent of a naturally oc
curring radioactive decay series. The thorium decay series can be 
considered in two steps: (1) the formation of 224Ra by the successive 
decays from 232Th, and (2) the decay of 22'Ra and its daughters to 
stable lead (Figure 5-1). The isotope Ra (half-life, 3.62 days) is an 
important member of the thorium decay chain; its decay results in 
the ultimate emission of four alpha particles that release about 26.5 
Me V. People with burdens of thorium administered for radiodiag
nostic purposes are being irradiated by 224Ra and its alpha-emitting 
progeny as a result of its continuous production in vivo from the 
232 Th.38 The radioisotopes in the thorium series and their physical 
characteristics are listed in Table 5-1.39 

ENVIRONMENTAL PATHWAYS46 

Thorium-232 is present in the soil at an average concentration 
of about 25 Bq/kg (1 Bq = 27 pCi). Because of its very low absorp
tion through the gastrointestinal tract, natural thorium is mainly 
incorporated into the body by the inhalation of resuspended solid 
particles at a rate of about 0.1 Bq/yr. The average body content 
of thorium-232 is about 80 mBq, 60% of which can be found in the 
skeleton. Associated annual effective dose equivalent is estimated at 
about 3 µSv (1 Sv ;;; 100 rem). The decay product of 232Th, 228Ra, is 
much more mobile environmentally, and unlike 232Tb, ingestion con
stitutes the major pathway for intake. The annual level is about 15 
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FIGURE S-1 Formation of 224 R11. by successive dec11,ys from 232Th. Heavily 
lined boxes have been drawn around the a.lpha•particle emitters important to 
dosimetry. SOURCE: Rundo.38 



Copyright © National Academy of Sciences. All rights reserved.

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

248 HEALTH RISKS OF RADON AND OTHER ALPHA-EMITTERS 

TABLE 5-1 Radioisotopes in the Thorium Series 

RadlolS()t0~ Particle Energy• 
(Historical Name) Element Half-Life (MeV) 

Thorium 2J2TI, 1.4 X 1010 yr °'• 4.01 (76%) 
°'• 3.95 (24%) 

Mesothorium l maa S.7 yr {J-, 0.02 
Mcsothorium 2 l26Ac 6.13 h {3- . 0.4S-2.18 
Radiothorium 1lJlTh l.91 yr a, S.42 (71 %) 

a, S.34 (28%) 
Thorium X 21◄Ra 3.64 days °'• 5.68 (95%) 

Q, 5.44 (4.9%) 
Thoron llORn ss s °'• 6.28 (99.7%) 

°'• S.7S (0.3%) 
Thorium A l 16p 0 0.16 s (l', 6.78 
Thorium B l ll Pb 10.6 h fj- , 0.58 (12%) 

fJ-, 0.34 (84%) 
Thorium C lllBi 60.S min {J-, 0.08-2.27 (64%) 

°'• 6.09, 6.0S (36%) 
Thorium C' (64%) 212Po 0,30 /,IS Q , 8.78 
Thorium c • (36%) 1'lllTI 3.1 min fJ. 1.0- 2.38 
Thorium D lO!IPb Stable 

"Where the fJ· or a-spectra contain many lines, only ranges of energy without abundances are 
given. 
SOURCE: Spiers". 

Bq by ingestion compared to approximately 0.01 Bq from inhalation 
of the suspended soil particles. Radium-228, on the average, concen
trates in bone at a level of about 90 mBq/kg and in soft tissues at 
about 4 mBq/kg. The decay product of 228Th, as is true of 228Ra, 
is concentrated in bone, with about 80% of the body content of 300 
mBq being found in the skeleton. 

Ra.don-220 and its decay products (216 Po, 212Pb, 212Bi, 212 Po, 
and 208 Th) are responsible for a.n additional annual effective dose 
equivalent of a.bout 0.22 mSv, 90% of which is a. result from indoor 
exposure. Ra.don-220 and its decay products are generally present at 
levels a.bout 10- to 20-fold lower than that of 222Ra. (from the decay 
of 2213Ra). 

BIOLOGIOAL PROPERTIES OF THE THORIUM SERIES 

Eight different chemical elements are represented in the thorium 
series. Three of them (Th, Ra, Po) are represented by two isotopes 
each {Figure 5-1 a.nd Table 5•1). As the chemical identity of a given 
a.tom changes as a result of successive nuclear transformations, it 
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may find itself situated at a metabolically inappropriate site, and 
there is the possibility that it may translocate. The recoil energy 
imparted to a nucleus on the emission of an alpha particle of several 
megaelectronvolts of energy is on the order of 100 ke V, far greater 
than the strength of any chemical bond in the atom.38 

Of the two isotopes of thorium in the precursors of 224 Ra, the 
parent of the series, 232Th, is the only member of the chain that can 
exist in vivo in macroscopic quantities. The weight of 1 µCi of 232Tb 
is 9.13 g, while the weight of 1 µCi of 228Th is 1.21 x 10-9 g. After 
intravenous injections of such quantities, the concentration of 228Th 
in the blood would be about 6 x 108 atoms/ml, but the concentration 
of 232Tb would be a.bout 1010 times higher. Thorium appears to be 
held tenaciously at either its site of formation in vivo or its point 
of entry into the body ( other than the bloodstream), regardless of 
the specific activity of the material. Following intravenous injection, 
thorium of high specific activity deposits mainly on bone surfaces, 
from which its release appears to be very slow. In the special case of 
Thorotrast, in which macroquantities of 232Tb in colloidal form are 
injected, it is the physical form that controls its deposition in the cells 
of the reticuloendothelial system rather than the chemical properties. 
The colloid aggregates in vivo into clumps as large as 100 µm across, 
and these aggregates are very stable. The 228Th that is produced via 
228 Ra and 228 Ac in these aggregates does have some mobility, and 
there is a small loss of activity from thorium deposits.38,30 

ALPHA DOSIMETRY OF THORIUM IN HUMANS 

Thorotrast was administered as a colloidal form of thorium diox
ide; the colloidal particles agglomerate and pose a radiation risk 
to the reticuloendothelial system in which they are ultimately se
questered. The thorium is ultimately redistributed and produces a 
nonuniform irradiation. The range of the emitted alpha particles in 
unit density tissue is approximately 40 to 45 µm, that is, a.bout four 
or five cell diameters. Microscopic and autoradiographic studies have 
shown that the colloidal aggregates can range to about 100 µ,m in 
diameter, producing a highly nonuniform dose-distribution pattern. 
Such a distribution is thought to be less biologically effective than 
a more uniform distribution of the same amount of alpha-particle 
energy33 for two reasons. First, some of the alpha-particle energy is 
expended within the aggregate itself, and thus, that fraction of the 
radiation dose is unavailable to surrounding cells at risk. Second, the 
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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 .13 Quantitative aspects of 
this exposure situation are discussed in Appendix I and Chapter 4. 

Radioactivity and, therefore, dose increase with the size of the 
Thorotra.st 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.60 Table 5-2 shows 
the mean tissue doses in the liver and red bone marrow based on 
measurements from the German Thorotra.st study60 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 f a.ctor 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 Thorotra.st injection and deposition within the body, a 
buildup of daughter products proceeds, but it never reaches equilibri
um. 38 The lack of equilibrium is indicated by the relative excretion 
rates of 2a2Tb and its daughters; thorium is excreted at a slow rate 
relative to that of radium isotopes. 38 

Kaul and Noffz22 calculated absorbed doses to the liver, spleen, 
red bone marrow, lungs, kidneys, and bone for long-term burdens of 
intravascula.rly injected Thorotrast. The estimates were performed 
for typical injection levels of 10, 30, 60, and 100 ml based on best 
estimates of 232Th 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: liver, 59%; spleen, 29%; red bone marrow, 9%; 
calcified bone, 2%; lungs, 0.7%; kidneys, 0.1%.22 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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FIGURE 5-2 High-resolution a.utoradiogra.ph of liver a.utopsy specimen of a 
60-yr-old ma.le who died of hemangioendothelioma. in the liver 15 yr after a 
75-ml Thorotra.st injection for hepatolienography. Magnification, x 1.,250; oil 
immersion. 



Copyright © National Academy of Sciences. All rights reserved.

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

252 HEALTH RISKS OF RADON AND OTHER ALPHA-EMITTERS 

TABLE 5-2 Mean Annual Alpha-Radiation Dose Following Thorotrast 
Injection 

Volume of 
Thorotra$t mThin 

Organ Injected (ml) Organ (Bq) F" 

Liver LO 4,850 0.85 
30 14,500 0.65 
50 24,200 0.52 

100 48,500 0.38 
R.ed bone marrow LO 740 0.97 

30 2,220 0.92 
so 3,700 0.87 

100 7.400 0.77 

• F is the fraction of alpha energy emitted by the aggregates. 
SOURCE: Kaul and Noff:i:. 22 

Mlllln Ti$sllC Dose/ml 
Dose (Gy/ yr) (Oy/yr) 

0.13 0.0130 
0.28 0.0093 
0.38 0.0076 
0.55 0.0055 
0.04 0.0040 
0.1 I 0.0037 
0.17 0.0034 
0.30 0.0030 

Correcting for the alpha-particle self-absorption within Thoro
trast aggregates, the mean radiation dose to a standard 70-kg man 
at 80 yr after the intravascular injection of 25 ml of Thorotrast was 
estimated to be 750 rad to the liver, 2,100 rad to the spleen, 270 rad 
to the red bone marrow, 6(}..-620 rad into various parts of the lung, 
and 13 rad to the kidney. Based on the tissue distribution of 232Tb in. 
Thorotrast-exposed patients and the mean concentration of 232Tb in 
various organs of Thorotrast-exposed patients, Figure 5-3 ( from the 
study of Kaul and Noffz22 ) illustrates the mean steady-state alpha
radiation dose rates in the liver, spleen, and red bone marrow. These 
are plotted against the volume of Thorotrast injected to give values 
of dose rate for any volume of intravascularly injected Thorotrast 
between 10 and 100 ml. A typical injection of 25 ml of Thorotrast 
administered for angiography would result in an estimated dose rate 
of about 25 rad/yr in the liver and an average of about 16 rad/yr 
to the endostea.l cells of bone.60 Dose rates to various parts of bone 
tissue (bone surface, compact and ca.ncellous bone) were estimated 
by applying the International Commission on Radiological Protec
tion {ICRP) model18 on alkaline earth metabolism to the continuous 
translocation of thorium daughters to bone and to the formation of 
thorium daughters by decay within bone tissue. The average dose to 
calcified bone from translocated 22'R.a with its daughters was esti
mated to be 19 :rad at 30 yr after the injection of 25 ml of Thorotra.st. 

Both the steady-state activity ratio of thorium daughters to 
232Th and the self-absorption of alpha particles in 232ThO2 aggre
gates are important for estimating the absorbed dose in tissues due 
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FIGURE 5-S Mean alpha-radiation dose ro.tes i o the liver, spleen, and ~d 
bone ma.rrow verses volume of intr11.vascularly injected T horotrut. SOURCE: 
Kaul and Nofl'i,22 

to Thorotrast. Gamma rays from 228 Ac, 212Pb, and 208Tl and alpha 
rays from 232Tb and 228Tb emitted from autopsy samples make it 
possible to estimate the steady-state activity ratio of thorium daugh
ters to 232Tb. The steady-state activity ratio of 228Tb to 232Tb can 
be determined from an alpha--ray energy spectrum and that of 224 Ra 
to 228Th and 228Ra can be determined from a gamma-ray energy 
spectrum.21 For estimation of average absorbed dose in an organ, 
the distribution of Thorotrast aggregate sizes must be assumed. Ex
amination 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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of 100 in Thorotrast-exposed patients.12•13 Large para.vascular in
jections, together with the heterogeneous distribution in the liver, 
ma.y be sources of error for the calculation of the tissue dose to the 
organs of the reticuloendothelial system. Moreover, the estimated 
tissue dose is dependent on the total injected volume of Thorotrast, 
the gross organ distribution of the 232Th and its daughter products, 
the average size of the ThO2 aggregates, and the alpha-particle self
absorption within the aggregates. At the cellular level, there may 
be dose rate differences up to a factor of 10,000. Currently, only 
estimates of the mean organ dose are available. 

Kato et al.20 estimated the absorbed dose in the liver, spleen, 
and bone marrow in 30 Japanese Thorotrast-exposed patients who 
died of liver cancer, liver cirrhosis, and other Thorotrast-associated 
conditions. In the liver, a mean dose rate of 36 rad/yr and a total 
absorbed dose of 939 rad was calculated; for the spleen the doses 
were 200 rad/yr and 5,760 rad, respectively; for the bone marrow the 
doses were 99 rad/yr and 3,087 rad, respectively. For the Japanese 
patients with hepatic tumors,20 the mean latent period was 31 yr, 
the mean absorbed dose in the liver was 939 rad (range, 145-3,234 
rad), self-absorption was 0.5, body weight was 60-60 kg, and liver 
weight was 1,200 g. 

Kaul and Noffz22 estimated the mean dose rates in West German 
patients based on a 25-ml intra.vascular injection of Thorotrast in a 
70-kg person, to be as follows: liver, 25 r~/yr; spleen, 70 r~/yr; 
bone marrow, 9 rad/yr; endosteal layer in bone, 16 ra.d/yr; main 
pulmonary bronchi, 13 rad/yr, and kidneys, 0.4 rad/yr. The cal
culations assume the 212Bi activity equals the 212 Pb activity in all 
tissues; if the kidney concentrates 212Bi from the blood plasma, then 
the kidney dose rate could be much higher than 0.4 rad/yr. The 
high dose rate to the endosteal la.yer in bone is due to the thorium 
dioxide in adjacent bone marrow and translocation of 224Ra from 
deposits in the reticuloendothelial system to bone surfaces. For the 
West German patients, the mean latent period was 30 yr, the mean 
absorbed dose in the liver was 824 rad (range, 384- 1,391 rad) , the 
self-absorption was 0.15-0.48, the body weight was a.bout 70 kg, and 
the liver weight was about 1,800 g. The mean absorbed dose in the 
liver in the Japanese data was 14% higher than that in the Ger
man data, in part, because of the less massive livers in the Japanese 
patients.20 
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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 Thorotrast should be taken into consideration as 
potential causal factors in tumor induction. B~nsted2 examined the 
effects of :zirconium dioxide aquasol (Zirconotrast) and conventional 
and 230Th-enriched Thorotrast in mice, and found no clear evidence 
of an increased incidence of Thorotrast-specific tumors compared 
with Zirconotrast. Faber6 injected rabbits with various amounts 
of 230Th-enriched Thorotrast and found a shortened latency pe
riod for hemangioendothelioma.s when compared with that caused 
by commercial Thorotrast. Riedel et al.36,36 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 humans. The other colloids studied 
failed to show any significantly different effects due to their distribu
tion from those of the thorium dioxide sol. 

The investigations by Wesch et al.64•55 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 involved. 
In these experiments, 232Tb was enriched with different fractions 
of 230Th 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 a single 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 ,:esulted in further life-shortening. A 
linear dose.response relationship for liver cancer was found; l(D) = 
3.3 + 0.79D, where l(D) is the crude 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 observed 
control incidence of 2.7%. 

In later studies, Wesch et al.66 studied rats injected with Zir• 
conotrast (colloidal ZrO2) in which 228Th was incorporated. The 
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liver cell carcinomas, intra.hepatic bile duct carcinomas, and heman
giosa.rcomas induced were similar to Thorotrast tumors 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 228Th) 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.43 examined the liver carcinogenicity of 2u Am and 
Thorotra.st in mice and found that at comparable doses, in rad, 
of 241Am and Thorotrast it was approximately equal. The toxicity 
ratio (241.Am/Thorotrast) for liver cancer induction approximated 
1.2, with a range of 0.6-1.6. This further suggests that nonra.diation 
factors of Thorotrast were not significant in liver tumor induction. 

Brooks et al.a injected hamsters with Thorotrast and found that 
the chromosome aberration frequency in liver cells increased linearly 
as a function 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 a.berrations/cell/Gy 
observed with injected 230Pu citrate. The data suggest that the dose 
distribution, chemical effects, or particle loading in the liver do not 
increase the frequency of chromosome aberrations induced by Thoro
trast above that predicted for the more homogeneously distributed 
alpha. radiation from 230Pu citrate. This provides some evidence 
that the data from Thorotrast-exposed patients may not overesti
mate the risk for primary liver damage from internally deposited 
alpha-emitting radionuclides. 

Wegener and Hasenohrl53 examined rats injected intravenously 
with different quantities and different alpha doses of Thorotrast. 
The total frequency of liver and spleen tumors in animals receiving 
230Th-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 
suggests that Thorotra.st-induced tumors appear to arise in large 
measure from the effects ofradiation, 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. Tissue 
destruction of significance does not precede the development of liver 
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neoplasia. in rats and mice, even when the radiation dose is very 
high.36 

Fibroblast proliferation may occur at injection sites in the sub
cutaneous tiSl;lues in a large proportion of Tho:rotrast-induced tumors 
in rats, and this may suggest that neoplasia could develop in those 
animals that have a vigorous inflammatory reaction to the presence 
of Thorotrast. However, no difference has been found in the incidence 
of hepatic tumors in a comparison in mice and rats of the late ef
fects of Thorot:rast and the nonradioactive colloidal contrast medium 
Zirconotrast.2•66 Studies on the effects of radioactive colloidal gold 
in laboratory animals demonstrated that it was not necessarily the 
colloidal state of the material that rendered it carcinogenic for the 
liver. Whereas a number of investigations have emphasized the pos
sible role of cirrhosis and related biochemical factors in the livers 
of Thorotrast-exposed patients, no recent experimental evidence is 
available to indicate induction of liver damage and cirrhosis in rats 
and mice following the administration. of Thorotrast.12 

BONE TUMORS 

For 228Th, the tissues that are of importance in the neoplastic 
response in bone are the osteogenic tissues at the surface of bones and 
possibly in or near zones of endochondral bone formation, especially 
endosteal tissue.• Mays et al.26 found that 223Th is 8 times as effective 
as 226Ra for the induction of osteosa.rcomas from injected bone
seeking alpha-emitting ra.dionuclides in beagle dogs. The higher 
effectiveness of 228Th is apparently due to the surface deposition 
of the thorium closer to the osteogenic tissue, in contrast to the 
distribution of the radium isotope throughout the bone tissue volume. 

Studies of the bones of beagle dogs receiving single intravenous 
injections of 228Th have shown that the histopathological changes 
preceding the development of osteosarcomas are similar to those 
caused by 239Pu and 220Ra. and those in radium-bearing humans. 
High radiation doses altered the vasculature and circulation and 
caused bone necrosis, bone resorption, reduced bone formation, and 
marrow fibrosis.111

•
20 

Lloyd et al.24 determined toxicity ratios for bone sarcoma. induc
tion at low dose rates and at low total doses in life-span observations 
of beagles, injected as young adults, for incorporated 228Th relative 
to that for 228Ra. F01: equal incidence of bone sarcoma., 228Th was 
about 8.5 ± 2.3 times as effective as 226Ra on 'the basis of cumulative 
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average skeletal dose at 1 yr after death. 228Tb was about 9.1 ± 2.5 
times as effective as 220Ra 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 Thorotra.st is injected intravenously, the 
particles are taken up by the macrophages of the reticuloendothelial 
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 Thorotra.st-exposed patients demon
strated that it is common to find anemia, with an increase in the early 
forms of the myeloid series.62 Because of Thorotrast deposition in the 
bone marrow I destruction of erythropoietic 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.62 Since hepatic carcinomas 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 Tborotrast-exposed patients have been reported to have 
hepatocellular and cholangiocellular carcinoma of the liver.4 While 
histologically similar, 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 bemangioen
dotheliomas may very well be almost a Thorotrast-specific tumor .1 

There are five epidemiological follow-up studies of Thorotrast
exposed patients, namely, the German Thorotrast study,46- 6 1 the 
Japanese Thorotrast cases,2°•2 1,20- 32 the Thorotrast exposed patients 
in Portugal, 1•6•17 the Danish Thorotrast study,6 - 11 and the American 
study.14 
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THE GERMAN THOROTRAST STUDY 

The German Thorotrast study46- 61 now consists of a follow
up of 5,159 Thorotrast-exposed patients and 5,151 controls followed 
since 1933 and 1935, respectively. The Thorotrast-exposed patients 
underwent diagnostic x-ray examination during the period 1930 to 
1951; these were primarily intra.vascular injections of x-ra.y contrast 
medium for cerebral angiography and angiography of the lower and 
upper limbs. There were 2,334 Thorotrast-exposed patients and 
1,912 control patients who survived 3 yr or more after treatment 
and could be traced. Follow-up to 1984 has been performed on 
894 Thorotrast-expose.d patients and 662 control patients; 1,964 
Thorotrast-exposed patients and 1,409 control patients have died. 

The causes of death in the latter group are listed in Table 5-3.61 

Most evident in the Thorotrast-exposed patients was 347 cases of liver 
cancer, compared with 2 cases in the control group; the liver tumors 
were carcinomas, primarily cholangiocellular and hemangiosarcomas. 
Cirrhosis was present in many of the patients with liver tumors. The 
shortest latency period was 16 yr, and some now range to latency 
intervals of more than 40 yr. The accumulated alpha~radiation tissue 
dose to the liver is estimated to range from 200 to 1,500 rad.60 

Myeloproliferative disorders occurred in 35 Thorotrast-exposed 
patients and 3 controls; the diseases included acute myeloid leukemia 
and erythroleukemia, rnonocytic leukemia, and chronic myeloid leu
kemia. The shortest latency interval for leukemia was 5 yr. The 
estimated accumulated dose to the red bone marrow is estimated 

TABLE 5-3 The German Thorotrast Study: Causes of Death in Examined 
and Nonexamined Patients (Combined) 

Liver cancer 
Myeloproliferativc disease 
Chronic lymphatic leukemia 
Non-Hodgkins lymphoma 
Bone sarcoma 
Lung cancer 
Pleural mesothelioma 
Kidney cancer 
Liver cirrhO$iS 
Bone marrow failure 
Cardlo.-ascular disease:i 

SOURCE: van Kaick et al." 

Thorotrast 
(11 = l , 964 of 2,334) 

347 
35 
3 

16 
4 

46 
4 
4 

292 
20 

587 

Control 
(n :: I, 409 of 1,912) 

2 
3 
2 
7 
l 

4-0 
0 
2 

42 
I 

468 
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to range from 50 to 400 rad. Non-Hodgkins lymphoma occurred in 
16 Thorotrast-exposed patients and in 7 controls. Only four bone 
sarcomas have appeared in the 2,334 Thorotrast-exposed patients; 
the accumulated dose to the bone surface wa.s estimated to be about 
200-470 rad. Bone marrow failure due to aplastic anemia, agran
uJocytosis, or thrombocytopenia occurred in 20 Thorotrast-exposed 
patients and in 1 control patient; it is possible that some aplastic 
anemias were misdiagnosed aleukemic leukemias. 

The results of the German Thorotrast study,61 when compared 
with those of the Portuguese/• Danish, 11 and J apanese32 studies, 
show similar excess rates of liver cancers and leukernia.27•28 Dose
effect relationships for liver cancers and leukemias have been observed 
in the West German study (Figure 5-4).6 1 However, the influence of 
the dose rate to bone marrow on the leukemia incidence cannot, as 
yet, be established. The cumulative incidence of liver cancers and 
leukemias plotted against time after Thorotrast injection (Figure 5-
4) assumes an average volume of 25 ml of Thorotrast per injection, 
which corresponds to a tissue dose rate of 25 rad/yr in the liver 
and 9 rad/yr in the bone marrow. Leukemias appeared 6 yr after 
injection and continued to increase subsequently, while liver cancers 
did not appear until almost 20 yr after injection and then increased 
very rapidly. The proportion of cumulative leukemia incidence to 
cumulative liver cancer incidence is 1.2 to 12% by 40 yr, or 1 to 10. 
Time after injection is an important factor in the incidence of liver 
cancers but is much less so in the case of leukemias. 

Figure 5-5 illustrates the cumulative incidence of liver tumors in 
examined German Thorotrast-exposed patients with different liver 
dose rates.50 Three groups of patients were studied: those receiving 
more than 20 ml of Thorotra.st ( dose rate, approximately 30 rad/yr), 
those receiving approximately 11- 20 ml (dose rate, approximately 18 
rad/yr), and those receiving Jess than 10 ml (dose rate, approximately 
10 rad/yr). The dose and dose rate dependence are indicated in 
Figure 5-6, both with the shortening of the latent interval with 
increasing dose and dose rate and with the increased frequency ofliver 
cancers in these patients with increasing dose and dose rate. In this 
study, the cumulative incidence of liver tumors was not influenced 
by the age at injection. 

There is an apparent lack of excess Jung cancers in Thorotrast
exposed patients, (46 [2.3%] observed versus 40 [2.8%] in controls), 
even though the bronchi ax-e exposed to chronic alpha radiation from 
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TIME AFTER THOROTRAST INJECTION (years) 

FIGURE 5.4 The Gerni.an Thorotr111t study. Cumulative incidence of liver 
tumor1 (solid line) Md leukemia. (dotted liM) in examined and nonexamined 
pa.tienta (n = 2,135). SOURCE: van Kaick et al.60 

2110Rn, which is exhaled with the breath. Initial estimates of the ac
cumulated radiation dose to the bronchial airways of these patients 
suggested doses as high as 1,000 rad, based on the injection of 1 
µCi of 232Th and about 45 ml of Thorotrast deposited in the reticu
loendothelial system. 115 At this dose level it might be expected that 
as many as 50 excess lung cancers might occur in the Thorotrast
exposed patients surveyed; however, no excess occurred. Reevalua
tion of lung doses16 by using a Weibel model and calculating doses 
for bronchial stem cells at generation-specific depths resulted in a 
decrease in the mean bronchial dose estimates by a factor of 4.3 and 
in the segmental bronchi dose estimates by a factor of 3.3; this brings 
the estimates of excess lung cancer in Thorotrast-exposed patients 
closer to the level observed in the control group. 
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THE PORTUGUESE THOROTRAST STUDY 

The epidemiological study of Thorotrast-exposed patients in 
Portugal1•

6
•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 a.rteriography and venography, aortograpby, hep
a.tosplenography, and examination of the pa.ranasal sinuses. By the 
end of 1976, 955 of the 1,244 traced Thorotra.st-expoaed patients and 
656 of the control cases had died; 13 7 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 carcinoma.a of the lung, two 
carcinomas of the larynx, and fl ve 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, no cases 
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of leukemia, a.nd 6 cases of liver cirrhosis. Analysis of the data has 
shown that the number of observed deaths from malignancies- liver, 
bone, bronchus; larynx, and leukemias-and from liver cirrhosis in 
the Thorotrast-exposed patients was significantly higher than the ex
pected corresponding numbers in the general Portuguese population. 

The majority of the liver tumors were hemangioendotheliomas, 
one-third were cholangiocarcinomas, two were hepatomas, and one 
was reticulosarcoma. There were four cases of multicentric tumors 
of the reticuloendothelial organs, including the liver. Estimates of 
the amount of Thorotrast sol injected into the patients who had 
died ranged from 18.0 to 88.9 ml, with an average of about 26 ml. 
The latency periods varied with the main causes of death. The 
highest average latent periods were found among those who died 
from malignancies (greater than 27 yr)i for liver cancers, the range 
was 29-34 yr; for leukemias it was about 20 yr.6 •17 

THE JAPANESE THOROTRAST STUDY 

An epidemiological study is being conducted in J a.pan of 282 pa
tients who were given Thorotrast for angiography and hepatolienog
raphy during World War n.20,21,29- 32 Their follow-up now extends to 
38-46 yr post-Thorotrast administration. The amount of Thorotrast 
injected intravascula.rly in 159 cases ranged from 1.0 to 139 ml (0.02 
to 2.78 µCi); the mean injection volume per patient was 17.1 ml (0.3 
µCi). In the 261 cases with intravascular injection, there have been 
50 cases of liver cancer, 4 cases of blood disease, 3 cases of lung 
cancer, 1 case of osteosarcoma, 22 other malignant tumors, and 16 
cases of liver cirrhosis, These data. are summarized together with the 
data on the non-Thorotrast-exposed control group in Table 5-4. The 
mortality rates due to hepatic and other malignant tumors, blood 
diseases, and cirrhosis of the liver and the overall mortality rate were 
significantly higher in the group treated with Thorotra.st intravascu
larly than in the controls. Figure 5-6 shows the cumulative indices 
of malignant hepatic tumors, liver cirrhosis, and blood disease. The 
first case of liver cancer occurred 21 yr after Thorotrast injection> 
and the number increased rapidly thereafter, reaching 15% of the 
total number of cases at 40 yr postinjection. Deaths due to liver 
cirrhosis and blood diseases were first observed at 18 and 16 yr after 
injection, respectively, and increased to 5.6 and 1.8%, respectively, 
of the total number of cases at 88 and 36 yr postinjection. These 
observations concerning malignant hepatic tumors, liver cirrhosis> 
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TABLE 5-4 The Japanese Thorotrast Study: Causes 
of Death in Intravascular Thorotrast Group 
and in Controls 

Non-Thorotrast 
Thorotrast Oroup Group 

Cause of Death No. of cases % No. of Ci\$CS % 

Malignant tumors 75 28,8• 94 7.3 
Hepatic tumors so 19.2" 6 0.5 
Other 25 9.6 88 6.8 

Blood diseases 4 1.5" 2 0.2 
Liver cirrhosis 16 6.1" J7 I.J 
Other diseases 67 2S.7 243 18.8 
Total dead cases 180 69.0• 446 34.6 
Total living cases 74 28.3 844 65.4 
Untraecd cases 7 2.7 
Total cases 261 100.0 1,290 100.0 
0 P < 0.00 1. 

SOURCE: Modified from Mori er al.ll 

and blood diseases are in accord with the findings of the German 
Thorotrast study.'9•60 

In the Japanese Thorotrast study,31 the absorbed dose rate in the 
liver, spleen, and bone marrow was estimated for 71 autopsy cases of 
Thorotrast-treated patients who died from cholangiocarcinoma, he
mangioendothelioma, liver cell carcinoma, liver cirrhosis, and blood 
and other diseases. The mean dose rate in the liver, spleen, and bone 
marrow, classified by cause of death, was estimated to be 22.2- 34.7, 
67.8-137.8, and 15.9-36.6 rad/yr, respectively. Mean latent periods 
for the different causes of deaths in patients exposed to Thorotrast 
(liver cancers, liver cirrhosis, and blood diseases) ranged from about 
30-37 years and decreased with increasing dose rate.2 l 

Cumulative indices of malignant hepatic tumors, liver cirrhosis, 
and blood diseases reached 19.2, 6.1, and 1.5%, respectively (Figure 
5-6), of the total number of patients exposed to Thorotrast intravas
cularly at 43 yr after injection. This is in accord with those values 
reported in the West German Thorotrast study.51 

Of the 21 patients given Thorotrast nonintrava.scularly, 6 were 
alive, 14 were dead, and 1 was untraceable. The causes of death were 
1 carcinoma of the pancreas, 2 liver cirrhoses, 10 other diseases, and 
1 accident. No significant relationship was found between the causes 
of death and Thorotrast injection when compared with controls. 
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FIGURE 5-6 The Japanese Thorotrut study, Duration from ThorotrNt 
IM:lminlstration to death due to hepatic malignant tumors, liver cirrhosis, Md 
blood diseues in the group exposed io Thorotrui intravasculn.rly. SOURCE: 
Mori et al.81 

In the patients exposed to Thorotrast intravascularly, the dose 
rates to the Jiver estimated in 96 cases ranged fr·om 2 to 69 rad/yr; the 
mean absorbed dose was 919.6 rad (standard deviation [SD], 409.0 
ra.d) for 67 malignant hepatic tumors, 958.6 rad (SD, 251.6 rad) for 
8 liver cirrhoses, and 757.3 rad (SO, 334.5 rad) for 21 other tumors 
and diseases. The dose rates to the spleen, estimated in 82 cases, 
ranged from 8 to 74.3 rad/yr. The dose rates to the bone marrow in 
63 cases ranged from l to 157 rad/yr. 

In a Japanese series of 120 autopsy cases of patients who died of 
Thorotrast-associated conditions, there were reported23 36 cases of 
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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 ± 6.6 
yr (range, 23-45 yr)i angiosarcoma, mean, 36.4 ± 5.4 yr (range, 27- 49 
yr); hepa.tocellular 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 Thorotra.st intravascularly 29-50 
yr previously, 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. 42 

THE DANISH THOROTRAST STUDY 

A follow-up study of Danish neurosurgical patients injected with 
Thorotrast during the years 1935- 19461

6- 11 was begun a few years 
after the cessation of the radiological 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 digestive tract, 71 observed versus 21 expectedj liver tumors, 50 
versus 0.75; lung cancers, 14 versus 7.5; and leukemias 14 versus 1.6. 
In the 1986 report of results to the end of 1983, 11 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 98 liver cancers versus 
0.89 expected, and 23 leukemias versus 8.12 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. 14 carried out a preliminary epidemiological investiga
tion 0£ Thorotrast-exposed 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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cases had undergone relatively low-dose Thorotrast radiological pro
cedures and prolonged latent periods, ranging from 19.8 to 28.0 yr, 
and 1 case was as long as 40 yr. 

OTHER HUMAN STUDIES 

Toohey et al.44 have measured the activity of thorium daughters 
(228 Ac, 212pb

1 
212 Bi) in vivo in studies of the health effects of thorium 

exposure on 133 former workers in a thorium refinery; in addition, 
the exhalation rate of 220Rn (from 224Ra) was determined for each 
subject. The values observed were elevated and appeared to be 
representative of the given individual only. No correlation was made 
concerning health outcomes. 

Xing-an et al.57 have examined exhaled thoron activity and 228Tb 
lung burden in 20 miners inhaljng thorium dust in iron mines; the 
228Th lung burden was approximately four times higher than that 
in nonexposed controls. The thoron concentrations in the breath of 
miners were 3 to 4 times higher than those in controls. They also 
found that the '.328Th body burden in 20 persons living in a high
background area (Dong-anling region) was 3 times greater than that 
in controls. No health effects were examined. 

ESTIMATION OF EXCESS RISK FOLLOWING 
THOROTRAST ADMINISTRATION 

The primary sources for determining the risks for tumor induc
tion after exposure to thorium are the epidemiological studies of 
Thorotrast-exposed patients. Although these can now provide esti
mates for the risks of liver cancer and possibly leukemia, these risk 
estimates are applicable only to intravascular Thorotrast exposure. 
Animal studies indicate that it is primarily the alpha radiation from 
232Th02 that causes the tumors. Other forms of thorium would be 
subject to different pharmacodyna.mics, and thus, the dose distribu
tion and health effects would be different. 

In order to calculate the risk of dying by liver cancer after 
Thorotrast injection, it is necessary to know the size of the Thorotrast 
population cohort, the average dose to the liver per year, the number 
of persons dead at time t, the number of liver cancers at time t, and 
finally the number of liver cancers in the control group a.t time t. In 
addition, it is necessary to assume a death rate at time t ( to estimate 
total liver cancers when the entire cohort is dead) and latent period. 
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TABLE S-5 Liver Cancer Data from Thorotrast Studies 

No. of Years Average Total No. of Liver 
Thorotru t Followed Liver Dose Cohort No. of Liver Cancers/ 
Study (date) (rad/yr) Size Deceased Cancers No. of Controls 

German 4-0 (1984) 25 2,334 1,964 347 2/1,409 
Japanese 4-0 (1984) 36 254' 180 so 6/446 
Ponuguesc 30 (1976) 2S l ,244 955 87 1/ 656 

•or 261 cases, 7 arc untraced. 

Both the Germa.n 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 study) and (2) the latency period. Figures 5-3 and ~5 appear 
to provide evidence that the latent period 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 t he 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,34 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 
report34 based its projections on an assumed minimal latent period of 
10 yr and observed mortality to the end of life for the total population 
in the three studies still alive and at riskj it estimated approximately 
300 excess liver cancers/106 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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IN THE GERMAN THOROTRAST STUDY 

Assumptions: 

269 

1. Total death rate after 20 yr parallels liver-cancer death 
rate and is linear during the last 20 yr. 

2. The latency period is 20 yr. 

Assumed cohort average annual death rate == 1964/20 = 
98.2 deaths/yr 

Estimated remaining mean time to death of cohort = (2,334 -
1,964)/98,2 = 4 years 

Total expected number of liver cancers = 347[(20+4)]/20 = 
416 

Person-rad- wasted dose = 25(56,016 x 25) = 1,380,960 
Total excess number of liver cancers = 416 - (2/1,409) x 2,334 

= 413 
Risk per 106 person-rad = 413/1,380,950 = ~ 300/106 person-. 

rad 

TABLE 5-6 Estimated Liver Cancer Risks 
from Thorotrast 

Thorotra$( Expected Excc~s Person-Rad-
Study Liver Cancers Wasted Dose 

German 413 l.30 X JO~ 

Japanese 67 0.256 X 10" 
Portuguese l 11 0.40 X 10" 

Risk/ t0• 

Pcr$On•Rad 

300 
260 
280 

quite different from the dose distributions ~sociated with Thorotra.st 
aggregates, and the risk values will also be different. 

Faber6•8•0 estimated the excess rate of liver cancer in adults as 
4.2 cases/year/l0fJ person-rad. For a 40-yr follow-up, this would cor
respond to about 170 cases/106 person-rad. Such estimates, however1 

a.re not based on modeling the pattern of risk over time and must be 
considered provisional until more complete data are available. 

Deaths from leukemia in the Thorotrast surveys in Germany, 
Portugal, and Denmark are in excess of the national rates of death 
from leukemia.. Two categories of malignant disease exist, namely, (1) 
malignant disease originating in the bone marrow, that is, leukemia 
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(including acute myeloid and chronic myeloid leukemia.) , multiple 
myeloma, and hema.ngiosarcoma 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 is a combined rate of 
about 12 cases/1,000 perso~.27 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 10/1,000.27•28 The 
average dose to bone marrow was about 150- 200 ra.d.27 This would 
result in an estimated lifetime linear risk coefficient of 50-60 excess 
leukemia cases/106 person-rad.27 

In the second category, a total of 11 cases have been recorded,27 

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 as uncommon 
as 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. 27 

Mole28 reported that by 1979, of 3,772 Thorotrast-exposed pa
tients in the German, Danish, and Portuguese Thorotrast surveys, 
26 died from bone marrow failure, that is, 6.9/1,000. Ii 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/106 person-rad can 
be estimated. However, the risk coefficient may be nearer to 30/108 

person-rad since the deaths in the Danish subjects occurred at 7- 24 
yr (mean, 16 yr)' and in the Portuguese subjects at 8-37 yr (mean, 
25 yr)6 after Thorotrast administration. 

Mays and Spie$S26 have estimated the risk of bone-tumor in
duction in Thorotra.st•exposed patients. 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; 3-6 bone sarcomas had occurred, compared with 0.5 expected 
cases. Rowland and Rundo3 7 have calculated that a typical intra.vas
cular injection of 25 ml of Thorotrast gave an average dose rate 
from translocated 224Ra of about 1 rad/yr to the marrow-free skele
ton of an adult. Assuming that translocated 22'Ra is the source 
of exposure, the risk coefficient estimated is 55- 120 excess bone 
sarcomas/106 person-rad (average dose to the skeleton without bone 
marrow). For comparison, the risk coefficient for protracted injec-
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tions of 224 Ra is estimated to be about 200 excess bone sarcomas/100 
person-rad, based on 54 cases of bone sarcoma.~6 The effect of age at 
the time of Thorotrast administration on the induction of neoplasia 
is poorly understood; patients receiving Thorotrast at younger ages 
appear to have an excess of bone sarcomas, whereas patients receiving 
Thorotrast at older ages do not.26 

Liver tumors arising from hepatic parenchymal or bile duct ceUs, 
or hemangioendotheliomas, have not been recorded in excess in hu
mans exposed to external low linear energy transfer radiations, al
though leukemia is commonly induced from such exposures.34 This 
is in contrast to the Thorotrast-exposed patients where the linear 
risk coefficient for liver tumors is considerably higher than that for 
leukemia..27•28 This may be due, in part, to the practice of averaging 
the dose in the liver; local deposits of Thorotrast provide sufficiently 
high local alpha-radiation doses to induce cycles of necrosis and re
generation. While radiation plays an important role, it has been 
suggested that it may be only the hepatocellular tumors and not 
the hemangioendotheliomas that are associated with cycles of liver 
necrosis and regeneration in the absence of radiation. 6 

The wide local variation of Thorotrast dose distribution in the 
liver also occurs in the bone marrow, lymph nodes, and spleen; 
Mole27•28 speculated that local radiation levels from Thorotrast de
posits are much greater than dose averages throughout the tissue 
and that this could be responsible for the high incidence ofleukemias 
in Thorotra.st-exposed patients, and perhaps also for the apparent 
excess of multiple rnyeloma and lymph node neoplasms. The inhomo
geneous radiation produced by alpha-emitters and the nonuniform 
and patchy anatomic distribution of Thorotrast complicate any at
tempt to calculate radiation dosage to the tissues of these patients. 
Correlation with histopathological findings based on terminal bur
dens is difficult, since the uneven and irregular distribution with 
increasing aggregation and flocculation of Thorotrast granules and 
migration and redistribution of thorium constantly change the levels 
of radiation dose. Further, some of the decay products of the compli
cated thorium series are soluble, translocate, and are bone seekers. 
Thus, average dose to the tissues may be an inappropriate param
eter, and calculations based on terminal burdens do not necessarily 
represent the radiation dose that may be responsible for initiating 
malignant processes. 

In summary> the combined epidemiological studies of Thorotrast
exposed patients provide estimates for the cancer risks and are listed 
in Table 5-7. 
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TABLE 5-7 Lifetime Excess Cancer Risks 
from Thorotrast 

Tissue 

Liver 
Leukemia 
Bone 

Risk Coefficient/ 
106 Person-rad 

260-300 
S0-60 
SS-120 

Latent Period (yr) (or 
Colloidal lJ2ThO2 

20 
s 

10 

The extent to which these risk numbers apply to other thorium 
radionuclides in other forms is unknown. 
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6 
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 effects of uranium 
in mining or in refining operations a.re complicated by the presence of 
other alpha-emitters in the ore, such as radium and radon. Natural 
uranium contains about 99.283% of 238U by weight, 0.711% 235U, 
and 0.0054% 234U. 238U has a very long half-life of 4.6 x 109 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 236U and 234 U. 

Uranium is a dense metal (19.07 g/cm3 at 25°C) that is chem
ically reactive and combines with most elements. Its chemistry has 
been studied in great detail. In the crystalline state it can have va
lences ranging from +3 to + 6. Only the uranic compounds, U(IV), 
and the hexava.lent uranyl compounds, UOi+, are sufficiently stable, 
both thermodynamically and kinetically, in aqueous solution to be 
of biological importance. 

Uranium forms a highly complex series of oxides, including UO2 , 

UsOs, and UOs, Uranates are obtained when uranium is fused 
with alkaline earth carbonates. Uranium hexafluoride, UFe, is an 
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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 as 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 crops, 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 l % of insoluble compounds.65 Absorption is reasonably 
independent of the mass of uranium ingeated.12 As expected, there 
appears to be no preferential biological uptake of 234U compared to 
238U, and their ratio in the body is similar to that ingested.12 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.13 

The distribution of uranium found in human postmortem studies 
has been reviewed by Wrenn et al,6& who noted a range in total body 
content of 2 to 62 µg . The skeleton is a major storage depot, and 
the differences between the concentrations observed in various pop
ulations is considerable. The concentrations of uranium in skeletal 
tissue from Nepal was about six times that observed in the United 
States.13 There appears to be no increase in skeletal content with 
increasing age,12 and this has been interpreted as suggesting that 
equilibrium is established between intake and excretion during life 
and that the biological half-life of uranium in bone is fairly short. 
However, the natural uranium content of lung, liver, kidney, and ver
tebra was found to be age dependent.11 Fisenne and Welford11 also 
noted that the skeletal content in their material was only one-tenth 
of that predicted by the International Commission on Radiological 
Protection (ICRP)."5 
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PHARMACOKINETICS AND TOXICOLOGY 

The uranyl ion, uo,2+, is central to an understanding of the 
toxicology of uranium, because it forms stable complexes with car
bonate and phosphate ligands in biological fluids and, to a smaller 
degree, with carboxyl and hydroxyl ligands. The stability of the 
UO:aHCOH complex depends on the pH of the solution, and the pH 
at different anatomic sites affects its distribution in the body. 

Early toxicological studies were reviewed by Hodge,2° who noted 
that the toxic effects of uranium were :flrst examined after uranium 
was extracted from pitchblende, followed by the preparation of ura.ny 1 
nitrate, sulfate, and chloride. In 1853 Leconte (cited by Hodge20) dis
covered that uranium acetate could induce glycosuria in dogs. 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, extensive research soon showed that it was the result of 
renal damage, and uranium compounds became the a.gent 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 a.rtmcial isotopes with high specific activities stimulated inten~ 
sive research, which has been reviewed by various authors who used 
data. drawn largely from the original Manhattan Engineering District 
studies.20,•s,s1,55 

A classic handbook of experimental pharmacology comprehen
sively treating uranium, plutonium, and transplutonic elements was 
edited by Hodge et al.22 It contained seven chapters devoted solely 
to uranium and uranium mining. Chapter 122 summarized the early 
history of uranium poisoning (1824- 1942), Chapter 366 the results 
of toxicologic experiments in animals since 1942, and Chapter 423 

the direct information on the metabolism of uranium in humans. 
Chapter 540 described the development of criteria for the protection 
of humans against uranium intoxication. This book was followed by 
a conference62 on occupational health experience with uranium up 
to 1975. The proceedings included a comprehensive review of the 
metabolism and effects of uranium in animals.I> In 1975, a Brazilian 
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symposium reviewed the environmental transport and accumulation 
of all naturally occurring alpha-emitters in areas of high natural 
background radiation. 64 A 1979 symposium on actinides in humans 
and animals63 brought together researchers working on environmen
tal transport, occupational exposure, and metabolism and effects. 
More recently, a colloquium on biokinetics and analysis of uranium 
in man/4 sponsored by the U.S. Uranium Registry, brought infor
mation and progress in several fields up to date. It reviewed the 
biokinetics and toxicology of uranium in animals; updated metabolic 
models of uranium with special attention to circulatory transport, 
deposition, and retention in kidney and bone; and evaluated bioki
netic models and internal radiation dosimetry. It also included a 
historical review of uranium in humans, a discussion of human epi
demiology, and seSBions on analytical methods. The implication of 
recent findings regarding toxicity, radiation effects, and extrapolation 
of results to humans were summarized. 

As previously described, the uptake of uranium from food is the 
principal source of natural uranium in the general population. In the 
industrial environment, the respiratory tract is the most important 
route of entry. Soluble salts of uranium can be absorbed through 
the skin, but there are no data on the rate of such absorption in 
huma.ns.67 

The disposition of inhaled uranium aerosols in the body is de
termined by the size of the inhaled particles and their solubility. In
soluble particles with an aerodynamic diameter (ADD) smaller than 
about 5 µm may be deposited in the alveoli. After some months they 
are removed from the alveoli to the cilia. lining the upper airways and 
are swallowed so that they are excreted through the gastrointestinal 
tract. A proportion of the deposited particles remains permanently 
in the lung tissue or is stored in the hilar lymph nodes. Larger aerosol 
particles(~ 5 µm ADD) are deposited on the upper airways and can
not penetrate as far as the alveoli. These particles a.re removed by 
the cilia within a few hours or days. They are swallowed and excreted 
by the gastrointestinal tract. The retention of an insoluble uranium 
aerosol in the lung is thus dependent on whether it is of a size such 
that it is deposited mainly in the alveoli or on the ciliated airways. 

In addition to the site of deposition in the lung, the solubility of 
the aerosol is also an important determinant of the biological ha.If-life. 
In fact, ICRP2s classified the biological half-life of uranium aerosols 
according only to their estimated solubility and took no account of 
particle size. The stable complexes formed between the uranyl ion 
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and bicarbonate anions emphasize the importance of distinguishing 
between solubility in water and solubility in biological fluids. 

Results of animal studies60 have suggested that uranium in the 
tetravalent state, U(IV), is oxidized to U(VI) before absorption, 
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) a.re 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.1M 7 

The low-molecular-weight bicarbonate complex is filtered out of the 
bloodstream 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 t he renal tubules, except for that which is diverted to the skeletal 
tissue. Between 10 and 80% 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 system a.re 
mobilized, and the renal tubules continue to excrete uraniumj over 
60% of a single intravenous dose is excreted in the first 24 h.16,23, 413.47 

Within the renal tubules, water and bicarbonate a.re absorbed. 
The resulting decrease in pH causes the uranyl-bicarbonate complex 
to dissociate and release the highly reactive uranyl ion. This forms 
complexes with phosphate ligands on the lumina.l surface of cells 
lining the tubules. The complexing probably suppresses cellular 
respiration due to enzyme inhibition and results in slow cell deatb.20 

The accumulation of uranium in the kidneys accounts for about 
20% of an intravenous dose during the first 24 h. 47 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 radioactivity of natural 
uranium and in view of the obvious severity of the renal effects. 
However I uranium behaves chemically like calcium, and the skeletal 
system 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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characteristics with radium, which is distributed throughout bone (a 
volume seeker), and with plutonium, which remains on the surfa.ce of 
the bone.99•

42 The initial deposition is nonuniform and is at the sites 
of active calcification.3 7•51 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 UFe, UO2F2, and 
UO2(NO3}2-6H2O, a.re rapidly cleared to the kidneys and bones, with 
none remaining in the lungs after 80 days. In contrast, less soluble 
compounds such as UO2 are largely cleared from the pulmonary 
tissue to the ciliated airways and eliminated by the gastrointesti
nal tract. A fraction is retained 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 UOs which was classified by ICRP26 as a class W compound 
on the basis of solubility, Stradley et al.411 exposed rats to an aerosol 
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 µm (er 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 
fluids with transloca.tion in the bloodstream 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 six 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.21 These experiments provided information 
on the distribution and renal effects of acute exposures, but a.re of 
less value in predicting the effect,s of chronic low-level exposure. In 
an inhalation experiment reported by Harris and Davies,16 a subject 
inhaled approximately 30 mg of UO3 or UF 4 over a period of 24 days. 
The particle size of the aerosol was not stated. Retention was esti
mated by measuring total excretion of uranium from the body. The 
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TABLE 6-1 Distribution of Uranium in Postmortem Tissues of a Single 
Uranium Worker 

Uranium Uranium Uranium Normal Content of 
Wet Coocentration Weight In Weight in Whole Organ in 
Weight (µ.gig wet Sample Whole Organ Refere.nce Man 

Tissue (g) weight) (µg) (,ug) (,ug) 

Lung 1.041 1.2 1,249 1,250 1.1 
Lymph nodes 12 ].8 22 35 0.4 
Bone 114 0.09 10.3 1,000 25.0 
Kidney 217 0. 15 32.6 30 0.14 
Liver 177 0.02 3.5 JS 0.4 
Other 12.S 

SOURCE: Da.u fr¢m Donoghue et ;it .8 (occupational) and Wrenn et al.&$ (general public). 

results showed that 60% of the material that had been inhaled was 
still present after 32 days, with a period of rapid urinary elimination 
during the first 20 h after inhalation and slower excretion during the 
next 20-200 h. 

In an alternative approach for obtaining data on the kinetics of 
uranium in human subjects, Donoghue et al.8 examined, for uranium 
content, postmortem tissues of workers who had been exposed when 
alive. They reported autopsy data on a worker who had been em
ployed in a uranium workshop for 10 yr and who died suddenly from 
natural causes. Dust exposure had been to uranium mostly in the 
form of UsOa (85%}, with the remainder being in the form of UO2 • 

Those estimates were based on analysis of settled dust and might not 
have reflected the composition of inhaled dust. The distribution of 
uranium in the postmortem tissues is shown in Table 6-1. 

Extensive information is available on the content and distribu
tion of uranium in the human body under different circumstances. 
The purpose of Table 6-1 is to contrast the distribution associated 
with the inhalation of U3Oa derived from occupational sources with 
that typically found in the body of nonoccupationally exposed indi
viduals. The total amounts present in the latter would depend on 
the uranium content of food and water during life and thus on the 
geographical a.rea from which the specimens were obtained. 

Donoghue et al.8 compared the body content of uranium in 
the case that they reported with that calculated from estimates of 
occupational exposure during life and the retention values predicted 
from ICRP models.26 Uranium in the lungs and thoracic lymph nodes 
were less than 1% of the predicted values. These discrepancies could 
be due to errors in the exposure estimates or in the as.,umptions 
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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 4 and 
UC)4 . Studies done after the acute administration of soluble uranium 
to animals23•66 indicated that substantial renal damage occurred 
when the concentration of uranium in the kidney exceeded 3 µg/g 
of renal tissue. If the same concentrations were relevant to human 
e.xperience and tenal tissue of a standard man24 of 310 g is used, this 
corresponds to a total uranium content in the two kidneys of 930 µg. 

Wrenn et al .65 have tecently reviewed metabolic models of the 
accumulation of uranium in the human kidney under conditions of 
equilibrium where the intake rate equals the excretion rate. The 
several models used26,46 ,06 similar equilibrium values of uranium in 
kidney if the same daily input to blood is 88Sumed for each. The 
ICRP model25 uses a two-component 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 dose to blood. 
The model of kidney retention adopted by Wrenn et al. 86 is that of 
Spoor and Hursh:'6 Spoor and Hursh used a 15-day half-time in the 
kidney with 11% transfer from blood to kidney. DurbinM 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 a 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 µg/g in human kidney would 
be a.bout 400 to 500 µg 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 inta.ke of uranium to blood of 8,400 
µg would be required to produce an initial concentration of 3 µg/g 
kidney, and a.bout 70% (5,900 µg) 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. u, u; The kidney responds to toxic levels of uranium within 
the 6:rst 1 to 2 days after a single injection36 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 
is not known. The renal deposits formed after a single administration 
are also excreted rapidly, either because of reversal of the phosphat~ 
binding sites in the tubular cells or because of the sloughing 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 older animals, and 
there are important species differences in sensitivity, possible owing 
to differences in urinary pH.10 Ra.ts 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 convoluted 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 HJ due mainly to 
ma.labsorption 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 da.mage in industrial workers through routine monitoring of 
urine for abnormal proteins. 

The work of Morrow et al.36 has cast some doubt on the validity 
of the conclusion that 3 µg/ g is the threshold level of nephrotoxicity. 
In the dog kidney, they concluded that :s;l µg/g was associated 
with histological and transient biochemical abnormalities for injected 
doses of 0.01 mg/kg UO2F2. In the female Wistar rat, Bentley et 
al.6 showed that renal concentrations were 10 µg/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.36 report half-times of 16 days in rat kidney after 
single exposures to U02 F~i, whereas Bentley et al.6 report on a two
pha.se retention, with the first component having a half-time of 2.2 
days and the second a half-time of 13 days, consistent with the 
general mammalian metabolic model of Durbin.34 Morrow et al.36 
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find a rapid (unspecified rate) and slower (half-life, 9.8 days) release 
rate from dog kidney. 

Whether the rat or dog is more sensitive is not clear. Morrow 
et a.1.36 believe the rat is more resistant than the dog, but exper
iments in which the 50% lethal dose (LD1;o) is determined suggest 
that the dog is more resistant based on lethality.0 The question of 
which animal is a better model for uranium effects in man deserves 
further investigation, as does the pha.rmacokinetics of early uranium 
deposition in kidney up to 10 days postinjection and its 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 assumed 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 differences in sensitivity and in the effects of 
single versus chronic exposure. Both single and chronic exposures a.re 
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 UO2(NO3 }2 was used to compare relative species 
sensitivity. Durbin and Wrenn,0 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 LD50 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.6•50•46 The LD60 for 
man is probably similar to that in the rat or dog. Generally one-tenth 
the LDso produces no or few acute deaths in experimental animals. 
Thus, the 1060 in man should be no lower than that for the rat or 
dog, about 1 to 2 mg/kg. Parentally administe.red UO2(NO3 ):i and 
UO2F2 are equally toxic in mice and rats and twice as toxic as less 
soluble UCl,.17 
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In the adult male Wistar ra.t, there is a gender sensitivity, with 
the LD6o for the male being a.bout 2.5 mg/kg and that for the female 
being about 1 mg/kg, for intra.peritoneal injection of UO2F2 •17 

Thirty-day feeding experiments in rats with compounds of ura
nium that are insoluble in water (UO2, UsOs, 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, a.nd at 0.1 to 1% it produced growth depression. 
The relative species susceptibility in oral 30-day feeding studies is 
rabbit > dog > rat. For interspecies scaling for nephrotoxicity, the 
relative absorption ftoni the gastrointestinal tract is important. The 
recent article by Wrenn et al.6" summarizes what is 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 Haven1 7 in the rat showed that survival to an LDso 
could be increased two- to fourfold by administering conditioning 
doses up to one-third that of an LD60, 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 alterations of kidney appearance at autopsy. 
Tolerance does not develop at lower doses. Therefore, it seems to be 
a 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.19 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. i;a evaluated kidney function among uranium mill workers 
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. 58 believe that these 
data suggest reduced rena.J proximal tubular reabsorption, which is 
consistent with uranium nephrotoxicity. 
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RADIATION EFFECTS 

Because of the difficulty of obtaining good epidemiological ev
idence concerning uranium-induced radiation effects in humans, it 
is necessary to make use of both experimental work in animals and 
the epidemiological investigations which have been made of uranium 
miners a.nd millers. 

BONE 

The radiation effects seen in both animals and humans in asso
ciation with radium isotopes are primarily bone sarcomas and head 
carcinomas. The head carcinomas are believed to be due to 222Rn 
and its daughters, and apparently also 226 Ra. Bone sarcomas have 
been induced in mice with high-specific-activity 2s2u and :23su, and 
a retrospective dosimetric analysis9 showed that, with respect to a 
linear dose-response relationship, the effectiveness of both uranium 
isotopes was equal to a.nd not distinguishable from that of 226Ra in 
the same strain of mouse. Investigators from the USSR have shown 
that highly enriched uranium can induce bone sarcomas in rats. 
Accordingly, it is reasonable to believe that high-specific-activity 
uranium can produce bone sarcomas in humans. If there is a lin
ear dose-response relationshipS2 one could speculate that natural or 
slightly enriched uranium could also induce bone sarcomas in hu
mans, but the likelihood would be very small because of the low 
specific activity of natural uranium. 

Nonetheless, Mays et aV2 have estimated, using toxicity ratios, 
the risk of bone sarcoma induction from the chronic ingestion of 
natural uranium, on the basis of a.n assumed linear dose-response 
function for 226Ra. The proportionality of response to average en
ergy deposition in the skeleton by alpha particles is a reasonable 
assumption, because there is metabolic evidence that uranium is a 
skeletal volume seeker similar to, although not identical with, ra~ 
dium. Stevens et al.47 have shown with neutron-induced autoradio
graphs that 233 U{VI) acutely administered to dogs in citrate buffer 
deposited initially nonunif ormly on bone surf aces, with areas of in
tense hot spots adjacent to other areas with intermediate and low 
concentrations. Later (after 1 yr), the redistribution or diffusion of 
uranium in bone had produced a more volume-like distribution simi
lar to, but not identical with, that of 226Ra. Rowland and Farnham42 

also reported volume~like distributions of uranium in dogs. Bruenger 
(personal communication, 1986) has shown that naturally occurring 
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2311U in dogs is uniformly distributed thtoughout the bone volume. 
Schlenker and Oltman44 have found diffuse fission-induced tracks 
in bone volume obtained at autopsy from a pel.'Son given 239 Pu by 
injection: They int.erpreted the effect as being due to naturally 
occurring 235U. Thus, the most reasonable assumption is that the 
alpha--emitting uranium isotopes are as effective as 226Ra in inducing 
bone sarcomas. This assumption should be experimentally investi
gated in an animal with appropriate skeletal remodeling properties, 
such as the dog, with 233 U and 2.'J2 U. 

For ingestion in water or food at a constant daily rate of 5 
pCi/day, Mays et al.32 estimated that the risk of bone-sarcoma in
duction over a lifetime is 1.5 bone sarcomas/million persons for 233U, 
234U, 23~U, 236U, or 238 U, if the dose response is linear. In a million 
people in the United States, the naturally occurring bone sarco
mas would number about 750.32 H the dose-response relationship is 
quadratic, virtually no effect is expected at environmental natural 
uranium levels. If 233U contains 232U, as is normal with reactor
produced 233U from n, 2n reactions, the 2320 should be considered 
separately. It should be noted that the isotopes 232U, 233U, and 2~u 
are special cases without direct relevance to the general population. 

The work of Finkle, with tettospective dose estimates by Durbin 
and Wtenn,0 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 daughter1 

228Tb, in 
the skeleton, and the equal efficiency of bon~sarcoma induction by 
233U and 232U in mice might not exist in longer-lived animals and 
humans. In an experiment comparing the efficacy of bone-sarcoma 
induction in dogs, injected 22SRa was about 2.5 times as effective as 
226Ra (per average rad delivered to the skeleton).32 Because 228Ra 
decays by beta emission to 22sTh (the same first daughter of 232 U), 
these results in animals are the most relevant empirical results for 
use in the assessment of human risk. 

BONE MARROW 

Mays et al. 32 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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bone sarcoma, compared with l expected, and 10 cases of leukemia, 
compared with 9 expected, were found.44•

46 Thus, the excess of bone 
sarcomas60 greatly exceeded the excess of leukemias (1 case, which 
in this case is not significantly different from 0). Clearly, the risk {if 
any) in humans of leukemia induction from alpha irradiation by a 
volume seeker in mineral bone, such as 226Ra or uranium, is less than 
that of bone-sarcoma induction by more than a.n order of magnitude. 

LUNG 

The late effects of inhaled insoluble compounds (primarily U02) 
have been studied in rats, dogs, and monkeys by observing animals 
given brief exposures and after prolonged exposure.27•28 For the in
soluble uranium compounds, the lungs and pulmonary lymph nodes 
were the only organs affected. 

In monkeys, dogs, and rats, the chronic inhalation of insoluble 
U02 at 25 mg/m3 eventually produced fibrosis of lung tissue and 
malignant lung tumors. On the basis of analogy with 230 Pu inhala
tion experiments in dogs and baboons, this appears to be a direct 
result of the alpha-particle irradiation of the lung.28066 

Durbin and Wrenn9 reanalyzed the data of Leach et al. 28 and 
concluded that "neoplastic or meta.plastic changes in lung epithelial 
cells occurred in 21% of dogs after accumulation of 160 rad." By 
fitting to a linear dose-response curve, a risk coefficient of 0.12%/rad 
for atypical epithelial cell forms were inferred. Radiation-induced 
fibrosis occurred in lungs of monkeys exposed to more than 1,000 
rad.00 

Ballou et al.4 exposed groups of about 60 male Wista.r rats to 
two doses of 2320- and 233 0-labeled uranyl nitrate in "nose only" 
experiments. They developed significant increases, primarily of ma
lignant lung tumors (mostly pulmonary adenocarcinomas) a.nd os
teosarcomas, with a. frequency of an order of magnitude lower. The 
osteosarcomas were of doubtful significance as a result of their ap
pearance in rats that inhaled control aerosols. 2 32 U appeared to be 
more effective in inducing osteosarcomas, although this result was 
not statistically significant. In humans, sufficiently high doses of 
high-specific-activity 232U- or 233U-labeled uranyl nitrate should be 
capable of producing malignant lung tumors and skeletal osteosar
comas. The relative proportions of the two end effects in humans 
cannot be predicted from this experiment in rats. This is because 
of the longer human life span and the increased time for skeletal 
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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 osteosarcoma-to-lung tumor ratios to humans. Inhala
tion studies in a longer-lived animal such as the dog a.re 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 from 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 inhalation 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 adverse respiratory health effects on the basis of studies of coal 
miners.41 These multiple exposures constitute confounding factors 
that mitigate against attempts to identify human health effects due 
specifically to uranium in mining populations. 

Enrichment of ore during milling is also associated with mixed 
exposures, except in the final stages of purification. ln the initial 
stages, airborne dust in the mills can contain arsenic; vanadium; 
228Ra; and equal amounts of 2340, 2380 1 and 230Th.2 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 1950.33 

That such concern was justified was supported by the first reports of 
increased cancer risk in uranium millers in Europe.40 These results 
were at variance with other claims10 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.68 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.2 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, 
1951, 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 varioua sources, and more than 99% 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 cha.nee (P 
~ 0.05). Interpretation of this finding is difficult, because the four 
cases, as noted below, included three diagnostic categories. 

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 lymphoma, 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.2 noted that the air
borne dust in the plant contained almost equal amounts (in curies) 
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of 238U, 234U, and 230Th. But animal exposure experiments60 have 
shown that, after exposures to uranium ore dusts, the radioactivity 
in tra.cheobronchia.l lymph nodes due to 230Tb was 20-50 times that 
due to 23•u or 238U. This difference led Archer et al.2 to conclude 
that the excess mortality observed in uranium workers was a mani
festation of 230Th exposure. It should be noted that they observed 
no excess mortality due to tumors of bone or liver, and there wa.s 
no excess of renal lesions. However, the epidemiological power of 
the study indicates that it constitutes fairly weak evidence against 
a specific toxic effect of uranium. For example, malignant disease of 
the digestiYe 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 Frome38 in connec
tion with a cohort of 18,869 white men employed between 1943 and 
1947 at a uranium conversion and enrichment plant in Oak Ridge, 
Tennessee. The plant was engaged in the enrichment of uranium 
with an electromagnetic separation process. Wo:rkers we:re exposed 
to uranium dust, including uranium oxide and uranium 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 234U and 236U, which have much higher specific activities 
(radioactivity per unit mass) than 238 U. The type and solubility of 
the uranium compounds also changed over time. In the earlier years, 
insoluble oxides were present with the more soluble chloride (UC14). 

Later, UF 6 was received directly from another facility, so that insol
uble oxides were partly replaced by more soluble compounds (UF6 

and UF2O2). However, the UF6 gas was immediately converted to 
oxides and then to green salt (UF 4). Even though the process was 
mostly enclosed, exposures to oxides and UF 4 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 workers 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 6-2 Causes of Death after Uranium Dust 
Exposure 

Leog1h of Employment 

< I yr (11 = 4.337) z: I yr (11 - 4.008) 

Cause of Death Observed SMR Observed SMR 

C.incer of lung so 0.92 66 1.06 
Cancer of bone l 0.82 1 0.74 
Leukemia 2 0.25 9 1.02 
Diseases of cespiratory 

system 61 1.19 S1 0.93 
Chronic nephritis s 0.69 4 0.51 

293 

Administration. and causes of death were determined from death 
certificates. Duration of follow up extended to 25 or 30 yr after first 
em{>loyment. Average air concentrations of uranium, according to 
surveys carried out by industrial hygienists employed by the com
pany, ranged from 25 to 500 µ.g/m3 . It should be noted that this 
method of expressing the concentration of uranium in the air may 
not be appropriate in the case of enriched uranium. In general, the 
mortality experience of the cohort did not show increased SMRs for 
lung or bone cancer or for renal disorders, such as chronic nephritis. 
The summary results for selected causes of death among white men 
who worked in departments involving uranium dust exposure a.re 
shown in Table 6-2. 

Although there was no overall increase in lung-cancer deaths, 
a more detailed analysis provided evidence of a greater risk among 
those who were first exposed when older. Among workers first hired 
(and thus assumed first exposed) over the age of 45, the odds ratio 
was 1.51 (95% confidence interval, 1.01- 2.31). 

A weakness of this study is that the duration of exposure was 
only 1 or 2 yr in most instances. This limits any inferences regarding 
effects of long-term uranium exposure. 

In a further analysis of the same cohort, Cook fair et al. 7 under
took a case-control study nested within the cohort to examine the 
risk of lung-cancer death among men who received radiation expo
sure to t he lungs as a result of inhaling uranium dust or the dust of 
uranium compounds. 

Cases consisted of the 330 cohort members who died of lung 
cancer. They were matched on year of birth with two sets of controls, 
one consisting of men who died of diseases other than cancer and the 
other of men known to be alive. The cumulative lung radiation dose 
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TABLE 6-3 Cumulative Lung Dose Odds Ratios (OR) 

Caslls ve.rsus Deceased 
Exposurt • 

Hire age ~ 45 )T 

low 
Medium 
High 

Hire age c!: 45 yr 
low 
Medium 
High 

Cases versus Deceased Controls 
OR (95% confidence intcrvol; 
P - 0.05) 

0.84 (0.50-t.41) 
0.49 (0.26-0. 92) 
0.65 (0.36- 1.l 7) 

2.27 (0.85-6.07) 
2,86 (0. 70-11.54) 
4.48 (l.20-16.85) 

Cases versus Controls 
OR (95% confidence interval) 

0.5 (0.34-0.92) 
0.3 l (0.17- 0.56) 
0.54 (0.31-0.97) 

I .03 (0.44-2.42) 
1.81 (0.510-6.50) 
3.79 (1.01- 134.3) 

"Low, 0.00l-5 rads; medium, S.001-20 rads; high, 20.001- 7S rads. 

resulting from the inhalation of uranium compound dust and other 
potential carcinogenic agents was calculated ior each member oi 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 that1 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 less 
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 a.re 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:"'8 

Records from seven uranium mills throughout the Colorado Plateau 
were obtained, and 2,002 men who had worked for at lea.st 1 yr in 
the mills 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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was traced with standard mechanisms. Risk of mortality was ana
lyzed with a modified life.table system, with expected deaths based 
on U.S. death rates specific for ca.use, age, race, sex, and calendar 
period. Follow-up was 98% complete, and 533 deaths were observed, 
compared with 605 expected. Labor turnover was high: Only a small 
fraction worked for more than 5 yr. Mortality from all ca.uses com
bined, and particularly from stroke and cardiovascular disease, was 
well below expected. This was interpreted as representing a healthy 
worker effect. A prior hypothesis included an excess of lung cancer 
(SMR, 83; 95% confidence interval, 54- 121), malignancies due to 
lymphatic and hema.topoietic tissue other than leukemia. (7th revi
sion ICD, 200-203, 205; 7 deaths observed versus 5.6 expected), and 
chronic renal disease (7th revision ICD, 592-594; SMR, 167; 95% 
confidence interval, 60- 358). Detailed analysis of the small excess 
of deaths due to lymphatic malignancies (other than leukemia.) indi
cated that the excess risk was limited to the induction latency period 
beyond 20 yr (6 observed verses 2.6 expected). This corroborated the 
excess of deaths due to the same malignancies reported in another 
cohort of uranium millers. 2 

An occupational etiology was considered plausible toxicologi
cally, because yellow-cake dust and insoluble yellow-cake uranium 
compounds accumulate in the tracheobronchial lymphatic system 
after inhalation,8•28•62 so they constitute a potential source of ra
diation to the lymphatic glands. However, the findings should be 
treated with caution since there was a paucity of observed and ex
pected deaths beyond 6 yr of employment, and the findings were not 
statistically significant. There appeared to be no increase in lung
cancer deaths even when latency and the low regional rate of death 
due to malignant lung disease was allowed for. Of the six deaths 
associated with chronic renal diseases, three were probably due to 
prostatic obstruction, and the three due to glomerulonephritis were 
all in men who were exposed only briefly. A clear relationship to 
occupation wa.s not established. 

The previous studies identified in this section referred to mortal
ity. Morbidity due to nonmalignant respiratory disease in uranium 
miners has been claimed to result from radiation exposure.1 Archer et 
al.3 discussed the implications of their earlier findings of pulmonary 
impairment in working miners. Their mortality data indicated that 
death due to pulmonary insufficiency was as common in miners with 
radiologic evidence of pneumoconiosis as in those with no x-ray ev
idence of pneumoconiosis. The dominant causative factor in both 
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groups was presumed to be radiation exposure or cigarette smoking. 
However, these exposures are not related to the specific question of 
uranium inhalation but rather to radon-gas inhalation and exposure 
to mixed mine dust. 

Wilson61 investigated this problem in a cohort of white men 
hired between 1952 and 1972 in a uranium mill. A few of the workers 
had worked elsewhere in the company before the uranium mill began 
operating, The study population consisted of 4,101 workers who had 
worked for at least 3 months. Respiratory morbidity events were 
abstracted from medical insurance claims in which a diagnosis was 
given by a physician. Cohort and Mantel-Haenszel stratified analy
ses were used after estimated cumulative radiation exposures were 
categorized into low, moderate, and high. These exposure estimates 
were made on the ha.sis of the toxicity, frequency of use, and amounts 
of substances used in the various departments. They were not based 
on measurement of airborne radioactivity. An increased relative risk 
of respiratory disease was found with increasing cumulative uranium 
exposure, even when age at diagnosis, duration of employment, and, 
to some extent, smoking habits were controlled for. Smoking histories 
were available only for workers employed after 1008. The smoking 
data included 17 .4% o( the study population, both current and for~ 
mer workers. Because of these limitations, it was possible only to 
examine the distribution of smoking in the various uranium-exposure 
categoties, rather than to make detailed adjustments. The assump
tion was made that the estimates correctly indicated the smoking 
habits of other members of each category. Wilson61 noted that 80% 
of the employees had no respiratory symptoms but that estimated 
uranium exposure appeared to be the principal occupational expo
sure that contributed to the development of nonmalignant respira.
tory disorders. It was not possible to determine whether the effect 
of exposure was due to some chemical attribute of the uranium or 
to its radioactivity. A critical review of the validity of this study 
must take account of the inherent weakness of morbidity data based 
on diagnoses obtained from insurance claims, even when given by 
a physician. There were no hard data on the extent of exposure 
to chemical agents or uranium or on smoking histories. In view of 
these limitations, the study results cannot be accepted as convinc
ing evidence of an excess of nonmalignant respiratory disease due to 
uranium exposure. 

Indirect evidence of uranium exposure and mortality was ob
tained in a geographic survey by Wilkinson,1;~ who found higher 
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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 accounted for. A number of 
etiologic possibilities were considered, including exposure to radon 
or radon daughters and trace elements, such as arsenic, cadmium, 
selenium, and lead. These are all 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. 7 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 workers 
who were exposed for only a short time, and environmental exposure 
estimates were poor. Cle&rly, 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 groups since 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 exposed to other 
alpha-emitting elements. 

The renal threshold concentration of uranium that results in sig
ni.6.cant damage is a matter of controversy, and estimates range from 
3 to ~ 1 µ,g/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 
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assumptions which are being reevaluated by the International Com
mission on Radiological Protection. At present it is premature to 
attempt a risk estimate for the probability of developing renal dam
age, and there is an evident need for well-controlled epidemiological 
studies. The importance of such information is emphasized by the 
likelihood that control levels in industry may need to be guided more 
by the potential for nephrotoxic effects than by the effects of alpha 
radiation. Quantification of the risks associated with alpha emis
sion dul'ing chronic exposu.re to uranium cannot be determined from 
published epidemiological studies because of confounding factors and 
because of the limited power of the surveys to detect increased rates 
of tumor incidence or mortality. For this reason estimates have been 
based, by analogy, on the effects of other alpha-emitting elements in 
human populations and from experiments using uranium in animals. 
The most probable effect, if any, of exposure to uranium would be ex
pected to be an increase in bone sarcomas. It is certainly reasonable 
to believe that this can result from high-specific-activity uranium. 
The likelihood of sarcomas resulting from population exposure to 
natural exposure is exceedingly low and is only demonstrable if a 
linear dose-response relationship is assumed.32 If the dose-response 
relationship is quadratic, then virtually no effect would be expected 
as a result of exposure to natural uranium. Assuming a linear rela
tionship and a constant nonoccupational intake of 5 pCi/day, Mays 
et al.32 estimate that the risk of bone-sarcoma induction over a life
time is 1.5 bone sarcomas/ million persons. In the United States this 
may be contrasted with the naturally occurring incidence of bone 
sarcomas of about 750. 

This evidence suggests that exposure to natural uranium is un
likely to be a significant health risk in the population &nd may well 
have no measurable effect. 
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7 
Transuranic Elements 

INTRODUCTION 

Transuranic elements are members of the actinide series beyond 
uranium, beginning with neptunium (atomic number 93). The last in 
the series is element 103 (lawrencium). All are artificially produced 
in nuclear reactors, accelerators, or explosions of nuclear weapons, 
and all have several isotopes that emit alpha rays. The energies 
of the alpha particles emitted from the t ransuranic elements range 
from about 5 to well over 8 Me V, with the higher-energy alphas com
ing largely from the isotopes with the shortest half-lives. Berkelium 
(element 97), einsteinium (element 99), fermium, mendelevium, no
belium, and lawrencium are produced in such small amounts, m9stly 
fo:r research purposes; and most of the isotopes produced have such 
short half-lives, a few seconds or minutes, that they are an unlikely 
health concern. Californium (element 98), a useful neutron radiation 
source, is available in slightly larger amounts. Neptunium, pluto
nium, americium, and curium, elements 93 to 96, respectively, are 
the most abundant and the most extensively used of these man-made 
actinide series elements. All are produced in nuclear reactors and, 
because of the alpha-emitting isotopes with very long half-lives, for 
example, 2.1 x 106 yr for 237Np, 24,400 yr for 2s0Pu, 458 yr for 
2 41 Am, and 17 .6 yr for 241$Cm, comprise a major radioactive waste 
disposal concern. Table 7-1 lists the principal transuranic elements 
which constitute potential health ha2iards. 

303 
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TABLE 7-1 Transuranium Nuclides of 
Potential Biological Significance 

Element Isotope Half-Life (yr) 
Menn o Enersy 
(MeV) 

Neptunium Zl?Np 2.1 X lif 4,7 

Plutonium llBpu 86 5.6 
23qPu 24,400 5.2 
240pu 6,580 5.3 
24Jpu 13 5. 1 
m pu 379.000 5.0 

Americium 241A m 458 5.6 
24JAm 7,J70 5.4 

Curium 242cm 0.45 6.0 
244cm 17.6 5.9 

Californium 2,2cr 2.7 6.2° 

Einsteinium 252Es 0.5 6.7 

"Include$ energy of fission rragmenls, neutrons. and gamma 
rays. 

Plutonium-239 is a constituent of nuclear weapons and, since 5 
metric tons were dispersed into the atmosphere and the environment 
by the nuclear weapons tests of the 1950s and 1960s, trace amounts 
can be found almost everywhere. Since relatively large amounts are 
present in nuclear power reactors, the potential release of plutonium 
in a reactor accident is a concern, although none was released in the 
Three Mile Island accident and only small amounts were released at 
Chernobyl.4-l Plutonium-238, with a half-life of 86.4 yr, is 280 times 
more radioactive per unit mass than 239Pu. Because of this high 
specific activity, it is used as a heat source to power thermoelectric 
devices used in cardiac pacemakers and space vehicles. The use of 
very small amounts of 238P u in pacemakers has not caused concern, 
but the potential for the reentry and destruction of space vehicles, 
dispersing kilogram quantities of 238 Pu 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 la.rge quantities of23 7Np 
are produced in fission reactors and, with plutonium, 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 transuranic 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
ments 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 gammivemitting ra.dionuclides, a.re pri
marily dependent upon their entering the body and being deposited 
in ra.diosensitive tissues. Further, the presence of transuranic ele
ments in the environment does not necessarily infer their deposition 
in human tissues. In the following discussion it will be seen that 
transuranic elements a.re 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 effects that may result; it 
also discusses methods for estimatihg risks and suggests estimates of 
risk derived from other sources that might be applied to transuranic 
elements in human beings. Nearly all of the information on health 
effects 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 ha.s been ac
complished by obtaining tissue samples a.t 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.111 Elevated concentrations of 
plutonium in tissues of the genera.I population are attributed to fall
out from atmospheric nu.clear weapons testing during the period from 
1945 to 1963.119 
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Since this is not intended as a.n 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 a.nd symposia publications from 
which much of the information was obtained.34•36,41176180,111,11s,100 

Although the committee intended to use only information published 
in the open literature, reference is made to several recent highly 
relevant laboratory annual reports. 

ROUTES OF INTAKE AND DEPOSITION IN THE BODY 

PER.CUTANEOUS 

Because of the relatively short 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.41•'6 •47•81•82 

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 abso:rption, even though it is very small. The most 
common human skin exposures involve plutonium nitrate in nitric 
acid solutions, plutonium tributylphosphate in carbon tetrachloride, 
and plutonium in hydrochloric acid. These can be effectively washed 
from skin with chelating compounds or detergents. 

If plutonium, americium, neptunium, or einsteinium is deposited 
on human or animal skin in a wide range of nitric acid concentrations 
(0.1 to 10 N) for l h, about 5 x 10- 4 is absorbed. Americium nitrate 
in tributylphosphate exhibits nearly a factor of 10 greater percu
taneous absorption, about 3 x 10-~.48 While data for transuranic 
oxides are sparse, one can predict that percutaneous absorption 
through intact skin would be less than 1 x 10- 5 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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in 10 N nitric acid for 4 days or americium nitrate in 8 N nitric acid 
for 3 days, maximum percutaneous absorption was only 2%. 

Damage to skin by trauma, wounds, acid, or thermal burns 
facilitates a more rapid transfer of soluble transuranic compounds 
into the subcutaneous tissue and blood. Insoluble particles and 
metal slivers deposited below the level of the epidermis are slowly 
cleared to regional lymph nodes. 

There are three mechanisms for transport of transuranic ele. 
ments from skin: (1) transfer into the subcutaneous microcirculation 
and then into the blood and lymphatic systems, (2) transfer onto the 
skin surface with sudoriferous and sebaceous secretions, and (3) loss 
from body with desquamation of skin. Autoradiographic studies of 
cutaneously deposited plutonium, americium, and neptunium show 
a decreasing concentration with increasing depth in skin, but with 
focal concentrations of activity in the upper epidermis, hair follicles, 
sebaceous glands, and microvasculature. ' 7 

In the event of accidental occupational exposure to plutonium 
through skin wounds in the hands and other sites of the body, plu
tonium may be retained at the wound site and removed by surgery, 
sloughed from the surface, solubilized and translocated to internal 
organs, or transported to regional lymph nodes. Wounds penetrating 
the horny layer of skin lead to more rapid absorption and translo
cation of soluble transuranic compounds to bone, liver, and other 
tissues. 

The most serious of these accidents, in terms of quantity of ac
tivity deposited in the body, involved an explosion that resulted in 
deposition of a total of 1-5 mCi of 241 Am on the face and, by inhala,. 
tion, in the respiratory tract.12 About 1 mCi remained in the body, 
mostly in wounds on the f a.ce, after initial emergency decontami
nation. Chelation therapy by intravenous injection of diethylene
triarninepentaacetic acid (DTPA) facilitated the excretion of 900 
µCi. 

Investigators gave beagle dogs subcutaneous implants of 9.5 µ.Ci 
230PuO2 or 1.3 µCi 230Pu(NO3 ) 4 in their forepaws to mimic hand 
wounds received by plutonium workers. At 5 and 8 yr following 
exposure, the injected paws still retained 21 and 16%, respectively, 
of deposited plutonium; in both cases the highest concentrations of 
activity were found in regional lymph nodes, with the liver showing 
the next highest concentration of plutonium. The skeleton retained 
a greater amount of plutonium from the nitrate than from the diox~ 
ide compound.26 Similar results were observed with subcutaneously 
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injected monomeric and polymeric 239 Pu in mice, with the monomer 
behaving like plutonium nitrate and the polymer like plutonium 
dioxide.44 

GASTROINTESTINAL TRACT 

The gastrointestinal tract, provides a substantial barrier to the 
uptake of transuranic elements ingested with food or water. Al
though the fraction absorbed is usually low, continuous ingestion of 
contaminated food and water may lead to the presence of measurable 
amounts in the body. Gastrointestinal absorption is also a consider
ation in assessing the risk from inhaled transuranic elements because 
of clearance from the lungs to the gastrointestinal tract, but is small 
compared to direct absorption from the lungs. 

The importance of chemical form and oxidation state in the 
absorption of transuranic elements ha.s been verified in several labo
ratories. These data have been tabulated by the International Com
mission on Radiological Protection (ICRP).u Relatively high con
centrations of chlorine in some domestic water supplies could oxidize 
Pu+4 to Pu+6 •52 However, subsequent animal studies failed to pro
vide convincing evidence that changes in valence state for ingested 
plutonium bad a significant effect on gastrointestinal absorption. 
Fasting may increase the absorption of plutonium by about 1 order 
of magnitude. Both calcium- and iron-deficient diets tend to en
hance absorption of plutonium.87•112 The absorption of transuranic 
elements incorporated in food fed to experimental animals may be 
2 to 10 times greater than the absorption of chemical forms such as 
citrate and nitrate. 

In adult animals, <0.01 % of plutonium and most other transura
nic elements is absorbed from the intestines.41 Overal11 there is lit
tle variation in absorption of plutonium and americium nitrates in 
adult rats, guinea pigs, or dogs. 110 Swine exhibit a greater plutonium 
absorption than rats or dogs,lll The absorption of 237Np can be in
creased 10 to 100 times by increasing the mass ingested; however, 
at occupationally and environmentally relevant levels the absorp
tion is more like that of the other transuranic elements. With few 
exceptions, the absorption of transuranic compounds from the gas
trointestinal tract in adult experimental animals varies over 3 orders 
of magnitude 10- 5 to 10-:.i. This led the ICRP41 to adopt values 
of 0.1 x 10-◄ for plutonium oxides and 1 x 10-• for plutonium ni
trate for application to occupational exposures. These values would 
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apply to inhaled material cleared from the respiratory ti:act 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 a.nd 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 times more 
plutonium than either the newborn rat or guinea pig. In addition to 
the increased fraction absorbed, a substantial fraction of transuranic 
elements given in soluble form was retained for several days within the 
mucosa of the small bowel.109 The ICRP has adopted an absorption 
value of 100 x 10- 4 for the first year of life in contra.st to the value 
of 10 x 10- • cited above for all later years.41 

RESPIRATORY TRACT 

Inhalation is probably the most common pathway by which 
transuranic elements cross the barriers of the body and penetrate 
into and across living cells. The aerodynamic particle size of the 
aerosol, 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 radiological properties of the 
transuranic compound, and the physiological characteristics of the 
exposed individual determine the a.mount deposited and thus, the 
radiation dose rates and total doses delivered to the tissues of the 

•These are revised from those used to c!l.lculate annual limits on inbke by 
the ICRP. 41 The / 1 values (fraction transferred to blood) used were 0.1 X 10- 4 

for plutonium oxides; 1 X 10-4 for nitrates and other plutonium compounds; 
5 X 10-• for all americium, curium, and californium compounds; and 100 X 
10- 4 for neptunium compounds. 
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respiratory tract and other organs of the body. Aerodynamic parti
cle diameter is a useful predictive characteristic of an aerosol fot the 
estimation of deposition in regions of the respiratory tract. Several 
dosimetric models have been developed for describing particle depo
sition and clearance in the human respiratory tract. These models 
provide a basis for estimating deposition, distribution, and reten
tion of inhaled radioactive aerosols, talcing into account particle size 
and chemical form of the aerosol. Mathematical models were devel
oped to describe the deposition and clearance of inhaled materials 
from the several compartments of the nasal passage, the trachea and 
bronchial tree, the pulmonary parenchyma, and the thoracic lymph 
nodes. The models, when used for radiation protection purposes, 
apply to a reference man, a 70-kg male worker. Thus, they can 
be expected to only approximate the deposition, distribution, and 
retention of inhaled radionuclides in any given individual. 

For inhalation of an aerosol with an activity median aerody
namic diameter (AMAD) of 1 µm, according to the ICRP model 
(based largely on experiments with nonradioactive aerosols in human 
subjects), 30% of the particles are deposited in the nasal passages, 
8% in the trachea and bronchial tree, and 25% in the pulmonary 
parenchyma, for a total deposition in the respiratory tract of 63% 
of the amount inhaled. The amount exhaled, not deposited, ia 37%. 
These deposition fractions will vary with particle size and the breath
ing rate and volume.39 The ICRP has devised metabolic models to 
describe the retention and translocation of transuranic compounds 
from these sites of deposition, based largely on data from experimen
tal animals. The following summarizes this information for several 
transuranic compounds. 

Following deposition in the lungs, particles are quickly phagocy
tized by alveolar macrophages. The attenuated cytoplasm of type I 
alveolar epithelial cells may also phagocytize particles.06 Up to 1 % 
of particles, including transuranic oxides, deposited in the lung may 
also be taken up by tracheobronchial and bronchiolar epithelia.13 

Particles penetrating the respiratory epithelium may be phagocy~ 
tized in interstitial areas and, if insoluble, eventually cleared to 
regional lymph nodes of the thoracic cavity. Since relatively soluble 
transuranic compounds, such as nitrates, citrates, and the oxides of 
americium and curium, are rapidly cleared into the blood, only small 
fractions are cleared to lymph nodes. However, plutonium inhaled as 
relatively insoluble plutonium oxide particles is very slowly cleared 
into the blood. Thus, within a few hours after inhalation, about half 
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of inhaled 230PuO2 deposited in the alveoli can be removed from ex
perimental animal lungs by multiple lavage,71•02 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 a.nd 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 most 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 lymphat ic structures 
of the lung parenchyma, frequently in regions of fibrosis and scar 
tissue.24 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 PuO2 studies 
with large animals (dog,6 •70 sheep,108 baboon,8 burro,108 and rhesus 
monkey50) with half-times for t~ree exponential phases of approxi
mately 1, 30, and 300 to over 1,500 days, respectively.12" 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 230Pu ratios (between 50 
and 500), indicative of a high insolubility, are observed in humans 
for long periods following inhalation of 239P u 0 2 • A large fraction, as 
much as 50%, of inhaled and deposited insoluble 230PuO2 and up to 
about 25% of 238PuO2 may eventually be transported to the thoracic 
lymph nodes of dogs.83 

In contrast to 239PuO2 , inhaled 241 Am and 2·"Cm dioxides, as 
well as plutonium nitrates, in humans and animals are relatively 
soluble, with about half of the amounts deposited in the 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 
deposit in thoracic lymph nodes. 6 

While plutonium oxide particles are genera.Uy quite insoluble 
in the respiratory 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.5 Electron micrographs 
suggest that plutonium particles oxidized at high temperatures have 
less surface area than those oxidized at much lower temperatures 
and, thus, could have lower dissolution rates in body fluids. This 
was verified in studies in which plutonium oxide particles formed at 
high temperatures (over l ,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 238PuO2 to other tissues such as 
liver and bone are nearly always more rapid than those for com
parably prepared 230PuO2.6•6•83 Plutonium-238 is 280 times more 
radioactive than an equal mass of 230Pu. Radiolysis may cause these 
high-specific-activity 238PuO2 particles to fragment within the lungs, 
greatly increasing the surface area of the 238Pu 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, 1°6 If transuranic elements are 
inhaled simultaneously with other materials, their disposition may 
depend on how the tta.nsuranic element is combined with the other 
material in the aerosol. For example, calcining 239PuO2 with a rel
atively large amount of sodium, potassium, calcium, aluminum, or 
uranium increases the solubility of 239Pu in the lung.31106 Increas
ing the ratio of plutonium to sodium in laser-vaporized aerosols of 
PuO2-UO2 and sodium from O to 1:1 and to > 1:10 increased the 
rate of clearance from the lungs and tra.nslocation to extra.pulmonary 
tissues from 0.5 to 5.0 and 24%, respectively.68 After inhalation of an 
aerosol of 239PuO2 and 2'"CmO2 calcined as a mixture, both pluto
nium and curium remained in the lung somewhat longer than when 
calcined and inhaled separately.101 The translocation of curium to 
extra.pulmonary tissues was largely prevented by incorporation into 
the much greater mass of the PuO:2 matrix. However, in rats the rate 
of alveolar clearance and translocation of 169Yb and 239Pu inhaled 
as an oxide, prepared by calcining 169Yb mixed with 239Pu, were not 
significantly different from the rabes of clearance and translocation 
of 169Yb2O3 or 239PuO2 inhaled separately.102 

The high rate of accumulation of inhaled insoluble plutonium 
in lymph nodes has stimulated considerable interest. Lymph nodes 
draining the lungs attain concentrations of inhaled plutonium many 
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times higher than those of any other tissue. The particles are pref
erentially localized along sinusoids in the paracortical area and in 
medullary cords and less so in the lymphoid germinal centers.40 

More than 10% of 239 PuO2 deposited in the alveoli was taken up 
by thoracic lymph nodes of dogs by l yr postexposure, increasing 
to 15% by 2 yr and 30 to 50% by 5 to 15 yr. Accumulation of 
inhaled 238PuO2 in thoracic lymph nodes was less than 23gPu02; it 
reached a. maximum of 20 to 24% and gradually declined to <10% 
after 10 to 15 yr.83 No significant differences in uptake by thoracic 
lymph nodes were noted for monodisperse 239PuO2 at AMAD val
ues of 0.72, 1.4, and 2.8 µm.32 Less than 1% of alveolar-deposited 
238Pu(NO3 )4, 230Pu(NO3 ) 4 , 2 41 Am oxide, or 244Cm oxide was found 
in thoracic lymph nodes of dogs at >1 yr postexposure.21 - 23164 Up
take of inhaled 239PuO2 in lymph nodes of baboons appears to be 
similar to that in lymph nodes of beagle dogs.8 

LIVER AND BONE 

In addition to the respiratory tract, a considerable research ef
fort has focused on the deposition and retention of transuranic ele
ments in liver and bone. Animal experiments and analysis of human 
tissues confirm that liver and skeleton are the principal receptors 
of transuranic elements that enter the blood. The distribution of 
transuranic elements between these two tissues varies depending on 
the form of the transuranic element taken into the body. Concentra
tions of fallout plutonium in human liver and bone range between 
about 0.5 and 1.5 pCifkg. In most cases the concentrations are higher 
in liver,18 but higher concentrations in bone have been reported.46 

Although the skeleton is about 4 times the mass of the liver, the liver 
is generally found to contain ~ much or more of the total plutonium 
in the body than is in the skeleton. Following occupational exposures 
to plutonium, depositions in the liver range from being about equal 
to about twice those in the skeleton. 

Transuranic elements within the liver are uniformly distributed 
throughout the hepatic epithelium only for a short time after intra.
venous injection. At long times after injection and following other 
routes of intake, transuranic elements localize in the phagocytic lin
ing cells of the sinusoids, the Kuppfer cells of the reticuloendothelial 
system. 

In the skeleton transuranic elements tend to concentrate on tra
becular and cortical bone surfaces, with the endosteal cells being the 
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principal recipients of emitted alpha radiation. Transuranic elements 
may he 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 241 Am, mostly by inhala~ 
tion, have been reported in the literature, with total body burdens 
ranging from 10 nCi to 25 µCi.127 The depositions in skeleton gen
erally exceeded those in lung. However, the distribution of 20 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 bone.31 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 is ineffective 
in removing transuranic elements from lungs.6 In six accidental hu
man exposures to curium oxide, retention and excretion were similar 
to those expected for soluble plutonium compounds. 86 

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 241 Am and 244Cm found in 
rat liver was three times that of injected 239Pu, although clearance 
from the liver was rapid in all cases.104 Deposition and retention 
of neptunium in liver appears to be appreciably less than those in 
bone, but most of the experiments were done with rats which have 
been shown to lose actinides from their livers much more rapidly 
than other species, including ma.n .116 In studies of dogs,83 following 
the inhalation of 230PuO2 , 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 body content after 15 yr. However, in dogs tha.t 
inhaled 238PuO2 or 239Pu(NO3},, liver and skeleton accumulated 
comparable fractions of the a.mount deposited after 6 y-r (20%) and 
bad comparable fractions of the body content (about 40 to 45%).30,83 

After intravenous injection as a citrate, dog liver accumulated about 
SO% of plutonium, 50% of americium, and 85% of curium after 1 
week.64 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 bile secretion.0 Less 239Pu was taken up by liver a.nd 
bone in monkeys than in dogs following inhalation of239Pu(NO3 ) 4 , 

with the liver retention time being much less in monkeys than in 
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dogs.16 In cynomolgus monkeys about 16% of the initial lung burden 
of 241 AmO2 was was taken up by the liver and 8% by the skeleton, 
with the retention half-time for 241 Am in liver being considerably 
shorter than that in the liver of the dog.66 After the first week pos
texposure, 241 Am excreted in the feces was eliminated mostly from 
the liver. 20 . 

The ICRP, after reviewing all the experimental data and the re
sults from human autopsies, concluded that the liver can be consid
ered to receive about 30% and the skeleton about 50% of the amount 
of plutonium that enters the blood, with retention half-times of 20 yr 
and 50 yr, respectively. The same applies to americium and curium, 
except that the retention times in liver may be less. For californium, 
berkelium, and einsteinium, deposition was taken to be 25% in liver 
and 65% in skeleton. For neptunium liver deposition was taken to be 
a.bout 15% and skeleton deposition is about 65%:11 

HEALTH EFFECTS STUDIES IN ANIMALS 

Tissues of interest with respect to potential health effects fol
lowing intake of a transuranic element are lungs, liver, bone, bone 
ma.trow, and lymph nodes, and to a lesser degree thyroid gland, go
nads, and kidney. By far the greatest emphasis has been placed on 
lunga and bone since these two tissues have been the predominant 
sites of neoplasia in experimental animals. 

Life-span studies in animals for the purpose of examining the 
carcinogenicity of orally or percutaneously deposited transuranic 
compounds have not attracted much interest because of the very 
low rate of absorption of transuranic compounds. No completed life
span study of ttansuranic compounds taken into the body by any 
route has indicated a significant increase of gastrointestinal tract 
tumors. 

RESPIRATORY TRACT 

Inhalation of comparatively large amounts of transuranic com
pounds in experimental animals results in radiation pneumonitis and 
fibrosis with histological features similar to those observed after ex
ternal radiotherapy.19•2' Respiratory insufficiency, caused by diffuse 
fibrosis in the lungs and characterized by increased respiratory rate, 
decreased arterial oxygen, and increased carbon dioxide, can lead to 
death within a month or 2 after deposition of 1 to 2 µCi/ g of lung 
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tissue of alpha-emitting transuranic elements in rodents, dogs, and 
primates.~ An initial lung deposition of 200 nCi of 230Pu02 in rats, 
which is in the range that yields a maximum response, leads to a 
replacement of 12% of the lung volume with fibrotic tissue at about 
1.5 yr after exposure. 

Alveolar deposition of 0.1 µCi/g of lung of 23$>Pu02 in dogs 
may lead to respiratory failure within 10 months. It is characterized 
by pulmonary edema, severe vascular damage, 6.brinous accumula
tions in bronchioles and alveoli, and pulmonary fibrosis. Alveolar 
deposition of about 0.05 µCifg of lung induced pulmonary fibrosis, 
bronchioloalveolar hyperplasia and metaplasia, alveolar histiocytic 
proliferation, pleural fibrosis, and early tumor formation within 5 
yr after exposure. In comparable studies with inhaled 238 Pu oxides, 
these lung lesions were found to be more closely related to total 
cumulative radiation lung dose than to dose rate.40 Inhaled Pu02 
particles in dog lung are associated with areas of pulmonary fibro
sis, as is the case in the rat and the Syrian hamster. Migration of 
particles over time results in focal concentrations of the particles in 
peripheral regions of the lungs. 

A more homogeneous spatial-temporal dose distribution pattern 
was seen in the lungs of baboons than in the lungs of dogs or rats 
following inhalation of 239Pu02 , leading to a more diffuse intersti
tial pneumonitis and fibrosis at high doses.60 The acute mortality 
doses for baboons with inhaled 239 Pu02 were similar to those seen in 
dogs.3 The lesions in the baboon lung were described as more homo
geneous than those in dogs and consisted of interstitial pneumonitis 
with fibrosis rich in elastic fibers, hyalinized arteries, and intense 
proliferation of type II alveolar epithelial cells and foci of giant cell 
interstitial pneumonia. 

At levels below those that ca.use acute radiation pneumonitis, 
chronic alpha irradiation produces a progressive interstitial fibrosis. 
Both pneumonitis and fibrosis interfere with respiratory function by 
increasing the barrier distance in alveolar septal interstitial tissue to 
the diffusion of gases. The nadir of the pneumonitis reaction is typi
cally seen at 60-200 days after the deposition of transuranic elements. 
After about 200 days, the acute pneumonitis either repairs or slowly 
progresses to a chronic inflammatory condition associated with inter
stitial fibrosis. The terminal phase of radiation pneumonitis/fibrosis 
is characterized by an increased respiratory rate, depressed carbon 
dioxide consumption, decreased CO diffusion, and decreased pul
monary compliance,24 
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Pulmonary fibrosis from inhaled PuO2 particles is seen most 
frequently at sites of particle concentration in subpleural regions. 
Epidermoid carcinoma and adenocarcinoma in rats and bronchiol
alveolar carcinoma in dogs, usually preceded by associated meta
plastic changes, often arise from these areas of intense 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 
sca.rs.66 Metaplastic lesions occupy only a small part of the lung vol
ume when compared with tumor volume. Yet, cell turnover times for 
a.denoma.tous rnetaplasia, a.denocarcinoma., squamous cell metapla
sia., and squamous cell carcinoma. of the rat following inhalation of 
PuO2 were simila.r.00 Induction of nasal 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 exposure to transuranic 
elements reflect the quantities deposited and the amounts of cellular 
damage or induction of primary tumors in extra.pulmonary organs, 
particularly the liver and bone. These changes are dose related and 
usually occur late in the anima.Ps life span. They reflect nonspecific 
hepatic or skeletal changes and are more significant in dogs inhaling 
soluble than insoluble transuranic compounds.86 

The biological effects of inhaled plutonium have been studied £or 
30 yr in over 1,000 beagle dogs. At the Pacific Northwest Laboratory 
this included 116 exposed to 230PuO2,83 116 exposed to 238PuO2 ,83 

and 105 exposed to inhaled 230Pu(NO3),i23 there were also 66 unex~ 
posed control dogs. The aerosols were polydispersed with an AMAD 
of 2.3 µm for 230PuO2 and 1.8 µm for 238PuO2 . A total of 172 of 
these dogs were alive as of September 30, 1986. Deaths from radiation 
pneumonitis resulted from high doses of inhaled 230Pu compounds 
(~0.5 µCi/kg or 50 nCi/g of lung and a total lung dose of about 
4,000 rad) , but not from comparable levels of 238PuO2 , which clears 
the lungs more rapidly. 

Of 98 deaths that occurred 8 to 15 yr after exposure to 230PuO2, 
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 238 PuO2 , 4 were 
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related to lung tumors and 83 to bone tumors (13 of the dogs also 
had lung tumors unrelated to death) .83 Of 38 deaths that occurred 
8 to 9 yr after exposure to 230Pu(NO3 ) 4 , 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).2s 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 dogs 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. NJ a preliminary estimate, the risk of developing a 
lung tumor ranged from about 450 to 650 lung tumors/ 106 rad to the 
lung for 238Pu and Z30Pu, but time and competing causes of death, 
that is, radiation pneumonitis and bone cancer, were not adequately 
accounted for.84 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 239PuO2 and 100 rad to the lung in dogs that 
inhaled ~ 8PuO2; the tumors occurred after 166 to 175 months and 
after 184 months, respectively. Because of the number of lung tumors 
in unexposed control dogs (4/20, or 25%) and the limited number 
of dogs receiving ea.ch 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.311 

Another major life-span inhalation study in dogs is in progress at 
the Inhalation Toxicology Research Institute with largely monodis
perse 238PuO2 and 2311 PuO2 aerosols with AMADs of 0.75, 1.5, or 
3.0 µm.76 Initial lung burdens in 576 dogs ranged from 0.0002 to 2 
µCi/kg of body weight with 12 dogs in ea.ch dose and particle-size 
group and a total of 96 unexposed control dogs. An initial lung 
burden of 0.00023 µCi/kg of body weight in a dog is approximately 
equivalent to 0.016 µCi of plutonium in the lungs of a 70-kg human. 

A total of 61 of 72 young adults dogs exposed to 1.5-µm a.nd 
64 of 72 dogs exposed to 3.0-µm 238PuO2 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.as Of 216 dogs exposed to 230PuO2 , 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.73 No clear pattern of death based on particle 
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size of inhaled plutonium ha.s been seen from available data.. Studies 
of immature (3-month-old) or aged (8- to l~yr-old) dogs exposed to 
monodisperse 230PuO2 have not yet indicated significant differences 
in lung-tumor induction a.s a function of age at exposure.74 Dogs 
exposed repeatedly by inhalation to 230PuO2 at levels high enough 
to cause fatal pulmonary pneumonitis a.nd fibrosis died after a.bout 
the same cumulative radiation dose to the lung as those exposed only 
once to the aerosol. 26 

The bronchioloalveolar junction appears to be the site oflung tu
mor formation following inhalation of plutonium compounds. Lung 
tumors arise from peripheral areas of the lung, typically in proximity 
to areas of interstitial fibrosis 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 bronchioloalveolar carcinoma, 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.2• 

A large body of experimental data exists for carcinogenic effects 
of inhaled transuranic compounds in rats. ,o Spontaneous lung tumors 
are rare in control rats, occurring 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 238Pu, 
230Pu, 2

' 1Am, 244Cm, and 263Es. 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 239PuOz 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. 103 This result contrasts with the 
appearance of tumors at doses as low as 10 ra.d in an earlier study.o0 

Both studies were carried out in young, adult, female, SPF, Wia
tar rats. Possible, as yet undetected, genetic differences, as well as 
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improved dosimetry at the lower dose levels, may account for these 
differences in lung-tumor response between the two groups studied 
in the same laboratory. Also, the incidence of premalignant meta
plastic lesions (squamous cell and adenomatous lesions) in the lung 
was significantly increased only at doses exceeding 100-200 rad.103 

Even though the analyses are incomplete, it could be concluded that 
the tumor response over the dose range addressed in this study was 
nonlinear. 

Experimentally induced mesotheliomas have been described in 
rats following intra.peritoneal instillation of 239PuO2 with Morpho
genesis sequelae similar to those observed for intraperitonea.lly in
stilled chrysotile asbestos. Pleural mesotheliomas have also been 
seen in rats and dogs following inhalation of transuranic elements. 2~ 

In rats, most of the nasal, laryngeal, tracheal, bronchial , and 
bronchiolar branches of the respiratory tract are lined by pseudo
stratified, ciliated and mucus-secreting goblet, and columnar epithe
lial cells, all of which, along with the alveolar epithelium, are rela
tively radioresistant. Respiratory epithelium has a relatively large 
capacity to repair sublethal radiation damage. The important pro
genitor cells in renewing bronchiolo-bronchial epithelium may be 
small mucus-containing cells rather than basal cells. These cells 
differentiate and proliferate during regeneration and preneoplastic, 
meta.plastic renewal. The probable target cell for carcinoma form~ 
tion in the rat lung is the peripheral terminal bronchiolar epithelium, 
possibly the nonciliated Clara cell. The alveolar endothelial cell is 
the target cell for hemangiosarcoma formation, the fibroblast for 
.6.brosarcoma formation, and the pleural mesothelial cell for mesothe
lioma formation.2" 

Mice appear to be less susceptible to PuO~~induced lung tumors 
than do rats.61 Pulmonary fibrosis was increased at >6 months after 
an initial alveolar deposition of >4 Bq. There was also a decrease 
in total lung cellularity; the latter was partially compensated for 
by hyperplasia in less affected areas of the lung. Plutonium diox
ide particles were markedly concentrated within fibrotic nodules in 
the lungs. In the mouse, most spontaneous lung tumors are either 
papillary adenomas or adenocarcinoma.s consisting of either cuboidal 
alveolar cells or columnar bronchiolar cells which occur multicentri
cally in the periphery of the lung late in life. The highest lung-tumor 
incidence was seen with the smallest 239PuO2 particle size, indicat
ing that the most homogeneous dose-distribution pattern is the most 
carcinogenic.1H 
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Protraction of 239PuO2 inhalation exposures in mice (bimonthly 
intervals for 1 yr to lung burdens of 0.5, 2.5, or 12.5 nCi) resulted 
in a greater incidence of pulmonary adenoma. a.nd adenocarcinoma 
than was observed with a. similar radiation dose delivered after a 
single inhalation exposure.67 Protraction in mice was calculated to 
increase the volume of exposed lung by threefold as compared to 
a single exposure. In contrast , protraction of 230PuO2 exposure in 
Syrian hamsters66 or rats97 had no significant effect on lung-tumor 
incidence. However, the Syrian golden hamster appears to be re
sistant to the induction of lung tumors from inhaled radionuclides, 
although the hamster lung is relatively sensitive to lung-tumor in
duction by intratra.chea.lly instilled 210Po in saline.63 Although there 
are substantial spatial-temporal dose-distribution pattern differences 
for alpha irradiation from intratracheally instilled 210Po as compared 
to inhaled PuO2 , this does not adequately explain the relatively few 
lung tumors induced in hamsters with comparable or higher doses 
of inhaled 238PuO2 and 230PuO2 . Hamsters exposed to radon and 
radon decay products were also resistant to lung-tumor induction. 
Only two lung tumors were seen in 600 hamsters following inhalation 
of PuO2, and these occurred only at lung doses of >1,000 ra.d.9" No 
malignant lung tumors were seen in about 1,000 hamsters exposed to 
inhaled 238PuO~1, 239PuO2, or 241 AmO2.66•66 Intravenous injections 
of highly radioactive 238Pu 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 rats and dogs. Although 
the study is not completed, there have been a few lung tumors in 
baboons more than 10 yr after inhalation of 239PuO2 . These were 
generally small lesions associated with regions of severe radiation 
pneumonitis. One baboon died because of a large epidermoid carci
noma at 2,528 days postexposure.8 A single pulmonary fibrosarcoma 
has been found in a rhesus monkey 9 yr a(ter inhalation of 239PuO2 .33 

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 part icles (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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throughout a tissue than concentrated in a few particles. An expla
nation for this observation is that the few cells containing or adjacent 
to the particles are more likely to receive killing doses than trans
forming doses of radiation, whereas the opposite would occur with a 
more diffuse distribution of the radioactivity among a much larger 
population of cells."0 •78 

The risk of cancer formation in the lungs or elsewhere following 
exposure to multiple or combined agents, including radionuclides, 
is poorly understood. Combined interactions may behave in an an
tagonistic, independent, additive, or synergistic manner. Cigarette 
smoking and alpha-irradiation interactions in uranium miners are ex
amined in Appendix VII. Cigarette smoke depressed lung clearance 
of inhaled 239PuO2 in rats and dogs,28•29 but the effect on pulmonary 
carcinogenesis has not been studied. An additive tumor response was 
seen in rats that showed induction of abdominal sarcomas following 
intra.peritoneal injection of 230PuO2 and benzo(a)pyrene (BaP), a 
common carcinogenic hydrocarbon in cigarette smoke.93 Intratra
cheally instilled BaP appeared to act synergisticaUy with inhaled 
239PuO2 in causing lung cancer in rats.63 Studies of the possible 
interaction of plutonium with other inhaled toxic substances such 
as asbestos, urethan, cadmium oxide, beryllium oxide, and nitro
gen dioxide have produced results that are equivocal with respect to 
enhancing plutonium lung-cancer risks. 

LIVER 

Hepatocytes and the biliary epithelium are relatively radioresis
ta.nt, although as a whole organ the liver is moderately radiosensitive. 
Early hepatocyte injury is not due to depressed hepatocyte prolifera
tion since cell turnover in the intact liver is low. Chromosome damage 
in hepatocytes persists for long periods of time following irradiation 
and is seen only when hepatocytes are stimulated to proliferate, as 
by partial hepatectomy. 

The liver retains transuranic elements with long biological half
times in some species, resulting in substantial radiation doses to liver 
over a normal life span. Liver tumors have been observed in some life
span studies of inhaled radionuclides in dogs and Chinese hamsters. 
The incidence of liver tumors in Chinese hamsters injected with 239Pu 
was 39--47% at liver doses of 1,400-4,500 rad a.nd 26- 32% at 270-720 
rad; liver tumor incidence was similar for injected 239Pu citrate and 
239PuO2-la.beled pa.rticles.16 Intraperitoneally injected 241 Am citrate 
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in deer and grasshopper mice resulted in a.n increased liver-tumor 
incidence; grasshopper mice were more sensitive than deer mice to 
tumor formation.61 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/106 

mice/rad to the liver for deer mice and 1,390 tumors/106 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 
fibrosarcornas have occurred in beagle dogs given 239Pu or 241 Am 
citrate intravenously.115 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 9 bile duct carcinomas 
and 2 hepatic cell carcinomas in 219 dogs given plutonium and 11 
bile duct carcinomas 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 or the dog the relative distribution 
of injected 239Pu is 1.0 for the periosteum, 1.2 for haversia.n canals, 1.5 
for epiphyseal areas, 2 .6 for endosteal areas1 and 3.0 for metaphyseal 
areas.43 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 
osteobla.sts, the number of osteoblasts exposed to alpha particles, 
osteoblast migration and proliferation rate, and bone remodeling by 
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osteoclastic and osteoblastic activities 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. 79 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 µCi 239Pu/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 289Pu citra.te.62 Spontaneous bone tumors occur 
so rarely in the rat that they cannot be taken into account. 30 In 
mice, the monomeric form of 239Pu is about twice as effective as 
the polymeric form in producing bone sarcomas.91 The St. Berna.rd 
dog is about 5 times more sensitive than the beagle dog to 230Pu
induced bone sarcoma formation, but also has a higher spontaneous 
incidence.114 

Inhaled 238PuO2 and 239 Pu(NO8), but not 289PuO2 , are potent 
inducers of bone tumors in dogs. After 15 yr postexposure, the skele
tons of dogs had taken up only 1 % of the initial alveolar-deposited 
239Pu from inhaled 289PuO2 , in contrast to 20% of initially deposited 
288Pu from inhaled 238PuO2 after 12 yr31> and 25% of 239Pu from 
inhaled 1131>Pu(NO8) 4 after 9 yr.28 Twelve years after inhalation of 
238PuO2 , a total of 31 dogs had osteosarcomas of 116 exposed dogs 
at cumulative skeletal doses ranging from 50 to 480 :radj 13 of the 
tumors originated in the vertebrae.83 After 11 to 13 yr, bone sarcoma 
was the primary ca.use of death in 84 dogs; an initial lung burden of 
0.02 µCi of 238Pu/kg of body weight is the lowest dose a.t which fatal 
bone sarcoma has occurred in this, as yet, incomplete study.68 Skele
tal radiation doses for these dogs have not been reported. Inhalation 
of monodisperse 1.5-µm particles did not cause a bone tumor rate 
different from that of inhalation of monodisperse 3.0-µm particles,66 

Bone tumors were seen at skeletal doses ranging from 50 to 480 rad in 
dogs exposed to polydiBperse 238 PuO2 .88 Bone tumors are not ca.used 
by inhaled insoluble 280PuO2 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 244CmO2 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 a.ge.98 Intra.tracheal instillation 
of 2613EsC13 appeared to cause a higher bone-tumor incidence than 
that observed with inhaled 263Es(NO3)a.1O•11 Intratracheally instilled 
23'>Pu sodium triacetate resulted in a higher bone-tumor incidence 
(20%) than that observed with inhaled Es(NOa)s (4%). Inhaled air
oxidized 239PuO2 ,96 high-fired 238PuO2,1°O and single or protracted 
high-fired 238PuO2

97•99 in rats and inhaled high-fired 238PuO2 and 
239PuO2 in hamsters94 did not induce bone tumors. 

BONE MARROW 

Although radiation leukemogenesis 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 epidemiological studies that plutonium or any other transuranic 
compound can induce leukemia is scanty.120 Myeloid leukemia has 
been induced in CBA mice following injection of 239Pu, but with a 
much greater yield of osteosarcoma..36 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
flect irradiation of herna.topoietic tissue associated with organs that 
concentrate transuranic elements, as well as direct irradiation of 
blood cells circula.tin.g 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 µCi 
of 241 Am in dogs:'0 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 PuO2. The time of onset and the degree of 
lymphocytopenia is dose-related following inhalation of plutonium 
dioxide.8\) Lymphocytopenia can be detected after pulmonary depo
sitions 0£ >0.7 nCi of PuO2/g of lung. In contrast , the minimum 
lung burden required to produce a significant lymphocytopenia in 
dogs inhaling 239Pu(NO3 ) 4 was 2 nCi/g of lung. A lung deposition of 
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>500 nCi of 230PuO2 is required to cause a mean lymphocyte redu~ 
tion of 50% in rats,88 while a significant lymphocytopenia is seen in 
the rhesus monkey only at Jung burdens of 900 to 1,800 µCi.16 Lym
phadenitis and replacement of parenchymal cells with scar tissue are 
common findings in regional lymph nodes nearest sites containing 
PuO2 in dogs. A significant risk of primary tumors in lymph nodes 
containing very low to high concentrations of plutonium ha.s not been 
demonstrated in rats, dogs, or humans. 

Lymphocytes a.re 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 lymphocytes a.re 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.14 

Chromosome aberrations have been quantified in blood lymphocytes 
obtained from monkeys that have inhaled 230PuO2 and 230Pu(NO3 ) 4 ; 

significant results were seen only at cumulative lung doses of >1,000 
rad.17 ,60 This suggests that 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 is relatively 
small. In the relatively small ma.se of the mammary tissue of ra.ts 
plutonium increased the incidence of mammary tumors;69 however, it 
is not reported in other species. Damage to spermatogenic elements 
was observed at 5 months in rabbits injected with plutonium at 
testicular doses of 785 rem. 48 

Electrolyte imbalances, including hyperkalemia, hyponitremia, 
and hypochloremia, have been seen in dogs exposed to 238PuO2-

labeled aerosols.83 These changes have been associated with hypoad
renocorticism (Addison's disease) in six doge following inhalation of 
>4.5 nCi PuO2 /g of lung. The pathogenesis of the syndrome is not 
known. 

Relatively high concentrations of americium were observed in the 
thyroids of beagle dogs.107 Autoradiography showed that the 241 Am 
deposited primarily in the interfollicula.r areas. No adverse effects on 
thyroid function or on the incidence of thyroid disease were observed. 
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Effects in these other tissues are genera.Uy 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 230Pu from atmospheric nuclear weapons testing 
in the 1950s and 1960s and to 238Pu from an accidental disintegration 
of power sources after aborted spaceflights. However, the levels of 
plutonium and other transuranic elements deposited in the general 
population a.re well below those that might cause detectable health 
effects. Persons working with nuclear material ha.ve also been ex
posed to transuranic elements. But these, too, have been relatively 
small exposures; 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 .$. government contractor personnel who incurred internal 
deposition of plutonium between 1957 and 1970, 131 cases were con
taminated by inhalation, 48 through wounds in the skin, 8 by both 
routes, and 16 through an unidentified route.123 

Studies of employees of Rocky Flats Nuclear Wea.pons Plant and 
Los Alamos National Laboratory have been reported.1•2•121 - 123, i 26 

The most extensive report on the Rocky Flats employees was a mor
tality study of a cohort of 5,413 white males who were employed there 
for at least 2 yr and followed through 1979.126 Individual radiation 
exposures were documented from health physics records ba.sed on 
periodic urine bioassa.ys 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 a.re not measured reliably, only those workers with exposures of 
~ 2 nCi were considered exposed. Follow-up investigations identified 
the status of 98.9% of the cohort and located the death certificates 
for 99.9% of the decea.sed. Mortality from specific causes was 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 l rem or more. The 
mortality experience of the entire cohort was less than that expected 
based on U.S. mortality rates, with a standardized mortality ratio of 
62 for all causes of death and 71 for all causes of cancer. The only 
significant excess 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 increasing dose-response trends in risk 
with plutonium do.se 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 
lymphosa.rcoma/reticulosarcoma, non-Hodgkin's lymphoma; multi
ple myeloma, and myeloid leukemia. ( the last two are not usually 
categorized as lymphopoietic neoplasms). Lymphopoietic neoplasms 
have not been a common observation 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 a.t that facility in its early period 
of operation has been followed for 37 yr and repeatedly evaluated 
medically.123 No increased risks attributable to plutonium exposure 
have been noted in this cohort. An investigation of cancer incidence 
among Los Ala.mos workers employed from 1969 through 1978 found 
no significant excess risks.2 
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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 animals 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 other alpha-emitting ra
dionuclides (e.g., uranium miners exposed to radon and its progeny, 
radium-dial painters, patients undergoing t reatment with radium, or 
thorotrast-.exposed patients) and oflow linear energy transfer (LET) 
radiation exposures. 

LUNG CANCER 

In. this report, risk estimates for lung cancer resulting from ex
posure to radon and radon daughters were obtained from analyses of 
data on occupationally exposed miners. The BEIR III Committee77 

also used human data to estimate risks from low-LET radiation. 
Data on humans exposed to transuranic elements are far too Hmited 
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 risks 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 diffel."ences 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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estimates to the doses resulting from exposure to high-LET alpha 
radiation from transuranic elements. A difficulty with this approach 
is that there may be characteristics of specific exposures that are not 
fully reflected in a single dose estimate but that may affect resulting 
health effect risks. In particular, risks may depend on the specific 
cells of the lung that are irradiated. This may be quite different 
for transuranic element exposure than for exposure to radon decay 
products or low-LET radiation. In a report by the ICRP,'0 both 
approaches were utilized and the results were compared. 

In Chapter 2 of this report, a model for estimating risks result
ing from radon exposure was provided, based on analyses of data 
from four groups of miners. This model allows estimation of the life
time risk resulting from exposure, expressed in working-level months 
(WLM), at any particular period in a lifetime. Risks resulting from 
exposures received during different periods of time throughout life 
can be summed to obtain an overall risk estimate for any specified 
sequence of exposures. The model specifically incorporates observed 
patterns of risk over time in miners, and also uses life-table methods 

\ to account for attrition of the population from death for reasons 
unrelated to radiation exposure. 

A possible approach for estimating risks of exposure to inhaled 
transuranic elements would be to apply the model develop·ed for 
radon exposure. This would require, as a mini.mum, conversion of 
the WLM to an appropriate measure of dose to the lung and would 
also require determination of the dose and its distribution over time 
resulting from any transuranic element exposure for which risk es
timates were desired. Before such an approach can be applied, its 
validity needs to be confirmed by evaluating available laboratory ani
mal data. Instances in which experiments involving both radon decay 
products and transuranic element exposure have been conducted in 
the same animal species are especially relevant for this purpose. 

To evaluate the adequacy of the BEIR IV (Chapter 2, this 
volume) radon model for predicting risks in animals exposed to 
transuranics elements, data from relevant experiments need to be 
analyzed by methods that are comparable to those employed in an
alyzing data from epidemiological cohorts. In particular; it is not 
adequate to base analyses only on the proportion of animals that 
have developed lung tumors. Instead, the pattern of risk over time 
needs to be explicitly examined by modeling risk as a function of 
the exposure history as well as factors such as age at risk, age at 
exposure, and time since exposure. Such an approach allows explicit 
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consideration of the time distribution of dose and also minimizes 
problems related to competing risks from bone tumors or other dis-
eases resulting from the exposure. 

The particular findings observed in the analyses of miners de
scribed in Chapter 2 of this volume with respect to the effect of 
age at exposure, time since exposure, and age at risk need to be 
checked using available laboratory animal data. Such patterns could 
be compared for different species and for the radionuclide involved in 
the exposure, whether it is radon or various transuranic elements. It 
must be recognized, however, that there are difficulties in examining 
time-related effects in animals in the same manner as in humans. 
These difficulties are related to the short life span, small numbers of 
animals ( especially in canine laboratory experiments), and the lack 
of adequate data on time of occurrence in instances in which lung tu
mors are incidental findings and not the cause of death. Finally, it is 
unclear whether lung cancers induced in man by inhaled transuranic 
elements would occur in the lung periphery, as in rats and dogs, or 
in the bronchi, a tumor location rarely found in experimental ani
mal studies with inhaled transuranic elements but a frequent site of 
cancer in human lungs. 

It is also important to conduct analyses that allow quantitative 
comparison of risks resulting from different types of exposure in the 
same species. A method of analysis is needed that accounts for 
competing risks 88 well 88 different temporal and spatial patterns of 
dose. This can be accomplished by modeling the age- or time-specific 
relative risk as a function of the estimated cumulative dose to lungs. 
Such analyses could be useful for comparing risks due to radon with 
those due to exposures to val'ious transuranic elements and might 
indicate ways in which the BEIR IV radon model (Chapter 2, this 
volume) would need to be modified to predict risks from transuranic 
element exposure. 

In addition, analyses could be conducted that allow quantitative 
comparison of risks resulting from simifar types of exposure, but in 
different animal species. Such comparisons should provide insights 
that are relevant to the use of laboratory animal data. for estimating 
risks in humans. Comparisons of this type have been made and have 
generally been based on the proportion of animals that developed 
tumors. This approach may not be adequate if competing risks differ 
substantially in the species being compared; certainly, competing 
risks in humans are quite different from those in experimental ani
mals. Another approach for making such comparisons is to examine 
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the hazard or risk per unit of time. This hazard could be expressed 
either as a relative or absolute excess, and could also be used to 
estimate the probability of developing a lung tumor by time t, given 
survival to time t. Time might be expressed as a fraction of life span 
that would be similar for the species being compared. The choice of 
a measurement of risk that will provide the best comparison across 
species and thus be most appropriate for the extrapolation of risks 
from animals to man is required. Appropriate analyses of available 
experimental data could provide insights with regard to this issue. 

Since the above methods have not yet been applied to experi
mental animal data for inhaled radionuclides, it is necessary to rely 
on risk estimates obtained by other methods, such as those used by 
the ICRP;'0 The available data on lung-tumor induction by alpha.
and beta-gamma-emitters were nearly all from worldwide rat stud
ies. The studies were conducted under different protocols and were 
complicated by varying methods of dose estimation, exposure (in
halation or intubation), and diagnosis of malignant tumors. While 
other factors were not constant (e.g., age at exposure), the lack of 
data on time and cause of death for individual animals precluded the 
use of much bette.r models that incorporate this information. Be
cause of these deficiencies, a data-selection scheme was devised, and 
the probit and weighted linear models were selected as two possible 
models to describe the available dose-response data, recognizing that 
both were probably inappropriate. Both the linear and probit mod
els gave a reasonable description of the alpha-emitter dose-response 
data, while neither model was useful in mimicking the extremely 
variable beta-gamma-emitter data over the range of observed doses. 

Risk estimates based on the Mantel-Bryan procedure were stated 
by the ICRP40 in terms of the dose that causes 1 cancer/million 
animals. These estimates were 52, 14, 40, and 1,190 mrad to the 
lung for soluble alpha-, insoluble alpha-, all alpha-, and beta,.gamma-
emitting radionuclides, respectively. In contrast, an extrapolation of 
the linear model used by the ICRP40 gave a dose estimate of about 3 
mrad to the lung for all alpha-emitters, about 13 times higher than 
that resulting from use of the Mantel-Bryan procedure. 

The risk estimate provided in this report {BEIR IV) from anal
yses of miners exposed to radon and radon daughters is 350 lung
cancer deaths/million persons/WLM. If expressed per rad, using a 
nominal value of 0.5 rad/per WLM, this estimate would be 700 can
cer deaths/million person-rad and would be equivalent to a dose 
of 1.4 mrad causing 1 cancer/million persons. The estimated 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 estimate for radon projects tha.t 
most of the cancers occur in smokers. For nonsmokers, the risks are 
about a factor of 10 less. 

BONE CANCER. 

Extensive human 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 a.nd 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 
bone 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 7A 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 statistics a.re 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 Harris27 to estimate the bone-cancer risk in hu
mans due to exposure to plutonium (see Annex 7 A). 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 estimate of 
the within-study sampling variation attached to ea.ch slope. This 
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approach allows the use of a 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 no 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 
biological systems. The Bayesian methodology employed here allows 
quantification and adjustment for prior uncertainty that is impos
sible 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 
analyses of all the studies can be most informative. For exam.pie, 
one crucial bole in the array of studies available wa.s 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 summarize 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 human.a 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 
exposures to transuranic elements, they have occurred in popula
tions given Thorotrast (colloidal 232ThO2 ) as 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 long latency period, the only animals at risk are those that 
have not succumbed to lung and bone cancers (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. 72 In Cha.pt er 5, a risk esthnate 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 a.bout 3 times more sensitive to radiation-induced 
liver cancer than Thorotra.st-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 
tissue. 
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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.4 These tumors have not been identified as 
likely causes of death in animal experiments with transuranic ele
ments or observed 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 doses to the tissues. Dose calculations that may be appropriate 
for radiation protection purposes, for example, those by the ICRP3SI 

may be entirely misleading for projecting risks of cancer mortality 
from transuranic element exposures. 

SUMMARY 

The transuranic elements, which a.re 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 Me V, 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- 4 may be increased to a level of 1 x 
10- 3 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 unless 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 
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tissues may be diffuse at first, but they often accumulate or form ag
gregates within cells or cellular structures. Particles and aggregates 
of transuranic elements, possibly mobilized by macrophages, may 
be deposited eventually in lymphatic or fibrotic tissues. In lungs, 
transuranic elements tend to accumulate in bronchiolar-alveolar and 
lymphatic structures in the pa.renchyma, frequently in regions of 
fibrosis. Transuranic particles are preferentially localized in paracor
tical and medullary regions oflymph nodes, which are also associated 
with fibrotic tissue. In liver transuranic elements localize in reticu
loendothelia.l cells and in bone, primarily on the endosteal surfaces. 

It is clear that transuranic elements are not homogeneously dis
tributed throughout the body or throughout the tissues in which 
they are deposited. Further, since the range of alpha radiation in 
tissues is short, less than 100 µm, tissues in which they a.re de
posited will be very nonuniformly irradiated. Only under conditions 
of very high deposition would more than a few percentage of the 
total cells in a tissue be exposed to alpha radiations, and many of 
these would receive doses more likely to kill than initiate neoplastic 
transformation. Thus, it is likely that, under most conditions, only a 
very small fraction of the alpha energy would be available for cancer 
induction. Nevertheless, the association of cancers in lungs, bone, 
and liver with the deposition of transuranic elements in these tis
sues in several animal species under experimental conditions but has 
not been demonstrated in several thousand human beings who ba.ve 
been accidentally exposed predominantly to low levels of transuranic 
elements. 

Therefore, estimates of risk for transuranic elements cannot be 
derived from human epidemiological studies. Although risk estimates 
have been derived from experimental animals studies, they cannot 
readily be extrapolated to human. Until problems associated with 
this extrapolation are resolved, the only acceptable alternative is 
to apply risk estimates derived from studies of human populations 
exposed to other alpha.-ern.itting radionuclides. For hmg cancer the 
risk estimate is 700 lung~cancer deaths/million person-rad, based on 
the estimate for radon and its progeny. Thia va.lue is about one
third larger than those that can be derived from current incomplete 
studies of plutonium in dogs. For bone cancer, the risk estimate is 
80 to 1,100 bone cancer deaths/million personarad from Bayesian 
analysis of human radium and animal transuranic and radium data. 
For liver, the risk estimate is 800 cancer deaths/million person-rad1 

based on human Thorotrast data. In applying these risk estimates to 
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transuranic elements, their origin as well as the great uncertainties 
associated with their calculation should be remembered. 
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ANNEX7A 

A Bayesian Methodology for 
Combining Radiation Studies 

INTRODUCTION 

This study reviews and integrates several other studies in which 
the effect of high linear energy transfer (LET) radiation on the risk of 
bone cancer has been measured. The methods used are very similar 
to those described by DuMouchel and Harris.1 The general goal is 
to enable the quantitative use of the results of animal studies for the 
estimation of human cancer risks from exposure to ionizing radiation, 
especially plutonium. The choice of bone cancer as an endpoint and 
of plutonium as the source of exposure for this study was made 
partially because of its inherent interest and because of issues of data 
availability and suitability. 

DATA SETS USED 

Since very little data exist on the long-term effects of plutonium 
deposition in humans, for purposes of risk estimation it becomes 
necessary to use data from different animal species exposed to dif
ferent isotopes and chemical forms of plutonium and other internal 
alpha-emitters. Animal studies have been designed and carried out 
at several laboratories in various countries over the last few decades 
in an attempt to fill this information gap. In addition, it was an
ticipated that an epidemiological follow-up study of the radium-dial 
painters could provide a calibration point that could be used to 
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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 was available. For other studies, only 
rough summary statistics for groups of individuals could be 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 ra.dium or plutonium involved, even 
though in some studies they were published together. Table 7 A-1 
lists the biological system, 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 Utah7 and the Inhalation Toxicology Research Insti
tute (ITRI) of the Lovelace Biomedical and Environmental Research 
Institute in Albuquerque.2 These data are available in detail. The 
Utah studies included in this analysis used beagles injected with 
239Pu, 228Ra, and 226Ra. For most of the animals, we were able to 
obtain the mean skeletal dose from published reports. 7 For a few 
beagles, this information wa.s not available. In these cases, we ap
proximated the dose by scaling injected doses to that of other beagles 
with similar injected activities. The report7 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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TABLE 7A-1 Data Sets Used 

Data Set Biological SyStem Isotope Data Source 

Human (lngestlon) 226Ra R. Schlenker, 
personal communication. l986 

2 Hum;in (ingestion) 228R a R. Schlenker, 
per$Onai communication, 1986 

J Human (injection) 238Pu Rowland and Durbin5•6 

4 Human (injection) 239Pu Rowland and Durbin5•6 

s Beagle dog (injection) 226Ra U. Utah, Radiobiol. Dlv.4 

6 Beagle dog (injection) 226Ra U. Utah, Radiobiol. Div.4 

7 Beagle dog ( injection) 239pu U. 'Utah, Radiobiol. Div.4 

8 Beagle dog 238pu 1TRI2 
(inhalation, LS µm) 

9 Beagle dog 238pu ITRI2 

(inhalation, J .O µm) 
JO Beagle dog (inhalation) 238pu J. Park, 

11 Rat (inhalation) 236pu 
personal communication, 1986 

ICRP, Table 63: C. L. Sanders, 

12 Rat (inhalation) 238pu 
personal communication. 1986 

ICRP, Table 63 

13 Rat (inhalation) 239pu ICRP, Table 63 

14 Rat (inhalation) 239pu ICRP, Table 63 

IS Rat (inhalation) 239pu ICRP, Table 63 

Identical information was available for the inhalation studies 
with beagles at ITRI.2 We used the data. on beagles exposed to 
238PuO2 (1.5 µm [AMAD]) and 2S8 PuO2 activity median aerody
namic diameter (3.0 µm AMAD) monodisperse aerosols. We did not 
use da.ta. in beagles exposed to 2sopu aerosols since no osteosarcomas 
were observed in these animals. The absence of bone sarcomas io 
these beagles is due to the lower specific activity of zsi>pu, which 
did not cause a fragmentation of the aerosol particles, resulting in 
virtually no delivered dose to the skeleton. 

From the Pacific Northwest Laboratory (PNL), we used data 
(J , Park, personal communication) on beagles exposed to 2s8PuO2 

aerosols. Individual skeletal doses, survival time, and cause of death 
were also available for each animal in this study. 

From Table 6 in ICRP Publication 31 from the International 
Commission on Radiological Protection (ICRP),s we obtained sum
mary statistics on studies of rats exposed to 230Pu citrate, 2a1>pu am
monium pentacarbonate, 239Pu nitrate, 2s8 Pu nitrate, and 2a8 PuO2 • 

Additional dose information on the 238PuO2 study was provided by 
C. L. Sanders (personal communication) . 
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The data. on the 220Ra- and 228Ra.-dia.1 pa.inters were provided by 
R. Schlenker (persona.I communication). We used tabular informa
tion on the 220Ra/228Ra dose ratio, approximate dose rates, number 
of osteosarcoma.s, and number of person-years of follow-up. Only the 
data with a. large or small 226Ra to 228Ra cumulative-dose ratio were 
used for this analysis. 

The limited jnformation on 288 Pu and 280Pu in man was taken 
from reports by Rowland a.nd Durbin.'•6 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 ea.ch study, all 
individuals within a given dose group are assumed to have been 
exposed to approximately the same dose rate (rads per day), which is 
assumed to be approximately constant over the period of observation 
of ea.ch 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-days of observation, and D is the sum of the cumulative 
doses in rads up to death, or time of last contact of each individual 
in the dose group. 

A siinple linear-effect model is used to relate the dependence of 
n on N, T, and D. For ea.ch individual, the hazard rate for bone
cancer death is assumed to be approximately equal to .>. D /T, where 
the dose rate is set at D / T for ea.ch member of the group, and the 
para.meter .>. is the potency of the particular isotope when applied to 
the particular biological 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) = >.D(l - rN/T). (7A-1) 
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The quantities A and 1' are possibly different for each experiment. 
The time period T is the latency of bone sarcomas for a particular 
isotope within the given biological system and is measured in years. 
The fraction (1 - TN /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 ). 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 ). and r are estimated by a 
Poisson regression analysis, which also produces approximate 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 K 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 is 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 7 A-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, namely, 
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 expo.sure, so it is necessary to make some 
adjustment for latency, The model in Equation 7 A-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 speciesj 
on the contrary, comparisons of estimated values of>. provide a way 
of assessing the magnitudes and patterns of these differences. 

The model assumes that ea.ch 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.6 report 
that a quadratic-exponential model fits these data much better than 
does a linear-effects model. However, the versions of the linear
effects model that Row land et al. 6 fit differed in several respects from 
that which we proposed above in Equation 7A-l, so 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 pa.inters 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,4•

6 consists ofrecords 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. If individual 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, t, 
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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TABLE 7A-2 Results of Individual Analyses 

Degrees of 
Study ~ (tumors/ I ,000 rad) Standard Error r (yr) Chi-Squared Freedom 

I 0.037 0.012 5a 3.4 
2 0.088 0.063 l 1 0.7 
3 
4 
s 0.42 0.09 2.6 1.8 6 
6 0.73 0.12 ).8 5.8 s 
7 5.4 0.9 3.5 20.3 8 
8 4,5 1.1 2.7 1.8 6 
9 3.1 0.8 2.4 5.7 7 

10 8.2 2.3 3.6 2.7 4 
l l 0.81 0.47 0.5° 0.8 
12 2.9 1.2 0.7 5.4 3 
13 0.87 il.63 0.5 14.3 4 
14 1.5 0.4 0.6 4.0 4 
IS 0.87 0.65 0.5 9.2 4 

"The available data from this study did not permit a sensible estimate of the latency parameter T, 

The value in the table was used instead as bcins more consistent with those from other studies. [n 
thc1;e cam the goodness of fit statistic will not have an asymptotic chi-squared distribution and 
so the degrees of freedom column has been left blank. 

painters, where the first cancers begin appearing a.t about the same 
time lag after the first exposure, regardless of the level of exposure. 

RESULTS OF THE INDIVIDUAL ANALYSES 

Poisson regressions were performed on 13 of the data. sets dis
cussed earlier in this annex (excluding only the data on plutonium 
in man). Table 7 A-2 presents the estimates of the parameter .>., their 
estimated standard errors, the estimate of T, and the likelihood ratio 
goodness of fit statistics, with their degrees of freedom. 

THE BAYESIAN MODEL COMBINING ALL STUDIES 

The rea.nalyses of the individual data sets a.re only a necessary 
preliminary step to the real goal of providing a unified method of 
interpreting the entire ensemble of studies. To do this, a Bayesian 
framework, developed in detail by DuMouchel and Harris, 1 is applied. 
In that report they introduced a. theoretical model and illustrated 
it with an extensive analysjs combining 37 different studies on the 
carcinogenic and mutagenic potency of 10 different polyaromatic hy
drocarbons in five different biological systems. The present analysis 
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of radiation-induced bone-cancer studies follows closely the model of 
the earlier study. Readers interested in the theoretical development 
of the Bayesian model for combining studies should refer to that 
pa.per a.nd 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 EAOH STUDY 

As discussed by DuMouchel and Harris, 1 each of the separate 
dose-response studies is summarized 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 ). in the previous section; we now define 8 = log >.. Let y denote 
the estimate of O from a particular study. The standard error of y, 
denoted by c, is taken to be the coefficient of variation of the esti
mate of >.. That is, 6 is log >., y is the estimate of 6 from a single 
experiment and equals the log ( estimate of >.), and c is the estimate 
of the standard error of y and equals (standard error of estimate of 
>.)/(estimate of >.). The values of y and c for each of the separate 
studies can be computed directly from the first two columns of Table 
7A-2. They a.re shown in Table 7A-3. 

FORMAL MODEL 

Let tJ;,· 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 0,;, the true log slope for the particular animal 
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TABLE 7 A-3 Summaries of the Individual Studies 

Biological System 

Human 
Beagle dog (injection) 
Beagle dog (inhalation) 
Rat 

-3.30 (0.32) - 2.43 (0. 72) 
-0.87 (0.21) -0.32 (0.16) 

1.SS (0. !SJ 
0.64 (0.34} 

1.69 (0.17) 

0.29 (0.24} 

NOTE: Dashes in this table correspond to combinations of isotope and biological system with no 
available study. In case data from multiple studies were avoiJablc for a cell, c~timatcs were aver• 
aged, as if they were unbiased estimates of the some quantity, to pr0ducc one value of y and c in 
each such cell. The weight given to eachy was inversely proportional to the square of its value of 
c, and values of c-2 were summed to obtain the 1•alue of c-2 for the average. 

~Data ore arranged as follows: Yii• irt units of log tumors/ l ,000 rads (CIJ, as estimated standard 
error of yy). 

system-isotope combination. Condit ional on 8;;, 1);; is assumed to be 
normally distributed with standard deviation %· Formally: 

(7A-2) 

The values of 8 have normal prior distributions that are independent, 
conditional on the values of further parameters: 

(7A-S) 

Finally, the parameters 0:1, "I;, and u all have prior distributions 
as discussed below. The specification of these prior distributions, 
together with the values of y and c given in Table 7 A-3, completes 
the specification of the formal Bayesian model. Equations given by 
DuMouchel and Harris1 then provide final estimates and standard 
deviations for ea.ch of the 8,1 values, including those for which no 
corresponding y;; value is available. 

The crux of the Bayesian analysis is the specification of the prior 
distributions for a, "I, and u . In order to do this, it is necessary 
to have a good understanding of the meanings of these parameters 
and their conceptual role in the analysis. These parameters, which 
are only used to specify the prior distribution of the fl;; term, the 
parameters of di:rect interest, are called hyperparameters. 
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INTERPRETATION OF THE HYPERPARAMETERS 

The prior mean of e,1, the log of the slope of bone-cancer :risk 
versus dose, is, by Equation 7A-3, the sum of an average for the ith 
biological system, a,, and an effect due to the jth isotope, 'Yi· This 
additive model translates to a multiplicative model on the original 
scale. This means that the prior expectation is that the ratio of 
the carcinogenic potency of a.ny two isotopes is preserved across 
species. The hyperparameter c, measures how well the actual O;; 
values conform to this prior expectation. A belief that <1 is very near 
zero implies a belief that the relative potency of isotopes is almost 
exactly the same for every species. Larger values of <T imply mo~e 
probability that some of the species systems have isotope-specific 
reactions to radiation. 

The fact that the mean value of each 0;; has an additive rep
resentation implies that we cannot identify a priori which biological 
system is most likely to exhibit a distinctive reaction to any par
ticular isotope. The specific values of at measure the sensitivity of 
the ith biological system to the average isotope, while the specific 
values of the 1 i measure the average potency of the j th isotope across 
biological systems. 

PRIOR DISTRIBUTIONS USED IN THE ANALYSES 

DIFFERENCES BETWEEN BIOLOGICAL SYSTEMS 

The values of a 1 , o:2 , o:3 , o:4 , respectively, represent the average 
log potency of the isotopes being considered, when dose is measured 
as rads to the skeleton, in the four biological systems. Except for 
the data now being analyzed, there is very little knowledge about 
these quantities. Therefore, it seems appropriate to choose prior 
distributions for the 0:1 term that are very broad. These parameters 
are all assumed to have identi'cal normal distributions, with a mean 
of 0 and a standard deviation of 10. (Note that all of the values 
of y are between - 4 and + 2. This shows that the data are much 
more precise than the assumed marginal prior distributions of a;.) 
Although there is little prior information about the individual a;, a 
predominant fact concerning them is that two of the four biological 
systems are in the beagle, the only difference being the mode of 
administration of the dose. AB discussed above in this annex, the 
studies varied as to whether the dose was delivered by ingestion, 
injection, and inhalation. The inhalation method is a quite different 
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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, a.nd 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 differences1 

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 diff P.rence in the estimated potency of all isotopes. 
This possibility will be described by following the prior probability 
statement: 

P(ja2 - as l > 0.2) = 0.05. (7A-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 e0•2 in favor of either mode. 
In terms of the assumption of normal distributions; this translates to 
an assumption that the standard deviation of a 2 - as is 0.1. Since 
the variances of each a, have been assumed to equal 100, this implies 
that the covariance of a:2 and a:3 is 99,995. To summarize, the prior 
distributions of the a, are assumed to be normal with means of O 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 a 2 - a3 is 0.1, and the 
standard deviations of all other linear combinations of C¥i a.re 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 "Ii are considered. These distri• 
butions represent the avei:age differences ( across species), on a log 
sea.le; 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 ,, = 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 ,1 

and , 2 correspond to the isotopes 226Ra and 228Ra, 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 ways. 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: 

P(hi - 121 > log2) = 0.05. (7A-5) 

Similarly, , 3 and,, correspond to the isotopes 238Pu and 2311Pu, 
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 is barely possible here. Probabilistically, 

P(hs - ,,I > log 1.5) = 0.05. 

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 osteosarcoma.s 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. Proba.bilistica.1ly1 

P(O < 'li - 1rc < log 10) = 0.95;j = 3,4 and k = 1,2. (7A-7) 

If one uses the assumed normality of the prior distributions of 
'Yi, the above probabilities can be used to derive the means and 
covariance matrix of 1i· 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 1; is: 

0.166 0.106 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,1 the values of 
Y, 0 1 X, b, and V a.re now specified for the Bayesian analysis. The 
values of Y, C, and X are given in Table 7 A-4. 
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TABLE 7A-4 Values of Y, C, andX 
Biological System Isotope y C X 

Human l26Ra - 3.30 0.32 l.000 lOOO 
Human 228Ra - 2.43 0.72 1000 0 l O 0 
Beagle dog (injection) mRII - 0.87 0.21 0 l O 0 1000 
13<:agle dog (injection) 22sRa - 0.32 O.l6 0 IO 0 0100 
Beagle dog (injection) 239Pu 1.69 0.17 0 IO 0 0001 
Beagle dog (inhalation) 238Pu L.55 0.15 0 0 I 0 0010 
Rat 23&pu 0.64 0.34 0001 0 0 I 0 
Rat "9pu 0.29 0.24 0 0 0 1 0 0 0 I 

TABLE 7A-S Values of band V 

Prior 
Mean 

Hyperparamcter b Prior Covariance Matrix V 

Human 0.0 ]00.0 0.0 0.0 0.0 o.o 0.0 0.0 0.0 
Beagle dog (injection) o.o o.o 100.0 99.995 0.0 0.0 0.0 0.0 0.0 
Beagle dog 0.0 0.0 99.995 100.0 0.0 0.0 0.0 0.0 0.0 

(inhalation) 
Rat 0.0 0.0 0.0 0.0 100.0 o.o 0.0 0.0 0.0 
226Ra -0.58 0.0 0.0 0.0 o.o 0.166 O.L06 0.0 o.o 
218Ra - 0.S8 0.0 0.0 0.0 0.0 0.106 0.166 0.0 o.o 
23/!pu 0.58 0.0 0.0 0.0 0.0 0.0 0.0 0.166 0.145 
239pu 0.58 0.0 0.0 0.0 0.0 0.0 0.0 0.145 0.166 

The values of C in Table 7 A-4 are estimated standard errors. 
They would be squared and then represented as a diagonal matrix 
to conform to the notation of DuMouchel and Ha.rris.1 The first four 
columns of X identify the four biological systems, while the la.st four 
columns of X identify the four isotopes. The corresponding values of 
b and Vare given in Table 7 A-5. 

PRIOR DISTRIBUTION FOR u 

The value of r, determines how relia.ble the interspecies extra.po-
lation is expected to be. From Equation 7A-3 each log potency, 61;, 
has prior mean a, + 'Y; and prior standard deviation u. For any two 
biological systems, i and i', and any two isotopes, j and i', the linear 
combination t::.. = e,, - 8/; - 6,;' + 6// = log(>-.;,-/'>,/;)/('>-..,//>..'/), 
is assumed to be normally distributed with mean of O and a standard 
deviation of 2u, conditional on u. The interpretation of t::.. is that 
e.c. is the ratio by which the extrapolation of potency fails when the 
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isotopes j and j' are compared for the pair of biological systems i and 
i1

, 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(IAI > log 10) ~ 0.05. (7A-8) 

Now, conditional on q : 

P{IAI > log lOlct) = 2[1 - ~(log 10/20')], 

where t is the standard normal distribution function. Therefore, 

P(IAI > log 10) = E{2[1 - ~(log 10/2u)I}, (7 A-10) 

where E{} refers to the expectation with respect to the prior distri
bution of O', If we assume that, a priori, u takes each of the 10 values 
0.05, 0.15, ... , 0.95 with a probability of one-tenth, then expectation 
in Equation 7 A-10 is, in faet, about 0.06, which is in agreement with 
the subjective assessment of P(I A I > log 10). Therefore, this prior 
distribution for o- is used in the Bayesian analysis. 

RESULTS OF THE BAYESIAN ANALYSIS 

Having defined the quantities Y, C, X, b, V, and the prior distri
bution of", it is now straightforward to use the procedures given by 
DuMouchel and Harris1 to compute the posterior distributions of a 
and 9,i· When this is done, the posterior distribution of" is 1r(u IY), 
given by: 

CT ;a;; 0 ,05 0,15 0.25 0.35 0,,i5 0.55 0.65 0.75 0,S$ 0.95 

ir(ulY) = 0.241 0.212 0.166 0.122 0.087 0.062 0.043 0.030 0.021 0.015 

Thus, although the prior distribution of O' was approximately 
uniform over the interval (0,1), the posterior mean of" is 0.25 and 
P(I r, < 0.5 I Y) = 0.83. Roughly, this analysis suggests that o 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( I A I > log 10 I Y) = 0.18, down from the value 
of 0.06 computed from the prior distribution. 
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TABLE 7 A-6 Summary of Posterior Distributions after 
Combining Studies 

Parameter of 
Posterior Distribution 

£{9} 
Standard deviation ( 8} 
»o.s 
>-0.0:15 

>-0,975 

Isotope 

- 3.22 - 2.81 
0.30 0.46 
0.04 0.06 
0.02 0.oJ 
0.07 0.15 

- 1.11 
0.65 
0.33 
0.09 
1.12 

-1.12 
0.65 
0.33 
0.09 
Ll2 

Table 7 A-6 displays information on the posterior distributions of 
the potencies of each of the four isotopes in man. The last three lines 
of Table 7 A~6 show the medians and 95% confidence limits of the 
potency, in bone cancers per 1,000 rad to the skeleton, of each of the 
isotopes. These limits were computed by assuming that the posterior 
distributions of 9 ( ;::::;; log .X) are Gaussian, as is approximately true. 
Note that the uncertainty ratios ).0_97,J>,0. 026 for the potencies of 
plutonium are greater than those for radium, since no direct data on 
the effects of plutonium in man have yet been incorporated into the 
analysis. 

USING THE DATA ON HUMAN EXPOSURE TO PLUTONIUM 

The posterior distribution for the effects of plutonium on man 
resulting from the Bayesian analysis described above, in which the 
data from Rowland and Durbin'•5 were not used, is now used as the 
prior distribution for the analysis of those data. This second anal
ysis proceeds as a Bayesian update by using the Poisson likelihood 
function of the data, namely 

L(>.) = P(n = 01),, N = 1,D, T) = exp[- >.!hDi(l - r/T;)], (7 A-11) 

where D == (Di,~, . . . ) and T = (T1 , T2, ... ) are, respectively
1 

the doses (in thousands of rads) and observation times (in years) for 
the individuals included in the studies. Each individual is considered 
as a group of size N = 1, and since no bone cancers were observed in 
these individuals, every n = 0. The value r = 5 yr was used as the 
latency parameter for this analysis. When the values of D, T, and .,. 
are substituted into the above formula for L (A), it becomes: 
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TABLE 7A-7 Converting from Log Normal to Gamma Distributions 

Parameter of 
Isotope 

Posterior Distribution ™Ra 

El log>-.) - 3.22 
Standard deviation l log >.} 0.30 
E{>-.} 0.042 
Standard deviation { >-.} 0.013 
Gammac J0.3 
Gammad 246.1 

L{,\) = exp(- 0.4(9,\) 

= exp(-0.32(,\) 

22SRa 13Bpu 

-2.81 - 1.11 
0.46 0.6S 
0.067 0.406 
0.032 0.294 
4.3 1.9 

64.1 4.7 

(2"Pu), and 
{23Q Pu). 

ll9p\l 

-J.12 
0.6S 
0.40S 
0.293 
1.9 
4.7 

(7A-12) 

Under our model, the expected number of bone-cancer deaths 
among the individuals in the studies by Rowland and Durbin4•6 would 
be 0.449,\ and 0.820. for those exposed to 238Pu and 231>Pu, respec• 
tively. Since the previous analysis concluded that ,\ 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 >. by a 
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 ,\ 1 the gamma distribution with the same first 
two moments as the log-normal distribution wiU be considered equiv
alent to it. The gamma density is: 

(7A-13) 

where c > 0 and d > 0 a.re parameters determining the mean and 
variance of ,\ 1 and k( c,d) is a normalizing constant ensuring that the 
density integrates to unity over the range ~ > 0. The mean 0£ >. is 
c / d, while the variance of ,\ is c / d2• When the distributions from 
Table 7 A-6 are converted from log-normal to gamma representations, 
the resulting values of c and dare shown in Table 7A-7. 

H A has the G(>.; c,d) density, the values of c and d have 
a simple interpretation. Bayesian probability intervals for >. then 
coincide numerically with the frequentist confidence intervals which 
would result if c cancers were observed in a population exposed to 
a total of d (times 1,000) rad (outside the latent period). Thus, the 
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TABLE 7A-8 Percentiles of >-. 

Isotope 2J8pu 2J9pu 

>--o.s O.JO 0.31 
>--0.025 0.08 0.09 
>-0.915 1.07 1.09 

conclusions reached by this Bayesian analysis of the data in Table 
7A-3, excluding the data on plutonium in man, are numerically very 
similar to those that might be reached by a non-Bayesian statistician 
who had observed 1.9 (i.e., about 2) bone-cancer deaths in a human 
population exposed to a total of 4,700 person-rad from plutonium 
exposure. 

The G(..\; c,d) prior distribution is mathematically convenient 
because it is easily updated: On observation of n cancers in a pop
ulation exposed to a total of d1 cumulative (latency-adjusted) thou
sands of rad, the posterior density of). is G(>.; c + n, d +d'). In 
incorporating the data from Rowland and Durbin,4•5 the values of n 
are 0 for both isotopes, while d' = 0.449 for 238Pu, and d' = 0.324 for 
239Pu. The posterior gamma densities are therefore G{).; 1.9, 5.1) 
for 238Pu and G(..\; 1.9, 5.0) for 239Pu. The mean values of>. then 
become 0.370 and 0.379, respectively. If the gamma distributions are 
converted back to the log-normal distributions with the same mean 
and variance, the percentiles of >. are 8.9 given in Table 7 A-8. As 
can be seen by comparing the results given in Table 7 A-8 with those 
in Table 7A-6, the use of the human plutonium data has very little 
effect on the distribution of ..\. 

CONCLUSION AND SUMMARY 

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 in an ea.9ily 
compared form. The 15 different data tables of the quantities n, 
the number of bone-cancer deaths; N, the number of individuals; 
D, the total cumulative dose to the skeleton received by these indi
viduals; and T, the total animal or person~yea.rs of observation of 
the individuals, by dose group, within each study were described. 
These summary statistics are often available in the published papers 
that describe each study, and they are the bare minimum needed to 
make any cross-study meta-analysis possible. The values n, N, D> 
and T are needed for ea.ch of 5 to 10 well-spaced dose-rate groups 
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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 that were 
available within the time frame of this analysis contained only three 
broad dose-rate groups. With more detailed data, the analysis could 
be improved. 

Using these summary data tables, a linear-effects dose-response 
rnodel was fitted to the data from each study. This produced an 
estimate of the bone cancers per rad observed in each study, with 
an estimate of the within-study sampling variation attached to each 
slope. This allowed the use of a Bayesian components oi variance 
model to estimate by how much ratios of slopes from different studies 
differ more than could be explained by the within-study sampling 
variation. The posterior distribution of the parameter u showed that, 
although the variation in the ratios of estimated slopes for different 
isotopes deposited in the same species could possibly be explained 
purely by within-study sampling errors, making extrapolation across 
species and isotopes potentially accurate, the fa.ct that the value u 
= log 2 also had nonnegligible probability means that there may 
be no hope of extrapolating dose-response slopes more accurately 
than by a factor of 2 or 4, even if very good data on the effects 
of other isotopes on human bone-cancer rates and of plutonium on 
several animal systems are available. The question cannot be settled 
without gathering more data from other combinations of isotopes 
that act on biological systems. 

In this regard, it would be greatly advisable for researchers to 
consider how their proposed studies fit into the matrix oi other stud
ies already performed, so that meta-analyses of all the studies can be 
most informative. For example, one crucial hole in the array of stud
ies available was that there were no measures of the effect of radium 
on bone cancer in rats. This prevented the analysis from making , 
effective use of the several plutonium studies on rats. Similarly, the 
fact that all the radium studies on beagles used the injection mode 
of dose administration, while most of the plutonium studies on bea
gles used the inhalation mode of administration, introduced a prior 
uncertainty, which lessened the accuracy of the Bayesian analysis. 

The Bayesian methodology illustrated here allows a quantifi
cation and adjustment for prior uncertainty which is impossible to 
achieve by using the frequentist approach to statistical inference. The 
particular prior distributions of the hyperparameters {a1}, {'7; }, and u 
that were used in the analyses were intended to make use of as much 
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scientific information as possible, in addition to the information con
tained in the data under analysis. 

In summary, the Bayesian analysis presented here gives an esti
mate of the risk of bone cancer due to internally deposited plutonium 
of about 300 cancer deaths per million person rad for dose received 
beyond the latency period of very small increased risk. The 95% 
confidence interval includes the range from about 80 to 1100 bone 
cancer deaths per million person rad. These risks are 5 to 10 times 
larger than the estimated risks for 226•228 Ra in humans, but the 
interval of uncertainty determined here is considered to be realistic. 

Finally, the published data on a few humans injected with pluto
nium were reanalyzed and integrated into the larger analysis. It was 
determined that theae data are too meager to provide any important 
information on the bone-cancer effects of plutonium deposition. 
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GENETIC EFFECTS 

INTRODUCTION 

The health consequences of genetic damage that results from 
human exposure to low levels of ionizing radiation have been con
sidered in the reports of the Committee on the Biological Effects 
of Ionizing Radiations (BEIR) 26•26 and in the reports of other na
tional and international groups, such as the United Nations Scientific 
Committee on the Effects of Atomic Radiation (UNSCEAR).'1 The 
BEIR 11126 committee's estimates of the risks due to genetic damage 
were recently updated in a study for the U.S. Nuclear Regulatory 
Commission.6 That study incorporated several modifications to the 
BEIR III estimates, including the adoption of equivalent induced mu
tation rates for the two sexes, the development of an X-linked muta
tion rate for humans, a.nd the development of an estimate for induced 
numerical chromosomal abnormalities of nondisjunctional origin. In 
addition, rather than simply tabulating estimated increases in ge
netic effects of various categories, as in the 1980 BEIB III report,26 

the authors developed a computerized health-effects model (HEM) 
that used existing demographic data to predict health outcomes of 
radiation accidents through approximately the next fl ve generations. 
They also incorporated the health impairment concept, developed 
in the 1982 UNSCEAR report, 41 to estimate the societal impact of 
radiation-induced genetic effects, as well as their numbers. 

367 
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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 dei:ive new low-LET genetic-effect estimates or to update earlier 
estimates would be unwarranted. The BEIR III26 estimates were 
thought to con.stitute a logical foundation on which to base the 
required genetic-effects estimates for alpha-emitting radionuclides. 
AJJ 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 III 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 ba.ses its genetic-effects risks estimates 
for alpha-emitting radionuclides on the low-LET estimates provided 
in the BEIR Ill report.26 We have, however, noted the influence that 
the adoption of the HEM6 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 III estimate 
for chromosomal abnormalities was stated as "fewer than 10 / million 
liveborn offspring at 1 rem/generation," we have arbitrarily used 9 
as the upper limit and l as the lower limit for this endpoint. 
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TYPES OF GENETIC EFFECTS 

The term genetic effects of radiation, as used here, means st~ 
ble, heritable changes in the DNA of germ cells or their precursors. 
(Similar changes that occur in t he DNA of somatic cells can be 
called genetic effects in a broad sense, but they cannot be passed 
on to future generations and thus do not constitute genetic effects 
in the sense of our concern.) Genetic effects can be grouped into 
two broad categories: (1) mutations and (2) chromosomal anoma
lies. These were once treated as separate classes, but recent work 
has demonstrated that so-called point mutations and chromosomal 
aberrations are the extremes of a continuous distribution of changes 
involving increasingly large portions of the genome. Chromosomal 
aberrations, usually defined as visible changes in the structure or 
number of chromosomes, have counterparts that constitute, for ex
ample, deletions and exchanges of segments of DNA; these segments 
are so small that they must be demonstrated by methods other than 
direct visualization. 

Mutations can be grouped according to the mode of their phe
notypic expression. If they a.re recessive, the alleles inherited from 
both parents must be mutant for them to be expressed. If they are 
dominant, only one copy of the mutant gene is required for pheno
typic expression. Recessive mutations of genes on the X chromosome 
constitute a special case. Such mutant alleles are expressed in the 
male, in whom there is only one X chromosome (the hemizygous 
state), but not in t he (heterozygous) female. Such a pattern of in
heritance is termed se:c-linked, Examples of human mutations with 
these three patterns of inheritance a.re albinism, inherited as a simple 
a.utosomal recessive; achondroplasia, inherited as a simple dominant; 
and hemophilia, which displays typical X-linked inheritance, being 
expressed in males but (usually) not in females. In practice, the 
three categories are not completely distinct. Some recessives have 
definite, although often different, effects in the heterozygote. Many 
dominants may have more severe phenotypic effects, or even differ
ent ones, in the homozygote than in the heterozygote. And many 
mutations classified as dominant might fail to be expressed at a.JI in 
some heterozygous individuals-a phenomenon known as incomplete 
penetrance. 

Many mutations induced by ionizing radiation, in both man 
and experimental animals (such as the laboratory mouse), are now 
recognized as chromosomal aberrations. In particular, many, perhaps 
most, apparent point mutations, when examined on the DNA level 
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with the powerful new techniques of molecular biology, are now seen 
to be deletions of tens, hundreds, or even thousands of base pairs. 

Gross chromosomal aberrations are in two distinct categories: 
chromosomal breaks and rearrangements, which are termed struc
tural aberrations; and variations in the number of chromosomes char
acteristic of the species, a phenomenon resulting from chromosomal 
nondisjunction during meiosis and termed aneuploidy. Structural 
aberrations include simple deletions, invel'Sions, translocations, and 
occasional, more bizarre types. In humans, a deletion of a specific 
segment of one chromosome produces the congenital abnormality 
known as cri-du-chat syndrome, and a specific translocation between 
two chromosomes is responsible for a form of renal cancer. Aneu
ploidy can consist of the absence of a chromosome or the presence 
of an extra copy of a chromosome. Aneuploidy involving the sex 
chromosomes is much more easily tolerated than aneuploidy of auto
somes, which either are lethal or produce massive congenital defects 
if they involve any but the smallest a.utosomes. Down syndrome 
is a well-known example of the presence of an extra chromosome 
(trisomy); those affected have 47 chromosomes, including 3 of the 
small chromosome 21. Examples of sex-chromosome aneuploidy in 
humans include Turner syndrome, in which those affected have only 
45 chromosomes (only 1 X chromosome), and Kleinfelter syndrome, 
in which those affected have at lea.st 47 chromosomes (including 2 X 
chromosomes and 1 Y chromosome). 

It is important to recognize that mutations of all types-point 
mutations as well as chromosomal abnormalities- occur sponta
neously in humans without any radiation exposure other than the 
unavoidable ubiquitous background radiation. The most recent edi
tion of McKusick's catalog of human mutations 23 lists 588 definite 
plus 710 probable recessives, 934 definite plus 893 probable dom
inants, and 115 definite plus 128 probable X-linked mutations, as 
well as many chromosomal abnormalities, In addition to these rela
tively simply inherited conditions, however, much human ill health 
has some heritable component> even though such conditions are not 
inherited in any clear-cut simple pattern. Such conditions are said 
to be irregularly or comple,cly inherited. Such inherited predisposi
tions to many major human diseases (e.g., diabetes, schizophrenia, 
and cancer) are well known. Estimation of the numbers of added 
cases of such diseases that would be caused by irradiation o( a hu
man population constitutes one of the most complex and uncertain 
elements in the consideration of human genetic effects of radiation; 
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it involves highly subjective approaches to the genetic component of 
the diseases. 

BEIR III 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.26 

1. Use releva.nt data. from a.JI sources, but empha.size huma.n 
data when feasible. In genera.I, when da.ta. of comparable accuracy 
exist, place greater emphasis on organisms closest to man. 

2. Use data from the lowest doses and dose-rates for which 
reliable data. exist as being more relevant to the u&Ual conditions of 
huma.n exposure. 

3. Use simple linear interpolation between the lowest reliable 
dose data a.nd the spontaneous or sero dose rate. In order to get 
any kind of precision from experiments of manageable size, it is 
nece.,sa.ry to use dosages much higher than 11.re expected for the 
huma.n popula.Uon. Some m11.thcma.tical assumption is necessary a.nd 
the linear model, if not always correct, is likely to err on the safe. 
side ...• 

4. If cell stagas differ in sensitivity, weight the data. in l!oC1;orde.nce 
with ihe dur11.tion of the sta.ge. 

S, If the sexes ditl'er in sensitivity, use the unweighted average 
of dau, 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 closest 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.0 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 estimates. 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 HEM6 de
cided to adopt equal mutation rates, although the BEIR III report20 
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had adopted a female mutation rate (i.e., oocyte sensitivity) that 
was no more tha.n 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 
11126 Subcommittee on Genetic Effects was a mutation relative-risk 
method, as had been used in the BEIR I report.26 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 ca.used by 
mutation, doubling that incidence ultimately doubles the incidence 
of genetically related ill health, if the increased 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 dose, 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 ca.n 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 increa.se in 
exposure. The BEIR 11126 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 20-900 irregularly inherited effects/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 t he skeletal effects and some assump
tions, for example1 that dose-rate effects and male-female 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 5-65 autosomal dominant and 
X-linked effects. The numerical estimate for .6.rst~generation chro
mosomal aberrations1 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,26 the 
estimate of 5-65 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-i:isk, method with the same 
assumptions as were used by the BEIR l Subcommittee on Genetic 
Effects in 1972.25 

It is importa~t to recognize that the BEIR III genetic-effects 
risk estimates were del'ived from experiments with laboratory mice 
in which specific-locus mutations or first-generation skeletal 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 a quadratic dose-effect curve has been much discussed; 
the dose-rate factor of 3, however, reflects the empirical observation 
and is thus independent of the debate over curve shape. 
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ESTIMATION OF GENE'l'lO EFFECTS OF HIGH-LET RADIATION 

A simple way to derive estimates of effects of high-LET radi
ation from estimates of effects of low-LET radiation is to multiply 
the low-LET estimate by a factor analogous to relative biological 
effectiveness (RBE) for t he higher-LET radiation. To do this in a 
valid way, however, the dose-effect curves for both radiation qualities 
must be essentially linear in the dose range of interest. As detailed 
in Appendix II, such linearity is reasonable to assume in the case 
of high-LET radiation. But many geneticists believe that, for mu
tation induction and the induction of some kinds of chromosomal 
aberrations, the linear assumption is not a valid interpretation of the 
experimental high-dose-rate, low-LET results. 

Nevertheless, if one considers how the BEIR III Subcommittee 
on Genetics Effects obtained its low-dose, low-LET genetic-effects 
estimates from data on experimental mice, it seems reasonable to 
use the RBE approach in estimating the genetic effects of alpha
emitting radionuclides. The subcommittee used the linearity as
sumption and simply extrapolated from the lower doses on which 
empirical mutation-rate data were available down to the 1-rem level. 
If, as seems likely, the true form of the dose-effect curves for acute 
doses of low-LET radiation is linear-quadratic- that is, has an im
portant dose squared component-the error thus introduced would 
lead to overestimation of the genetic effects induced by low-LET 
radiation. This might raise a question about the validity of the low
LET estimates, but not about the procedure by which high-LET 
estimates are derived. The subcommittee's estimates were for a very 
low dose (1 rem) administered at a very low dose rate (accumulated 
over a 30-yr, one-generation span), and the application of a simple 
RBE-like proportionality constant still seems appropriate and could 
easily be used for revisions, if low-LET genetic-effects estimates are 
revised. 

The estimates of the BEIR III Subcommittee on Genetic Effects 
were for a dose of radiation specified in rems. The rem is meant 
to make just the sort of allowance for the greater effectiveness of 
high-LET radiation that is outlined above. However, the factor Q, 
by which the dose in rads is multiplied to arrive at a number of rems, 
has two components. One is analogous to RBE; the other is meant to 
take into account nonuniform distribution of dose within the target 
organ and is addressed below. Instead of simply taking the BEIR 
III subcommittee's estimates of doses specified in rems and using 
them, it seems appropriate to make the adjustments for RBE and 
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dose distribution separately, where possible, for each radionuclide 
of interest. Because the BEIR III subcommittee>s estimates were 
derived entirely from experiments with low-LET x and gamma rays, 
we take these estimates to be valid for low-LET radiation specified 
in rads. 

The validity of the application of a simple proportionality con
stant analogous to RBE to the present calculations depends entirely 
on the linearity of both dose-effect curvesj the proportionality con
stant is simply the ratio of their slopes. Although, as already dis
cussed, there is some question about the shape of the low-LET curve 
for the range of low doses and dose rates of interest here, the over
whelmingly predominant contribution to the dose curve would be 
linear in any case; the dose-squared component, if any, contributes 
nearly nothing at doses of only a few rads. It is clear (see Appendix 
II) that, even at much higher doses, the dose-squared component be
comes vanishingly small if the dose rate is low enough- below a.bout 
0.01 rad/min for mutation induction in mouse spermatogonia. It is 
also clear that curves for high-LET radiation are essentially linear, 
at least in the lower-dose range where saturation is not a factor. 

RB Es FOR THE INDUCTION OF GENETIC EFFECTS 

Mutations 

The BEIR 11126 and other estimates of genetic risk have been 
based mainly on the mutation rates measured by the specific-locus 
technique or the dominant skeletal-mutation technique in the mouse. 
It seems appropriate to base our derivation of an appropriate RBE 
factor on similar studies done with high-LET radiation. Unfortu
nately, there is not much information on mutation induction by 
internally deposited alpha-emitters measured with either system. 
Russell and Lindenbaum35 used the specific-locus method to deter
mine mutation rates in ma.le mice into which 239Pu was injected. 
They used what appeared to be an appropriate factor to describe the 
location of the plutonium and derived an RBE for alpha particles 
of only about 2.5, compared with low-dose-rate, low-LET radiation. 
This RBE is surprisingly low when compared with the RBE of about 
17 obtained in similar experiments with neutrons2

•
37 or with the even 

higher RBEs obtained for other endpoints. Several explanations may 
be offered: the location of the plutonium might be inappropriate or 
the mutations induced by the two radiation qualities might be quite 
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dissimilar. There is considerable support for the latter exp la.nation, 
both theoretical { see Appendix II) and empirical. Several lines of 
evidence suggest that mutations produced by 239Pu are, on the aver• 
age, qualitatively more deleterious than those induced by low-LET 
radiation: Most, if not a.11, are lethal when homozygous; many have 
marked deleterious effects in heterozygotes; and there is a greater 
loss of mutants induced by ~ 0Pu. Nevertheless, if one reason for 
the low measured RBE in the mouse specific-locus experiments with 
239Pu is indeed the very early loss of mote serious mutations, then 
these would presumably have a smaller impact on human health, as 
in mice. 

No positive information on induction of dominant skeletal muta
tions by alpha-emitting radionuclides is available. One small experi
ment in which male mice were given 239 Pu failed to yield mutations; 
thus, it provided some assurance, at least, that the rate of induction 
of such effects by an internally deposited alpha-emitter is not very 
large. 

Chromosomal Aberrations 

Abundant evidence from experiments with alpha-emitters and 
with neutrons indicate that RBEs for the induction of chromosomal 
aberrations in plant material or in somatic cells of mammals can 
be high. The ratio of linear slopes for high-LET radiation when 
compared with chronic exposure to gamma- or x-radiation tends to 
lie in the range of 10-20, with some values approaching 100.5•27,30 

Measurements ma.de directly with the radionuclides of interest in 
this report include those with 238 Pu, 239Pu, 2 41 Am, and 262Cf, in 
comparison with ~hronic low-LET radiation RBEs were found to 
range from 10 to 40. 3•6 •30 

Determinations of translocation induction in the mouse have 
been made both by direct observation of cytogenetically detectable 
translocations in primary spermatocytes and genetically by use of the 
heritable transloca.tion test after exposure of spermatogonia to in
ternally deposited 239Pu. The results of the two tests are somewhat 
conflicting. The frequency of translocations as measured cytoge
netically appeared to increase during the first several months after 
injection of the radionuclide, but then to decrease,10 whereas no such 
deeline was seen in heritable translocation tests.8 RBEs for 239 Pu al
pha particles were in the range of 10-20, compared with chronically 
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administered gamma rays, depending on the alpha dose-distribution 
factor adopted. 

Dominant Lethal8 

Dominant lethals are believed to result largely from chromosomal 
aberrations. The efficiency of their production has been evaluated 
for 230 Pu.0,20,21 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 239Pu. A higher value of 15 
seems appropriate for the induction of chromosomal aberrations by 
230Pu 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 ma.le-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 239Pu. Our confi
dence in doing so is reinforced by the somatic-cell observations cited 
above on 238Pu, 241Am, and 262Cf. 

Distribution Factors 

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 239Pu distribution in the 
organ. 4•11•35 Whether this distribution factor is appropriate for the 
human testis, however, is uncertain, because the primate (including 
human) testis ha.s a different geometry from the rodent testis, with a. 



Copyright © National Academy of Sciences. All rights reserved.

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

378 HEALTH RISKS OF RADON AND OTHER ALPHA-EMITTERS 

greater ratio of interstitial to reproductive tissue and a larger separa
tion between the seminiferous tubules.4·1' It thus seems appropriate 
to apply a human distribution factor for 231>pu of 1.0. In the absence 
of hard data on the other elements with alpha-emitting radionuclides 
of interest, there seems little choice but to apply the same factor of 
1.0. 

Nonuniformity of distribution of 231>pu in the mouse ovary has 
also been observed.12•13•36•38 Thus, genetic effects induced in females 
by this radionuclide might be less frequent than would be expected 
on the basis of uniform distribution of the whole ovary dose. Whether 
this is true in humans, however, is unknown; in any case, no attempt 
has been made to determine the ovarian 230Pu distribution factor 
even for the mouse. It seems unavoidable that we adopt a value of 
1.0 be adopted for the ovary and, for the same reasons as in the 
case of the testis, for all the alpha-emitting radionuclides concerned. 
Fortunately, any error in this assumption will have only a small effect 
on the genetic-effects estimates, because of the smaller contribution 
of female mutation to the estimates in the BEIR Ill report.26 

GONADAL RADIONUCLIDE BURDEN 

It appears from the work of Richmond and Thomas32 that be
tween 10-5 and 10- 4 of the initial systemic burden of 230Pu is retained 
in the mammalian gonad-either testis or ovary. The retention half
life of the 289 Pu deposited in the gonad is probably long, on the basis 
of mea.c3urements in mice) rats) Chinese hamsters) and cynomolgus 
monkeys. We are aware of no corresponding measurements of any of 
the other radionuclides of interest. 

NUMERICAL ESTIMATES 

Table 8-1 shows the numerical estimates of genetic effects of an 
average population exposure of the gonads to 1 rad of alpha particles 
per 30-yr generation. Table S.1 is derived from the BEIR III report26 

using RB Es of 2.5 for gene mutations ( dominant, X-linked, and reces
sive) and 15 for chromosomal aberrations. To facilitate calculation 
of effects in the manner used in the HEM6 and the multiplication of 
the basic BEIR 11126 estimates by the appropriate RBE, the commit
tee made several assumptions for cases for which BEIR III gave no 
numerical estimates. For chromosomal aberrations, BEIR III stated 
fewer than 10 cases for the first generation; the BEIR IV committee 
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TABLE 8-1 Genetic Effects of an Average Population Exposure to the 
Gonads of 1 rad of Alpha Particles per 30-yr Generation° 

C l 'd / Mill' Effect/ Million Offspring urrent nc, once ,on ___________ _ 
Type of Genetic Oisorde.r Livebom Offspring First Oeneratl¢n Equilibdum 

Single gene 
Autosomal dominant 
X-linked 

Irregularly inherited 
Recessive 

Chromo~omal 
aberrations 

10,000 

90,000 
1,100 

6,000 

13-163 100-500 
10- 122 75-375 
3-41 25-125 

50-2,250 
Very few Very slow 

increase 
15-135 15-135 

"Derived from Table IV-2 of the 1980 BEIR Ul rcport26 by application of an RBE of 1S for 
chromosom;il aberrations and of 2.5 for other mutation classes as outlined in the text. Values for 
dominant and X-linked tr11its derived by 9.S$uming that one-founh of the single-gene effects are 
X-linked.6 

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 estimates contained in the 
HEM6 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 review6 projected genetic effects into the future with 
computer programs written to project the incidences of dominant, 
X-linked conditions, 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 III2 cs made no estimate for aneu
ploidy, we present here only the results for the first three categories. 
The HEM6 programs require normal demographic information as 
input. We have chosen the U.S. population from Vital Statistics of 
the United Statea-1981, Vol.I, 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 8-2 and maternity by age of mother in Table 8-3. 

For simplicity ( and following the presentation of the HEM6 re
view), we have made a single projection- using the geometric means 
of the range estimates, given in Table 8-1 (z1 2:2) 1l2 , to provide the 
required mutation-rate input-of incidence of the t hree classes of 
genetic effects over a 150-yr span. Table 8-4 shows the projections 
of genetic effects for an average gonadal exposure to 1 rad of alpha 
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TABLE8-2 1981 U.S. Age-Specific Population and Births 

Age Males Fema.les 
Births/Million 

(yr) U.S. Population/Mlllion" Stationary Populationb U.S. Population/Million• Stationary Population° Females.~ 

< l 8,005 98,860 7,735 99,074 0 
1-4 29,784 394,131 28,450 :WS,245 0 
5-9 35,784 491,652 34,193 493,31J 0 

10- 14 40,637 490,869 38,906 492,800 43 
15-19 45,263 488,921 43,611 491,925 2,298 
20- 24 47,535 484,935 47,251 490,550 5,283 
25-29 43,548 480,331 43,920 489,012 4,919 
30-34 40,449 475,883 41,265 487,225 2,534 
35-39 30,901 470,873 31,917 383,795 638 
40- 44 25,725 464,046 26,793 481,080 102 
45- 49 23,279 453,570 24,626 475 ,111 5 
50-54 24,212 437,186 26,131 465,714 0 
55-59 23,833 412,497 26,741 451,657 0 
60-64 20,855 377,276 24,216 431,301 0 
65-69 17,245 129,470 21,483 402,333 0 
70-74 12,832 268,750 17,768 362,005 0 
75-79 8,337 198,809 13,329 307,239 0 
80-84 4,587 127,118 8,646 234,036 
>85 3,074 98,167 7,203 255,217 

•Estimated population of United States, by age and sex, all races, July 1, 1981, standardized to a populati.on size or 106 from Table 4-2, Section 4, 
Technical Appendix, Vol. 1, Natality, Vital Statistics or the United States, 1981. 
bStationary population by age and sex, all raoe.s, for 100,000 male and 100,000 female births each year. From Table 6-1. Section 6, Life Tables, Vol. 2, 
Mortality. Vital Statistics of the United States, 1981. 
'Estimated number of births by age group, all ra.ccs. From Table 1-9, Section l, Natality, Vol. 1, Natality, Vital Statistics of the United States, 1981. 

~ 
00 
0 
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TABLE 8-3 Live Births by Age of Mother, All Races, 
United States, 1981 

< 1S 
15-19 
20- 24 
25-29 
30-34 
35-39 
40- 44 
45-49 
All ascs 

No. of Live Births" 

9,768 
524,589 

1,205,793 
1,122,791 

583,877 
163,615 
23,240 

1,125 
3,629,238 

"Calculated from Vital Statistics of the United States-1981, Natality 
(1985) on the assumption that number of live births for mothers of all 
ages is llccurate, whereas the birth rates by maternal age are subject to 
rounding errors, 
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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 ca.use teratogenesis. In the interests of completeness, the 
committee ha.a included in t his 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. 16•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 a.re nonstochastic. Effects include 
early embryonic dea.th, 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. AB with genetic effects, therefore, risk estimates 
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TABLE 8-4 Genetic Effects of Population Exposure to 
1 rad of Alpha Particles to the Gonads per 30-yr 
Generation over Five Generations 

Cumulative Absolute No./ - 1,000,000 Population 

Generation Years Dominants X•Llnked Translocatlons 

5 0 0 0 
10 2 2 
15 2 l 2 
20 2 2 4 
25 4 3 4 
30 6 4 6 

2 35 6 6 8 
40 8 1 JO 
45 10 9 12 
50 10 12 )4 
55 12 14 16 
60 14 17 19 

J 65 15 19 21 
70 16 22 24 
75 18 25 26 
80 19 28 29 
8S 20 31 31 
90 21 35 34 

4 95 23 38 37 
JOO 24 41 39 
105 2S 45 43 
110 27 48 45 
115 28 52 47 
120 29 55 50 

5 125 31 58 53 
130 33 61 57 
135 34 63 61 
140 35 66 64 
14S 37 68 68 
150 39 70 69 

NOTE: Values are cumulative totals by 5-yr interv:ils to an approxi-
ma1ely stable population of 1,000,000 person$. 
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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 comparable 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 is the stage of greatest sensitivity to radiation. 
Nevertheless, only one effect has been noted in this stage: simple 
preimplantation loss. During this period, the early embryo is able 
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, but they explain the obser
vation that single doses of less than 10 rad of low-LET radiation 
produce no detectable effects. It is speculated that the principal 
reason for the absence of human data showing preimpla.ntation ter
a.togenesis is 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 organogenesia stage, the embryo appears to be 
sensitive to a.II the known teratogenic effects o{ radiation. But the 
sensitivity of any one tissue or organ system is limited to a small 
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 theoretically 
and have been observed; single doses below about 10 rad of low-LET 
radiation appear ineffective. 
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During the fetal period, only general morphological defects, re
ductions> a.nd central nervous system effects can be induced. Most 
such effects are nonstochastic a.nd have thresholds, One prominent 
effect on which there are human epidemiological data is characterized 
by a nonthreshold dose-effect curve. Studies of children exposed in 
utero at Hiroshima and Nagasaki have shown that the incidence of 
microcephaly, often connected with mental retardation, was much 
higher among those exposed to doses greater than about 10 rad dur
ing weeks 10-19 of fetal development. In a recent study of 1,599 
children exposed in utero at Hiroshima and Nagasaki, mental retar
dation was found to be apparently linearly related to dose during the 
sensitive period.28 

When alpha-emitting radionuclides are internally deposited, the 
radiation exposures they produce are chronic and can affect devel
opment in neonates. It is therefore impractical to differentiate com
pletely between teratogenic and neonatal developmental effects, so 
we include prenatal and postnatal effects, such as decreased growth 
and survival, physiological and biochemical deficits> and time of ap
pearance a.nd incidence of differences in degenerative processes. 

PLACENTAL TRANSFER AND FETAL ACCRETION OF 
RADIONUOLIDES 

The inherent mechanisms involved in the production of devel
opmental effects by exposure of a conceptus or neonate to radiation 
from internally deposited radioactive materials do not differ from 
those associated with exposure to photons from external sources. 
The several factors to be discussed in detail as pertaining to ex
posure of adults also lead to differences between the developmental 
effects produced by internal a.nd external exposures and affect the 
quantitative relationships between administered dose (or maternal 
body burden) and effect. It is not feasible to consider effect without 
simulta.neously considering the components of dose. A brief review 
of these factors will place the subject in context. 

It is more difficult to measure the sequentially changing con
centrations of internal emitters in a conceptus and its supporting 
structures than in an adult, so the estimates of absorbed dose are 
less precise than estimates of prenatal photon exposure or adult 
exposure to internal emitters. Moreover, some of the factors that 
influence dose-effect relationships make it more difficult to develop 
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generalized relationships for fetoplacental dosimetry. Several alpha.
emitters differ in placental transfer, and transfer is also influenced 
by the chemical and physicochemical state of the material and by 
the stage of gestation at exposure. Most radioisotopic materials of 
concern have specific organ or tissue affinities for localization in the 
conceptus and throughout the fetoplacental unit; these affinities tend 
to change during gestation. Estimation of tissue concentrations and 
associated radiation doses is complicated by the interplay of affinities, 
translocation, and fetoplacental growth. The resulting exposures oc
cur at low and varying dose rates, and that makes it difficult to 
establish reliable quality factors. Many of the deleterious effects of 
internal emitters are displayed as postnatal deficits, and it is nec
essary to separate the effects produced by prenatal exposure from 
those produced by postnatal exposure to remaining radioisotope and 
•to material transferred in mother's milk. 

There a.re no comprehensive overviews of prenatal radionuclide 
dosimetry. But, for some materials- such as radiopharmaceuticals, 
isotopes used as clinical tracers, and analogs of natural metabolites
there is a useful body of information from animal studies and from 
human experience. Less information is available on naturally oc
curring alpha-emitting elements, and there is still less i.nformation 
from animal studies on the radionuclides associated with the nuclear 
industries; comparative data from human experience are almost ab
sent. The term fetal accretion is used as a general expression of 
concentration to integrate the complex interplay among maternal 
biokinetics, placental transfer, and the presence of receptor sites in 
the conceptus. Many of the materials that are readily or moderately 
accepted are beta- or gamma-emitters with relatively short biological 
half-lives and without markedly specific localization during embry
onic stages (e.g., during organogenesis). When they are administered 
during these periods, their effects are dosimetrically compatible with 
those of photon exposure, if allowance is made for differences in dose 
rates and protraction. However, specific localization occurs during 
the histogenesis that characterizes the fetal period and markedly 
influences the effects after the target tissues have developed. 

Most of the alpha-emitting heavy elements-including radium, 
radon, uranium, and the transuranic elements-are in the low fetal 
accretion category, although they vary widely in actual values and 
in fetoplacental distribution. Severa.I elements with higher atomic 
numbers ha.ve been found to be embryotoxic and teratogenic in ro
dents, but only at high administered doses. This effect is sometimes 
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attributable to chemical toxicity. The associated dosimetric data are 
incomplete, but the action of some nuclides seems to occur via an 
effect on the villose visce.ral splanchnopleure (yolk sac), which has a 
high affinity for heavy metals and is important in absorption of nu
trients by the early rodent embryo. The importance of this structure 
is not completely paralleled in other ma.rnma.ls, but similar affinities 
have been demonstrated in nonhuman primates. 

It was first demonstrated in the early 1920s that adverse devel
opmental effects resulted from exposure of the mammalian fetus to 
radioactive materials injected into the pregnant animal. The next re
ported study, resulting from the efforts of the Manhattan Project, did 
not appear until 25 yr later. In contrast with the extensive literature 
dealing with acute exposure to external photon beams, relatively few 
experiments have been performed with radionuclides, particularly 
with alpha-emitters, because few laboratories have a knowledge of 
developmental toxicology and the facilities and expertise to work 
with alph.remitters. Performance and interpretation of such exper
iments is most difficult, in that establishing radiation doses requires 
sacrifice of the animals and precludes determination of effect, the 
radiation is not uniformly distributed throughout the fetoplacental 
unit, and the absorbed radiation is protracted at varying dose rates. 
AB a result, most experiments have been directed either at measure
ment of placental trMtsfer and fetal content or at determination of 
effect relative to administered dose, but rarely at both. Thus, the 
dose-response relationships for internal alpha exposure are less well 
established than those for external or for internal beta exposure. 

Although our information is still limited and there are elements 
on which there are no data, some progress on the developmental 
toxicity of alpha-emitters has been made d1uing the last 40 yr. For 
simplicity, an overall summary of effect patterns relative to dosimetry 
in order of ascending atomic number is presented here. 

Ro.don and Daughters 

The first developmental study with an alpha-emitter apparently 
was also the first experiment with prenatal administration of an in
ternal emitter .15 Radon and its daughters were dissolved in isotonic 
saline and injected subcutaneously into female rats before mating or 
during gestation in amounts originally equivalent to 5 mCi of radon. 
Prenatal mortality was increased, and there was macroscopic hem
orrhage in the survivors when the rats were exposed at an unstated 
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time of gestation and even if the solution was administered as early 
as 22 days before mating. Most of the offspring born on the day after 
injection at 19 days of gestation (dg) had similar hemorrhages, but 
normal placentas. 

The reports did not indicate the extent to which the several 
nuclides crossed the placenta. Studies have shown that inhaled 85 Kr 
freely crosses the placenta and that its concentration is the same in 
matemal and fetal blood; it can be inferred that radon would behave 
in a similar manner. Because of the consistent involvement of the 
placenta in the effect, the presence of edema and/or hemorrhage, 
and the mechanical effects in malformation production, it is not 
clear to what extent the effects were directly on the conceptus or 
were secondary to placental and/ or yolk sac changes. 

Radium 

Wilkinson and Hoecker'' dissolved 226RaCh in saline; the so
lution was allowed to reach equilibrium and then injected into rats 
at 15 dg. No radioactivity was detected in the placentas or fetuses 
at 20 dg, but the availability of the nuclide to the placenta after 
administration is not clear. 

Rajewsky et al.81 measured the 226Ra content of the bones and 
soft tissue of approximately 200 human fetuses and 40 additional 
placentas at various stages of gestation. The specific activity of 
bone ash (10- 14 Ci/g) was independent of the stage of gestation and 
was identical with that measured in adult bone, Fetal soft tissue 
and placental concentrations were similar (10- 1° Ci/g) and did not 
change during gestation, although the total fetal content increased 
during gestation as a result of the increase in fetal mass. Ma.rtland 
and Martland22 found less than 10-8g of radium on examination of 
17 children from 10 mothers who had been employed as radium-dial 
painters. Reports regarding the developmental effects of prenatal 
exposure to radium have not been found, but to the extent that 
these measurements reflect the amount!! transferred, demonstrated 
effects might not be expected. 

Polonium 

Lacassagne and Lattes10 found salts of polonium deposited in 
the placental syncytium (cells of the chorionic epithelium), but not 
in the fetal connective tissue or the fetal endothelium. 
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Uranium 

The toxicity of several uranium isotopes has been studied exten
sively in adult animals of various species, but few data are available 
on its p]acental transfer or developmental toxicity, other than those 
from one experiment30 that used inttavenous exposure to citrated 
solutions of 233 U at 9, 15, or 19 dg at dosages of 1.8, 3.3, 5.75, 
and 10 µCi/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 
dosages resulted in fetal edema 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 a.bout 1, 2, and 3 rad, respectively, after injection 
at 9 dg and 0.2, 1, and 7 rad, respectively, after injectfon at 15 dg. 
Comparison of the doses suggests 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 ,;esponses, 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 those to which people might be 
exposed. These results are of radiobiological interest, but a.re not 
directly applicable to establishing exposure criteria. 

Intravenous injection into rats of 237Np as the oxalate at 0.3-5 
µCi/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. 2ll 

Plutonium is the most thoroughly studied of the transuranic 
elements, although some questions remain as to details of its placen
tal transfer, fetoplacental distribution, and developmental toxicity. 
In the earliest reported study with 2311Pu,7 it was found that mice 
given plutonium at 0.016, 0.03, or 0.06 µ.Ci/ g by injection during 
gestation bad an increased incidence of totally stillborn litters and of 
stillbirths in viable litters. li 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 several 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. 

Studies to examine the partition of :il39Pu 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 as those found in rodents, and the 
concentration ratio in these two structures and the concentration in 
the embryo-fetus were lower in the rodents. 

To determine whether yolk sac deposition occurs in nonhuman 
primate species, Andrew et al.1 injected citrated "3"Pu intravenously 
into baboons at 10 µCi/kg at representative stages of gestation and 
removed the uteri and their contents 24 h later. The uteri and feto
placentaJ components were dissected and subjected to radioanaJysis; 
concentration ratios were similar to those found in rodents. The 
autoradiograpbic localization of activity was also similar in the two 
species when allowance was made for morphological differences, 

Kelman and Sikov18 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 30 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, a 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 this effect was about 
5 µCi/kg of body weight. 

Administration of 23QPu during early organogenesis (e.g., at 9 
dg in rats) results in dose-dependent increases in prenatal mortality 
and reduced weights of the fetuses, placentas, and fetal membranes. 
Typically, however, the lowest administered intravenous dosage that 
consistently produces statistically significant differences from con
trols is a.bout 10 µCi/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 circumstances 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 dose to the yolk 
sac might be 10-100 times as great as the average membrane dose 
because it represents only a small portion of the total mass. 

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 µ.Ci ( about 150 µCi/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. Compatable 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 described above. 

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 
at 14 or 19 dg after intra.venous injection with 36 µCi/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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concentrations at 19 dg. Exposure increased prenatal mortality but 
did not significantly affect fetal weights. Fetal hematological changes 
included a transient decrease in the concentration of circulating non
nucleated erythrocytes and altered distribution of the erythropoietic 
cell types. These changes were interpreted as a disturbance of the 
maturation process. The weights of the yolk sac and fetal liver were 
reduced in exposed litters; their cellularity and that of the spleen 
were also decreased, but the proportion of cell types was unaffected. 
Detailed microdosimetry has not been performed, but the radiation 
dose to the primitive hematopoietic cells might have been as high as 
1,000 rad. 

Moskalev et a.1.24 injected a constant volume of solution contain
ing 2n Am at concentrations of 1.2- 7.6% intravenously into pregnant 
rats a.t 10-19 dg. The resulting ratio of average maternal to fetal 
concentration at 24 h varied from 6:1 to 2:1 as a function of dose 
and stage. Although the value is influenced by the interval between 
injection and evaluation, as well as by sensitivity, they calculated 
the injection dosages and radiation doses to the fetus that resulted 
in death of 50% of the fetuses as 0.003, 0.01, a.nd 40 µCi/g and 100, 
800, and 1,000 rad respectively, for injection at 10, 14, and 19 dg. 

Weiss and Walburg'2•'3 reported that the effect of the mass ad
ministered was less than they had found with plutonium, but fetal 
concentration varied only by a factor of 2 between the highest and 
lowest dosages. These studies and others demonstrated that, on a 
percentage basis, less americium than plutonium entered the concep
tus or fetoplacental unit. Several studies have shown that there was 
proportionately less deposition of americium than of plutonium in 
the plac~nta and membranes. 

Results of a contemporaneous study with the two nuclides33 

have confirmed suggestions that the prenatal effects of americium 
are similar to those of plutonium and include prenatal mortality and 
rib malformations, but not weight reduction. The effects are smaller 
if ba.sed on intravenous dosages administered to pregnant rats, but 
there is better correspondence between the effects when they are 
considered relative to radiation doses to particular components of 
the fetoplacental unit, especially the yolk sac. 

Measurable amounts of 253Es cross the placenta, but , according 
to the limited data available1 the fraction of maternal dose that is 
deposited in the conceptus is low, approximating that of 241 .Am. 
However, einsteinium has a. greater tendency than americium to be 
incorporated in the yolk sac. 
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CONCLUSIONS 

Very recently, a task group of Committee l 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.17 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 a.cute 
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 
the 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 seems reasonable to conclude that except 
for brain tissues, high-LET alpha-particle doses below about 1 rad. 
will have no teratogenic effects. 
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APPENDIX! 

Dosimetry of Alpha Particles 

The name alpha particle wag given to the energetic helium nuclei (that 
is, helium atoms stripped of their two electrons) emitted in radioactive 
decay, They are emitted with energies in the range of 4, to 9 MeV. Because 
they are always the same kind of particle, regardless of the nucleus from 
which they come, all alpha particles of a given energy have the same 
properties. 

PROPERTIES OF ALPHA PARTICLES 

SCATTERING 

The tracks of alpha particles a.re nearly straight lines, meaning that 
they are scattered very little by the material through which they pass. In 
dosimetric calculations it is usual to assume that the tracks are straight 
lines. 

Alpha particles do undergo scattering, however. One of the earliest 
developments in nuclear physics was the discovery, by Rutherford, of the 
alpha-particle scattering law. He found that very small deflections, a degree 
or so, are frequent and that larger deflections do occur but are quite rare. 
Consequently, along a typical track, ea.ch time an alpha particle scatters it 
changes direction only slightly and in a random direction, with the result 
that the track winds back and forth a small amount around a straight line. 
This multiple scattering contributes to the straggling discussed below. 

397 
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STOPPING POWER 

As alpha particles go through a material, they interact with the 
material's molecules, losing a little energy in each interaction. Thua, they 
gradually slow down. At very low energies (less than 1 e V) they acquire 
two electrons and become atoms of helium gas in thermal equilibrium with 
the material. Alpha particles of the same energy lose different energies 
when they go equal distances because of randomneBS in the number and in 
the kinds of interactiona with the material. The differences in the energy 
losses are small, however. The actual rates of energy loss are close to the 
average rate. 

The stopping power ( S) of a charged particle of specified energy is its 
average energy loss per unit distance along ita path. The mass stopping 
power ( S / p) is the quotient of the stopping power by the density of the 
material. 

The experimental and theoretical determinations of the alpha
pa.rticle stopping powers are in good agreement.1,u Figure 1-1 shows the 
stopping power of alpha particles in soft tissues of unit density. For com
parison, the stopping power of electrons ia also shown in Figure 1-1.6 (Beta 
particles, the other common kind of charged particle emitted in radioac
tive decay, are electrons.) Note that for the energies shown, the stopping 
powers of the alpha particles are 2 to 3 orders of magnitude larger than 
those of the electrons. 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 mua stopping powers of alpha particles are slightly higher in 
gases than in liquids or solids.18 The stopping powers in Figure 1-1 are for 
solid tissue and are about 5% higher than the mass stopping powers for 
gases. 

LINEAR ENERGY TRANSFER 

The energy lost by a charged particle produces damage of various 
kinds in the material with an effectiveness that depends on how denuly 
the energy it loees is spread in the material. The stopping power is one 
indication of that density, but it is not a complete measure: Some of the 
energy lost by the particle is transferred to secondary radiations, electrons 
and photons, that penetrate to distances from the particle track. Several 
investigators have used various other quantities to characterise the results 
of this spreading proceas.3 

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 



Copyright © National Academy of Sciences. All rights reserved.

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

DOSIMETRY OF ALPHA PARTICLES 399 

1000..----------------------------, 

ArptaP.1rtlCIH 

e 100 -

::i. 

l 
a: w 
:t 
0 
Q. 

10 

Cl 
;; 
0. 
0. 
0 
t; 

l!leGlrone 

o.1---------T""---------..-----------1 
0.01 0.1 10 

ENERGY (MeV) 

FIGURE I-1 Stopping powers of alpha particles and electrons ln 10ft tisaue of unit 
density. 

carried away by photons and energetic electrons from the energy lost by 
the particle. Two criteria have been used to spedfy which electrons are 
to be excluded: (1) electrons with energies above some limit, and (2) 
electrons with ranges above some limit. In either case it is important to 
specify the limit; this is usually done by writing it as a subscript to the 
symbol L. The energy limit is the current preference, because the LET can 
be calculated from theoretical equations for the stopping power by simply 
excluding energy losses to secondary electrons above the selected limit . 

As a.n example, a 4-MeV alpha particle has a stopping power of 102 
keV µm- 1; the LET excluding losses of more than 100 eV is L1oo ""' 56 
keV µm- 1 ; 1,000 eV, 11,000 = 81 keV µm-i; 10,000 eV, L1o,ooo = 102 keV 
µm- 1

. Losses of 10 keV are above the maximum energy, about 2,000 eV, 
that a 4-Me V alpha particle can lose to an electron; therefore, the LET 
for that cutoff does not differ from the stopping power. It is customary 
to designate the LET for energy limits larger than the ma.xi.mum energy 
tra.nsforrable by L00 • L00 is the largest value possible for the LET, and it 
equals the stopping power S. 

RANGE 

Alpha particles have a fairly sharply defined range (R), which is the 
average distance that they travel in coming to rest in a material. Figure 
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FIGURE 1-2 Ra.ngea of alpha p;.rticle, 11nd eledrons in 10ft 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 travel 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 a.nd 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 
percent. 

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 
straggling. 
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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, 11

2 (R), of the normal distribution have been made, but the 
observed variances a.re always larger. Evane2 recommended a relation that 
he estimated to be accurate to within 10% for range straggling in air: 

u( R) = 0.015R, (I-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 ha.sic step in the study of the risk associated with an agent is the 
establishment of the relation between the degree of harm it produces and 
some physically measurable quantity that characterizes its prevalence. The 
measurable quantity is often referred to aa 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 ha.rm 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 body1 it is 
usually hard to determine the dose. The exposure, on the other hand, is 
usually the concentration outside the body in some material in which it is 
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 statementsi 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 daughters deposited at some point in the respiratory tract. 
The relation between the concentration in air and the number of atoms 
deposited depends on a host of variables (for example, the structure of the 
respiratory tract and breathing ratei see Chapter 2). This lack of a unique 
correlation between the exposure and dose quantities is typical. 

There i.s danger of confusion in discussing the exposure and dose 
concepts: A particular quantity named exposure was introduced early 
into radiation studies to chara..cterize x-ray and gamma-ray fields; this 
exposure is the one me a.sured in roentgens.' Fortunately, a need to use this 
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particular exposure seldom arises in studying internally deposited alpha 
emitters; thus, the term can usually be used here in its general sense. 

ABSORBED DOSE 

Radiation studies employ the dose concept .in the quantity called ab
sorbed dose. The determination of absorbed dose is called dosimetry. The 
International Commission on Radiation Units and Measurements (IORU) 
defines absorbed dose to be the mean energy imparted to the irradiated 
medium, per unit mass, by ionizing radiation. (For definitions of absorbed 
dose and the other quantities used in dosimetry1 see ICRU.4) 

The energy of ionizing radiation is imparted to the medium in a series 
of individual interactions with it. The number of interactions and the 
amount of energy lost in each are random variables. The word mean used 
in the definition of absorbed dose requires that the average of the energies 
imparted be used. In what follows, up to the section "Microdosimetry," it is 
assumed that the average has been taken; in the section "Microdosimetry" 
the probability distribution of the energy imparted whose mean is the one 
required for the absorbed dose will be dealt with. 

AVERAGE ABSORBED DOSE 

Often one can be satisfied (see the section "Nonequilibrium Doses" 
below) with the average absorbed dose in some volume. If the range of the 
alpha particle is much smaller than the dimensions of the volume, most 
of the alpha. particles emitted within that volume are absorbed within it; 
that is, they impart their energy within it. Only those emitted close to the 
sttrface and headed through the bounding surface can escape and impart 
their energy elsewhere (or particles emitted outside the volume can impart 
energy to it). In ma.ny circumstances, this leakage in and out is negligible, 
because fa.r more particles a.re emitted within the volume than are emitted 
close enough to the surface to leak in or out. In these circumstances the 
average absorbed dose, (D}, in the particular tissue equals the product 
of the number of alpha particles emitted within it and their energy, E, 
divided by the mass of the tissue. Let (C} be the number of particles 
emitted divided by the mass of the tissue, that is, the mean number 
emitted per unit mass. Then: 

(D} = (C)E. (I-2) 

CHARGED- PARTICLE EQUILIBRIUM 

The leakage is also negligible (actually, zero) in another situation 
that is representative of many experimental situations. Suppose the tissue 
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and its surroundings are of uniform composition and the number of alpha 
particles emitted per unit mass ( C) is constant throughout the volume of 
interest and for some distance, greater than the range, into the material on 
all sides of it (see the next section). The net leakage is then zero, because 
there is as much leakage into the volume of interest as leakage out of it. 
This condition is known a.a charged-particle equilibrium, and the dose (D) 
is given by: 

D = CE. (l-3) 

NONEQUILIBRIUM DOSES 

When the average dose does not suffice or when charged-particle 
equilibrium does not exist, the dose at a point can be calculated from the 
local density of alpha-particle emission ( 0) in all elementary volumes ( d V) 
within the alpha-particle range of the point. The number of alpha particles 
emitted from a particular dV is C p dV, where p is the density of the 
medium ( assumed constant in the neighborhood of the point). The number 
of these alpha particles per unit area at the point is ( C p dV)/(4,rr2), 
where r ui the distance to the point. The number entering an elementary 
target volume at the point and with area dA. facing d V is dA times the 
number per unit area. Each particle imparts an energy, denoted by e ( r) dz, 
to the target, where d:e is the thickness of the target. The mass of the 
target volume is pdAd:z. Thus, the dose to the target from the alpha 
particles emitted in the particular dV is: 

[OpdV dAe(r)dz/4-irr2]/ pdAdz. (I-4) 

The total dose is obtained by integrating over all dV within range of the 
point. Several factors cancel to give, for the dose: 

(I-5) 

Different approximations have been used for the kernel e{r). One 
approximation is to equate it to the stopping power: e(r) = S. Thia 
expression is approximate for two reasons. First, S gives the energy lost 
by the alpha particle, not the energy imparted to the medium in the 
target. Secondary radiations I electrons ( called delta rays) and photons, 
leak energy into and out of the target, as discussed above. Because of the 
very short ranges of these secondary radiations, leakages in and out tend to 
compensate each other and make the approximation a good one. Second, 
because of the straggling described above, there is a. spread in the energies 
of the alpha. particles a.ITiving at the target element. This straggling 
ca.uses a larger error than the lea.ka.ge just mentioned. An a.vera.ge, {S), 
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of the stopping power over the straggling spectrum (u) would be a better 
approximation to e ( r). 

A basic datum, called the Bragg curve, collected for alpha particles 
and other heavy ions provides a.nother good estimate for e(r). The curve is 
the ionization a.s a function of distance in a thin, broad ionization chamber 
held so that the particles strike the broad face perpendicularly. The ion 
chamber does the averaging and leakage compensation required for e(r). 
Furthermore, by being broad, it allows for the multiple scattering discussed 
above. Use of the stopping power or an average stopping power does not 
allow for particles emitted in d V and headed for the target element that 
do not get there because they scatter a.way from it; it also does not allow 
for those not headed for it but scattered so that they hit it. The data in a 
Bragg curve a.re converted to e(r) by normalizing the curve so it equals the 
stopping power near the point of emission, where the effects of straggling 
a.re smallest. 

H one does not require much accuracy, for example, if one is making 
just a trial or illustrative calculation, the variation of the stopping power 
with the distance traveled can be neglected; that is, one can approximate 
e ( r) with the average stopping power E / R. Figure 1-3 shows the results 
of a calculation done in the e(r) = E/R approximation to illustrate the 
doses from nonequilibriurn distribution of alpha.-p3.l'ticle emitters. In this 
instance, C alpha particles per unit mass of energy E were emitted from 
spherical regions of radius a in uniform tissue in which the range of 
the particles is R. The doses are shown as functions of ~. the distance 
from the center of the sphere. All distances afe normalized to the alpha.
partiele range R. Under charged-particle equilibrium conditions, the density 
C would produce a uniform dose, CE; all the doses in Figure 1-3 a.re 
normalized to CE. 

Figure 1-3 illustrates the conditions required to obtain charged- par
ticle equilibrium. For the two largest spheres, radii of 2 and 3 times the 
range, the dose equals the equilibrium dose OE in the central region of 
the sphere. There each point is surrounded by emitters out to a distance 
at least equal to the range of the alpha. particles; emitters farther away 
have no influence on the dose because the particles cannot reach the point. 
This example illustrates the requirement discussed above that C must be 
uniform out to distances equal to the range beyond the edge of the region 
before charged-particle equilibrium can exist within it. 

Inside the largest spheres, at points less than the alpha-particle range 
from the edge, the dose is less than CE because there a.re regions within 
the range that contain no emitters. At the edge of these spheres (that is, 
for z = a), the dose is roughly one-half CE (the dose would be exactly 
one-half CE at a plane surface in an equilibrium region if all the emitters 
were removed from one side of the plane; small parts of the surfaces of 
large spheres a.re shaped much like planes). Outside a sphere of any size, 
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uniform concentrationa C ot the emitter [in the e(,) ,:: E/R approximation]. 

at distances greater than the alpha.-particle range from the edge, the dose 
drops to 1ero because particles cannot penetrate that far. 

The figure also suggests when the average dose (D) discussed above 
in the sphere is a reasonable estimate of the dose throughout the sphere. 
Clearly, it is re3.$onable 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 p~ticles. 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 OE is 
attained only at the exact center. For smaller spheres, the dose CE is 
never attained. [In the e ( r) ~ JiJ / R approximation only, the relative 
dose at the center is a/ R.] In general, for uniform distribution8 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: 

(1-6) 

where V is the volume of the sphere and, hence, CV is the number of 
alpha particles emitted. 
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UNITS 

The ICRU and U.S. National Bureau of Standards10 recommend the 
use of the International System of Units (SI). Absorbed dose is a quotient 
of a quantity with dimensions of energy by one with dimensions of maas; 
therefore, its unit in the SI is joules per kilogram ( J kg-1 ) . In the 
radiological sciences, this unit is called the gray (Gy) ; 1 Gy = 1 J kg- 1 . 

The gray recently replaced another popular unit, the radj 1 Gy = 100 rad. 
The SI units for the quantities in Equations l-2 and 1-3 are the gray, 

inverse kilograms; and joules. These are seldom convenient units. In 
particular, radiation energies are universally given in electron volts ( e V) 
or a multiple thereof. Also, C and (C) are often given in either becquerels 
(Bq) times a time per unit mass or curies {Ci) times a time per unit mass. 
The becquerel is a unit of activity, the rate of radioactive disintegrations; 
1 Bq_ = 1 s- 1 , that is, 1/s. The curie is !l,n older unit for activity; 1 Ci = 
3.7 X 1010 s-1. 

To accommodate mixed systems of units, Equations I-2 and 1-3 are 
rewritten: 

(D) = k(C)E, and 
D=kCE, 

(I-7) 
(1-8) 

where k is the same in both and is introduced solely to provide for the 
different units used. For example, if D or (D) is in rads, 0 or ( 0) is in 
mkrocurie hours per gram, and Eis million electron volts, then le = 2.13 
J kg- 1/µCi h MeV g- 1 . 

RELATIVE BIOLOGICAL EFFECTIVENESS 

Equal doses of different radiations do not always produce the same 
effect. In radio biology, therefore, the relative biological effectiveness (RBE) 
was introduced to compare the effects of different radiations. The RBE of 
a. test radiation with respect to a reference radiation, for a given effect, is 
defined as the ratio: 

RBE:::: Dr~fmncc/Dicat, (I-9) 

where Dtest and Drefcrencc are the doses of the two radiations that produce 
the same degree of the given effect. If the radiation being tested required 
less dose than the reference radiation, it would be said to be the more 
effective one, and its RBE would be greater than 1. 

An RBE is a number. But the effect considered can be defined either 
with numbers (e.g., the number of tumors) or without numbers (e.g., 
degree of erytherna). All that is required is a way of identifying equality 
of effect (or of identifying one effect as greater than or equal to another),s 
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RBEs are used for comparing radiations. To give a meaningful com• 
parison, everything else that might affect the outcome should be the same 
during the experimental comparisons. For example, the absorbed dose dis
tribution, the exposure time, the temperature, the atmosphere in which the 
cells or animals are exposed, and the growth. conditions after the exposure 
should all be the same. 

The RBE may depend, in particular, on how long observations are 
continued after exposure to radiation. In experiments with cells or animals, 
it is conventional to follow the exposed populations for their lifetime, or at 
least until new occurrences of the effect cease to appear. In epidemiological 
studies of human populations, few studies have reached this degree of 
completion, and caution is r equired in interpreting the data derived from 
them. 

Making the absorbed dose distributions the same during the irradia
tions may be difficult. There is seldom difficulty in in vitro cell experiments 
where the absorbed dose can ordinarily be made uniform throughout the 
exposed population. In animal experiments, on the other hand, dose uni
formity is the exception rather than the rule: Radiations incident from 
outside the body are subject to different attenuations; for internally de
posited radionuclides, the distributions of dose refiect the distributions of 
the radionuclides and can be very erratic. When one or both of the test 
and reference dose distributions are nonuniform, the dose to be entered in 
the definition of RBE is not defined. If the spread in doses is not too great, 
an average dose can be used, with a consequent uncertainty in the RBE. 

DOSE AVERAGING 

Because of the nonunif ormity of dose typically encountered with alpha 
particles, the following argument is often made. For low doses the yield 
is proportional to the dose; thus, if the yield is averaged throughout some 
t issue, the average yield would be proportional to the average dose (the 
(D} dealt with above). One could tllen assess RBEs with average doses, 
which would be a great simplification because the generally difficult deter
mination of nonuniform doses is avoided. But this argument hides several 
critical assumptions. One is that the cells are equally sensitive throughout 
the tissue, something that is not obvious in view of the differences in oxy
genation and nutrient supply throughout a typical tissue. Probably even 
more critical is the assumption that the celle are uniformly distributed 
throughout the tissue (implied by the uniform weighting of the dose in 
the tissue during the averaging). For example, if the critical cells were 
the epithelial cells lining small blood vessels a.nd the radionuclide were one 
that deposited in or near these cells, the dose to them could be very much 
higher than the average dose in the tissue. 

In spite of these criticisms and because of the practical difficulties in 
determining nonuniforrn doses, average doses have normally been used in 
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alph~particle dosimetry. In comparing like situations, the practice of using 
(D} values is a useful1 practical expedient. The practice leads to difficulty 
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. 

MICRO DOSIMETRY 

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 observed. 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 interadions between a particle 
and the medium. These random features are particularly important for 
alpha particles and other high-LET radiations where ( a.s 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 microdosimetry this information is kept and exploited. 

While the effect of the randomness is present, no matter what the 
dose or size of the site studied, the degree of variation encountered will be 
less the larger the dose or the larger the mass. As a consequence, although 
mi~rodosimetry 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 ma$ses 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 (z}, the average value of the specific energy over many 
repetitions of the irradiation, equals the absorbed dose: 

D = (z}. (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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TABLE 1-1 Representative Values of Microdosimetric 
Parameters for a 1-µm Sphere 

(t2: I) 

Radiation <z: 1 > (Oy) (: :!} (Gy) 

65-kVp x rays 0.45 I.OS 
250-kVp x rays 0.25 0.78 
iOCo gamma rays 0.08 0.34 

0.43-MeV neutrons 10 15 
1.8-MeV neutrons 7.1 12.6 
l 4•MeV neutrons 2.S 30 

5.3 MeV alpha particles 13 19 
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impart energy ill random with a Poisson distribution. H the mean number 
for that Poisson distribution is m and if the mean specific energy for single 
events is denoted by {z : l}, then Kellerer and Roesi0 (see also ICRU6 } 

proved that: 

D = {z) = m(z : 1); (I-11) 
that is, the average spe<:ific energy due to all the charged particles (the 
absorbed dose) equals the product of the average number of events and 
the average specific energy for a single event. 

The mean square specific energy, (z2), ia given9 by: 

(1-12) 

where (i2 : 1) is the mean square for individual events. The mea.n square 
can be used to calculate the variance of the specific energy: 

o-2 =- ((z - (z})2), 
= m(z2 : 1}, and 
= D(z2 : 1)/(z: 1). 

(I-13) 
(I-14) 
(l-15) 

The variance, the standard deviation (o-), or the coefficient of variation 
(u/(z)) can be used to indicate the breadth of the distribution in spe<:i.6.c 
energy. According to Equation 1-15, the variance is the product of the 
absorbed dose and a factor that is independent of dosej the factor depends 
only on the characteristics of single events. Table 1-1 lists values of this 
factor and of the mean specific energy for single events for a number of 
radiations. 

DISTRIBUTIONS IN SPECIFIC ENERGY 

The mean values just discussed are the means and mean squares of 
probability densities in specific energy. Two basic kinds of densities are of 
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FIGURE l -4, Probability den1itie1 in specific energy for single events, /(11 : 1) !or 
60co and 239Pu. 

interest: densiti<is for individual events and densities for a given absorbed 
dose. The probability density for single events will be denoted by /{_z: 1); 
this means that /(z: 1)dz is the probability that the specific energy due to 
a single event is in a. range dz that includes z. The probability density for 
a given dose will be denoted by J{z). 

In the microdosirnetry 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 calculated.11 

Distributions for Single E1Jent4 

Figure 1-4 shows the single-event densities for 6°Co gamma rays, a 
low-LET radiation, and for 230Pu alpha particles, a high-LET radiation, 
for charged-particle equilibrium. To cover a wide range of the abscissa, the 
probability density is multiplied by z and then plotted on a logarithmic 
scale, because equal areas anywhere under such a curve represent equal 
probabilities of occurr<ince. On this logarithmic plot the two distributions 
differ only slightly in shape, but there is a large distance along the absciasa. 
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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imparted to the site by a particle increases in proportion to the diameter of 
the site, but the mass of the site increases in proportion to the cube of the 
diameter. The energy per unit mass, therefore, is inversely proportional to 
the square of the diameter. The following expression relates, approximately, 
the mean specific energy in single events, (z: 1), the mean stopping power 
of the particles, (S), and the diameter, d, of a spherical site in tissue of 
unit density: 

(z: 1) 1::::: 0.2(8)/JJ-, (I-16) 

where the units are grays, kiloelectron volts per micrometer, and microm
eters, respectively. Thus, for larger sites the distribution is moved to the 
left in Figure I-4; for smaller sites the distribution is moved to the right. 
There a.re also changes in the details of the shapes of the distribu.tions. 

The mean number (m) of events in a site is proportional to the cross
sectional area it presents to the charged particles, that is, proportional to 
the square of the site size. This fact and the inverse dependence of (z : t) 
on the square of the site size are the reason that the dose D = m(z : 1) is 
independent of the site size. 

For alpha particles, the difficulties in measuring such a short-ranger~ 
diation have forced investigators to use calculations to obtain approximate 
single-event distributions.11 The/ (z: 1} for radiations with longer ranges 
are determined experimentally with proportional counters."•12 

Distribution.a for a Given. Do8e 

While /{z: 1) is the distribution for a single event, /(z) is the distri
bution for a number of events. The number of events is random with a 
Poisson distribution. The f(zi distribution is calculated from /(z : 1) by 
Fourier~transform methods. 7 •1 

Figure I-5 shows the distributions for 230Pu alpha particles for different 
absorbed doses. For small doses, the chance of a site being hit by more 
than one alpha. particle is very small. The area. under / (z : 1) is, by 
definition, unity; that under/ (z) at these doses is approximately equal to 
the probability of the one event. Consequently,/ (z) ha.s the same shape 
a.a /(z : 1) but is smaller by a factor equal to the one-event probability. 

As the dose increases, the area under /(z) increases because the chance 
of a site being missed by alpha particles decreases. The increase is seen in 
two ways: the part similar in shape to / (z : 1) increases, reflecting more 
single hits. In addition, a small bulge begins to develop on the high-z side 
due to hits by two alpha particles. 

At much higher doses /(z) begins to move to the right. The chance 
of just one hit has grown small; many now occur and give a higher total z. 
The area under the curve is close to unity, because the cl1ance of any site 
being missed is now small. As /(z) moves farther and farther to the right 
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(with increasing doee), the shape of the curve approaches that of a normal 
distribution. 

Distribution.$ for Particulate SourcH 

The distributions shown in Figures 1-4 and I-5 are for radionuclides 
randomly dispersed in the tissue. But random dispersion does not always 
occur. Under some circuffl8tances the molecules of a nuclide coale8Ce with 
each other (and with other molecules). These agglomerations of radionu
clides are called particulates. For a particulate, many alpha particles may 
emerge from nearly the same point in the medium. Sites near such a 
particulate stand a larger chance of receiving energy than if the activity 
were spread more uniformly; sites far away stand a smaller chance. 

Figure I-6 illustrates what the agglomeration into particulates can 
do.11 It Bhows the distributions in specific energy, /{z), for the same 
absorbed dose (0. 75 Gy) for different average numbers of alpha parti~les 
per particulate. To get the same absorbed dose, the number of particulates 
per unit volume is changed in inverse proportion to the number of alphas 
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FIGURE 1-6 Probal>Uity derieltlea In epeclHc energy for particulates or dltferent aizes 
for thl! ,ame !lbsorbed dose (0,7& Gy). 

per particulate. When the number of alphas per particulate is small, l or 
10 for this site size, the /(z) valt1ee 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 or them going in nearly the same 
direction so as to affect a common site is small. For particulates that emit 
up to about 100 alpha particles and for this site size; /(z) differs only 
slightly from /(z) for nonagglomeration, that is, for a uniform 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 so 
many alpha particles stands a good chance of receiving enefgy from more 
than one alpha particle, with the result that its /(z) is pushed to higher 
specific energies. But, when so many alpha particles a.re emitted from each 
particulate, there a.re 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 particulate to be hit by any alpha particles. This causes the area 
beneath/ (z) to decrease. At 0.76 Gy, for 1 alpha per particulate and this 
site size, the chance of being missed is 0.52. For 100,000, it is 0.9978. In 
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other words, only 0.0022 sites get hit a.t all; but, the sites tha.t a.re hit are 
apt to be hit many times. 
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