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- PREFAQE |

v In October of 1986 Congress passed the Superfund Amendments and Reauthonzation
Act (SARA PL 99-499) that 1nc1udes T1t1e IV——the Radon Gas and Indoor A1r Quality
" Research Act. The act d1rects ‘that EPA undertake a comprehens1ve mdoor a1r research

‘ pro gram

Research program requirements under Superfund T1t1e IV are spec1ﬁc They“mclude

: 1dent1fy1ng, charactenzmg, and momtonng (measuring) the sources and levels of indoor air

S .? D L R R W

pollution; developmg mstruments for mdoor air quality data collecnon and studymg high-nsk . }‘

building types. The statute also requires research directed at 1dent1fy1ng effects of indoor air
pollution on human health In the area of mitigation and control the following”are required*‘
development of measures to prevent or abate mdoor air pollunon demonstration of methods 7
‘»to reduce or ehmmate indoor air po]lution development of methods to assess the potential for
contammation of new constructlon from soil gas; and exam1nat10n of design measures for o
preventing indoor air pollution. EPA’s mdoor a1r research program is desrgned to be o

'respons1ve in every way to the leglslatlon

In respondmg to the requ1rements of Title IV of the Superfund Amendments, ‘EPA—ORDV :

‘has organized the Indoor Air Research Program around the followmg categories of research:
(A) Sources of Indoor A1r Pollution ’(B) Building Diagnosis and Measurement Methods ' »v
(C) Health Effects (D) Exposure and RlSk (Health Impact) Assessment and (E) Bullding
Systems and Indoor Air Quallty Control Options )

EPA is directed to undertake thls comprehensive research and development effort not
only through in-house work but also in coordination w1th other Federal agencies, state and
local governments, 'and‘ private sector organiZ’ations having an interest in indoor air pollution. |

'The ultimate goal of SARA Title IV is the d1ssem1nation of information to the public.
This act1v1ty 1nc1udes the publication of sc1ent1ﬁc and technical reports 1n the. areas described
above. To support these research act1v1ties and other mterests as well, EPA pubhshes its
results in the INDOOR' AIR report series This series consists of five subJect categories:
Sources, Measurement Health Assessment and Control Each report is pnnted ina 11m1ted

) quantity Copies may be ordered wh11e supphes last from

i




U.S. Environmental Protection Agency

Center for Environmental Research Information
26 West Martin Luther King Drive

Cincinnati, OH 45268

When EPA supplies are depleted, copies may be ordered from:

National Technical Information Service
U.S. Department of Commerce

5285 Port Royal Road

Springfield, VA 22161
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 ABSTRACT

R1sk assessment methodologles provide a mechamsm for mcorporatmg screnufic

| - evidence and Judgments mto the risk management dec1s1on process.. A risk charactenzanon .
: framework has been developed to provide a systematrc approach for analys1s and presentatronr -

of risk characterrzatlon study results Th1s framework was used as a tool to rev1ew pubhshed""
studres that provide quantrtatlve risk estimates assocrated ‘with exposure to mdoor aJr ' i
| pollutants Compansons of both the methods and the resultmg nsk estlmates are presented
) Cntlcal assumptrons concerning risk estrmates and exposure estlmates for each study are

recorded on the framework. B o ) s

Fourteen r1sk charactenzatlon stud1es were rev1ewed mcludmg three studies for radon

six for env1ronmental tobacco smoke three for volatile organics, one for- formaldehyde and | o

one for asbestos. The quahty and rigor of analysrs varred greatly among the stud1es
reviewed. Some of the studres clearly state that they are mtended to be prehmmary analyses
or screenmg stud1es others are reported as sens1t1v1ty analyses and others are detalled nsk

T assessments Studles which are techmcally ngorous in some risk components (e-.g,

:dose—response relatlonshlps) are often 1ess ngorous in other components e.g., exposure -

assessment). o ' ' ' "

N Summary figures are presented wh1ch compare 1nd1v1dua1 hfetrme cancer risks estlmated -
7 for each pollutant. category and the annual cancer mortahty attr1butable to each pollutant

category. N c ‘ : , '

' Th1s report is the second in a series of EPA/Envrronmental Cntena and Assessment

Office monographs

- Lo DEVELOPMENT OF A RISK CHARACTERIZATION FRAMEWORK

I A REVIEW OF INDOOR AIR QUALITY RISK CHARACTERIZATION STUDIES R

- 1II. USE OF BENZENE MEASUREMENT DATA IN RISK CHARACTERIZATION

| VESTIMATES A PRELIMINARY APPROACH ' ' '

. ;INDOOR CONCENTRATIONS OF ENVIRONMENTAL CARCINOGENS .
'METHODS OF ANALYSIS FOR ENVIRONMENTAL CARCINOGENS »
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INTRODUCTION

R1sk management has emerged as a pnncrpal analyt1cal act1v1ty for envrronmental ”
managers w1th1n the Federal govemment the pnvate sector, and local govemments Rrsk
assessment methodologles provrde a mechamsm for mcorporatmg sc1ent1ﬁc ev1dence and
Judgments mto the nsk management dec1s1on process There are four mam uses of nsk

,assessments as mput for nsk management decrsron makmg

B To estimate an ambrent concentratlon for a specrﬁc chem1cal that w111 be
) protectlve of human health and the environment; -

2. To estlmate the human health and envuonmental effects assoclated w1th ,
~ current ambient concentratrons of a parttcular chermcal o A

3, To estimate the human health and envuonmental effects associated with
releases of one or more chemlcals from one or more sources, and '

4., To compare estlmated risks from specrﬁc chermcals in. order to set
. priorities for regulatory actions or motivation for source mitigation,

W e e e L

The obJectlves of this monograph are to rev1ew pubhcatrons that prov1de quantltatrve
risk estimates assoc1ated with exposure to 1ndoor air po]lutants and to compare | both the '
. methods and estrmates presented in these pubhcat1ons The focus is to pull together the risk
' Vcharactenzatlon work for mdoor 7a1r pollutants or pollutant categones Analyses that 1ncluded,
exposure assessments, the assessment of- dose—response relauonshlps, and the. quantrtatrve o
characterization of r1sk were of pnmary 1nterest The more qualrtatlve health effects and
hazard assessments of the numerous. stud1es that have focused on measunng the mdoor .
pollutant concentratlon were not rev1ewed in detaﬂ and are not dlscussed in this monograph
The R1sk Charactenzauon Framework presented i 1n Frgure 1 has been developed to.
prov1de a systemat1c approach for analy51s and presentat10n of risk charactenzatron study
results.  This framework is descnbed in detail in a compamon monograph (Naugle et al.,
1990). It is apphed in this monograph as the basis for rev1ew and companson of nsk

estrmates and risk assessment methodolog1es assocrated with mdoor air pollutants
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SELECTION OF LITERATURE FOR REVIEW

Extensive 11terature emsts on the health effects assoclated w1th 1ndoor air pollutants In
“order to 1dent1fy the most relevant mformat:ton for the purposes of thls hterature rev1ew, the '

followmg resources were utlllzed

B T B PR St

e Recent summary documents on the health effects associated with exposure to .~
indoor air pollutants @i.e., the Samet et al. [1987] articles entitled “Health
‘Effects and Sources of Indoor Air Pollution, Parts I and II", the U.S.
" Environmental Protection Agency report [1987b] EPA Indoor Air Qualzty
-Implementation Plan and the appendices, and the Proceedings of the Fourth o
International Conference on Indoor Air Qualzzy and Clzmate held in Berhn e
-~ "West Germany, on August 17—21 1987 [Serfert et al., 1987]), : T Tt

"o The 1ndoor air qual1ty blbhography data base estabhshed by the U S EPA’
‘ Env1ronmental Criteria and Assessment Ofﬁce (ECAO), T

. On-hne search us1ng DIALOG MEDLINE and Env1ronmental Abstracts
" " using the key words ' 1ndoor air quallty and risk or exposure or' health
: effects .

. The b1bhograph1es of documents 1dent1f1ed in the prev1ous steps espec1ally o i
. ° review articles; : . T
e Personal contact with 1nd1v1duals in several Federal agencres partwularly
- the Centers for Disease Control (CDC) and the Nauonal Institute of " L e
Occupatlonal Safety and Heaith’ (NIOSH), to 1dent1fy any recent or ongomg , o
research that might be relevant to th1s prOJect and R SRR SR

. Ind1v1duals who rev1ewed an earlrer draft of this monograph 1dent1ﬁed ‘ |
addrtlonal studres that could be 1ncluded in thrs revrew

The identified artrcles were obtamed from RTI ﬁles ECAO or the l1brar1es of local DR

unrversrtles and rev1ewed e o o - RS




METHODOLOGY

The Risk Characterization Framework was used as a tool for review and analysis of
each document. The components of the risk characterization process identified in the
Framework served as a guide in the literature review and subsequent analyses. Relevant
information on each of these components and the critical assumptions concerhing“risk :
estimates and exposure estimates were abstracted from each document and recorded on forms
provided to each reviewer.

The use of the Risk Characterization Framework as the guide for the review of each
study required a detailed understanding of the risk characterizations presented by the authors,
the critical assumptions used in the analysis, and the equations used to estimate risk. During
the review process it became clear that authors frequently do not provide key information on
all components of the Risk Characterization Framework. For example, the dosimetry factors
used to convert exposure to dose are often not explicitly stated. Also, some risk |
characterizations lack detail in one or more of the ten elements in Figure 1 required to fully
evaluate the study. In these instances, the Risk Characterization Framework served as a tool
for identifying studies found to be inadequately documented.

For several of the indoor air pollutants, there are numerous studies in the literature that '
report risk estimates, while for others there are few or no such studies. Radon, for example,=
is the mostly widely studied of the indoor air pollutants with regard to the characterization of
risk. Since many of these radon studies rely on the same basic data for developing each
component of the risk characterization process, this report presents a detailed review of three
that were viewed as representative of the best available studies. This is also true of the
studies reviewed for environmental tobacco smoke (ETS). ,

The quality and rigor of analysis varied greatly among the studies reviewed. Some
studies clearly state that they are intended to be preliminary analyses or screening studies,
others are reported as sensitivity analyses, and still others are presented as detailed risk
assessments. Even refined risk estimation studies cannot account for all variances in source
parameters, exposure duration, and concentrations for various populations, human activities,
and complex human physiological factors. Studies which are technically rigorous for some

risk components (such as dose-response relationships) are often very weak in other areas

4




_ (such as exposure assessments) Although vanous levels of: analys1s presented by dlfferent .
~ authors were recogmzed the three "Quality Levels" suggested in the R1sk Charactenzatlon
'Framework (Frgure 1, column A) were not reported smce the eriteria for umform reportmg o

of such levels have not yet been developed However from the deta11ed analys1s of the

components of the nsk charactenzatrons provrded the reader w111 be able to see the strengths o

and weaknesses of each study

AR . B e o
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OVERVIEW OF RESULTS

Figure 2 summarizes estimates of lifetime ﬁsk of cancer or mortality obtained from the
risk characterization literature reviewed in this work. For many of the studies included in
this review, lifetime risk estimates refer exclusively to lung cancer. However, three of the
articles addressing risk attributable to exposure to environmental tobacco smoke (ETS)
included endpoints other than lung cancer. The Russell et al. (1986) and Wells (1988)
articles include endpoints such as heart disease, bronchitis, and emphysema in addition to
lung cancer in the risk estimates. The Fong (1982) article includes emphysema as well as
lung cancer in the risk estimates. Also, Mauskopf (1987) provides risk estiinates for
mesothelioma as well as lung cancer that are attributable to exposure to asbestos. Al data
shown in Figure 2 are from column I of each Risk Characterization Framework described
later in Figures 4 through 19. The ranges shown in this figure are for different point
estimates of risk and do not represent a statistical confidence interval or range of uncertainty.
Lifetime risk estimates typically refer to the probabi]ity of developing cancer over a lifetime -
for the average individual in a defined population and for a specified exposure scenario over
the entire lifetime. Assumptions often are required concerning thé exposure scenario and the

. dose-response relationship. The risk estimates refer only to the pfobébility of developing
cancer over a lifetime that is attributable to exposure from the pollutant shown. As can be
seen, such estimates have been developed for radon and its décay products, ETS, a number of
volatile organics (including formaldehyde), and asbestos. The individual studies from which
these estimates are taken are descﬁbed more fully in the next section.

Figure 3 presents the range~ of estimates of population risk of cancer obtained from the
literature for each pollutant or pollutant category for which such estimates eiist. Population
risk estimates typically refer to the number of cancer cases that are projected for a defined
population and for a specified exposure scenario during one year. Such an estimate is based
on one of two sources of data: epidemiological studies (as in the case of ETS), or animal
studies which are extrapolated to give an estimate of individual lifetime risk to humans and
then combined with some estimate of the exposed population. Assumptions often are
required concerning the exposed population, the exposure scenario, and the dose-response

relationship. The pollutants shown in Figure 3 were the only ones for which nationwide

6
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population risks Were reported in c01umn' K of Figures 4 through 19» Allas'sumptions and
caveats associated with these population nsks are. stated in the footnotes and comments of the
referenced figures (F1gures 4 through 19). -

Figures 2 and 3 should be mterpreted by cons1der1ng both the1r uses and the1r

l1m1tatlonsas follows S . o

e Lifetime risks to individuals as shown in Flgure 2 are h1gh1y dependent on =
- local exposure conditions and activity patterns. - The results of broadly
focused studies by others are intended for comparison purposes and do not -
cover the full range of all local exposure conditions, Despite efforts to
- equally compare the indoor pollutants, d1fferences are bound to exist based
on varymg assumptrons by d1fferent researchers :

¢ Data on natlonw1de risks as presented in Flgure 3 are 1mportant for broad ,
policy considerations but are not widely reported by researchers. Addltlonal -
~~work needs to be done to expand beyond the relatively few reported studies.
- and, to perform sensitivity analyses to look at the range of outputs given
various input assumptlons ' .

. Flgures 2 and 3 should be used in comb1nat1on to draw conclusrons For
o example the 5,000 to 20,000 est1mated deaths due to radon (Figure 3) are
" ‘greater than reported estimates for other pollutants; yet 1nd1v1dual lifetime:

risks due to environmental tobacco smoke and some orgamc compounds can
be very hrgh as shown in Flgure 2. : :

«. For comparisons of the assumptrons 1mpl1c1t in the summary data shown
readers are encouraged to follow ‘the pathway leading to greater and greater.
~detail. Summary data in Flgures 2 and 3 come from column T and
column K of Figures 4 through 19 These ﬁgures clearly ‘show key -

' measurements or assumptions in. columns A through K. They are further ‘
‘described in comments below each nsk characterization figure. When . -
additional explanatlon is required, it is provided in the text near each figure.
Finally, since no figure and brief. analysrs can cover all aspects of the
complex studies analyzed, readers are- encouraged to refer to the ongmal
references cited and listed at the ‘end of this report
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REVIEW AND ANALYSIS OF STUDIES

The following sections present a detailed review of risk characterization studies for
radon, ETS, volatile organics, formaldehyde, and asbestos. Each of the studies reviewed has
a corresponding figure which presents the components of the risk characterizations. The

discussion is organized by pollutant category.

RADON

There are numerous studies in the literature that report risk estimates associated witﬁ
exposure to radon and radon decay products. Most of the risk estimates are based on
epidemiological studies of underground miners. Miners are vtypically healthy males, working
in an occupation that requires a much-higher-than-average amount of physical activity and
breathing air containing a pollutant mix (airborne particulates, chemical vapors, and a |
relatively high concentration of radon and radon decay products) that is quite different from
most work or home environments. As a result, the uncertainty associated with extrapolation
from the dose-response factors typically derived for miners to a dose-response factor for the
general population is high (Ellett and Nelson, 1985; Nazaroff and Nero, 1988).

The information presented in this section is centered around an atteinpt to compare risk
estimates from three recent studies: the U.S. Environmental Protection Agency’s Radon
Reference Manual (1987c), the most recent report from the National Academy of Sciences’

. Committee on the Biological Effects of Ionizing Radiations (National Research Council,
1988), and the National Council on Radiation Protection and Measurement’s Report 78
(NCRP, 1984). Although other risk estimates have been reviewed, these are presented as’
representative of the best available risk estimates. Some of the terms used in this discussion
are defined in Appendix A.

U.S. Environmental Protection Agency (1987c)

Figure 4 presents a review of the characterization of risk attributable to exposure to -
radon and radon decay products. The derivation of EPA’s risk estimates involves
assumptions relating to four steps in the estimation process: (1) determination of radon decay

product concentrations from radon concentrations; (2) estimation of cumulative radon decay
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~ product exposure; (3)‘ conversion of 'individuail curnulative exposure to lifetime risk; and
“) prOJectron of md1v1dua1 lifetime nsks to the entire populatron Wrth regard to the '_ ¢
relatlonshrp between radon and radon decay product concentration, 1t has been found that the ’
, equlhbnum fraction (deﬁned in Appendlx A) ranges from 0.3 to 0 7, with an average of
Aapprox1mate1y 0. 5 Using the average equlhbnum fraction of 0. 5 a ratro of 200 p1cocunes
per liter of radon to 1 workmg level (WL) of decay products is consrdered to be fau'ly typrcal
for resrdentral env1ronments EPA used this rat10 to convert radon concentratlons to the .
average working level of 0.004 shown in column C of Figure 4 ‘ “
‘The estimation of average lifetime dose of radon and radon decay products requires '
several assumptrons in order to convert cumulatlve res1dent1a1 exposures to workrng level
* months (WLMs), defined as the mtegrated exposure a mlner recelves dunng 170 hours in a
one-workmg-level (WL) envrronment ‘First, an adJustment factor for exposure duratlon is
needed, EPA assuriied that a res1dent is exposed to a given radon level 75 percent of the -
time (shown in Flgure 4 column D), as opposed to 170 hours per month Second, an
adJustment factor for 1nha1at10n rate is requlred since, on average, the mhalatron rate of a
'miner is con31derab1e h1gher than the raté’ for the general populatlon asa result of the miner’s
increased physrcal activity. EPA assumed the average breathing rate of an adult is 15.3 Titers
per mlnute while the rate for a rmner is about 30 hters per m1nute Thrs ratro (15 3 to 30)
 was used by EPA to correct the estlmate of cumulatlve resrdentlal exposure expressed in
WLM (shown in F1gure 4 column F) EPA’s &stimates of cumulative exposure do not -
account for potential vanatrons in lung cell sens1t1v1ty or drfferences in sens1t1v1ty of drfferent
individuals. . ) - o - -
 Estimates of the risk of lung éancer assoc1ated w1th exposure to radon and radon decay
' products are obta1ned pnmarxly from ep1demrolog1ca1 studies of underground mmers - Since
miners in the study are st111 11vmg, ‘the risk observed during part of a hfetrme must be -
: extrapolated to a whole hfetrme "EPA has adopted a relat:lve risk model to estimate an
 increase in risk per WLM of one percent to four percent EPA’s calculatlons are based on an
assumed 11near dose—response relationship and a minimum latent penod of 10 years.
| EPA has progected lrfeume nsk to the ent1re populat10n resultlng in predictions of 5,000 -

to 20 OOO deaths per year from radon exposures The followmg equatlon -was used:
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Total LCDs from Indoor Radon = Cp XT X Fywim X RRRN X TCR X POP

where:

TCR

POP

Il I

o

average (mean) lifetime indoor radon decay product concentration’
0.004 WL-life

average interval of lifetime exposure in hours, following a 10 year
minimum induction period during which no lung cancer will be .
observed, assuming 75% occupancy and 73.88 year life span (1980
vital statistics)

75 X (73.88-10) X 365 X 24 = 419,691.6 hours/life

factor converting average cumulative indoor exposure in WL hours
to working level months (WLM) for a miner (since risk estimates are
based on miner data), accounting for 170 hours per month exposure
period per WLM (by definition), and the difference in breathing rate
between the average adult (15.3 liters per minute) and a miner

(30 liters per minute)

1/170 X 15.3/30 = 0.003 WLM per hour

relative lung cancer risk for lifetime exposure to radon, per WLM,
using relative risk model :
1% to 4% per WLM

underlying annual average of U.S. lifetime lung cancer risk (1980
vital statistics)
4,584 x 107 per person.

1980 U.S. population
226,545,805

National Research Council (1988)

A relative-risk, time-since-exposure model is used by the National Research Council’s

Committee on the Effects of Ionizing Radiation (National Research Council, 1988) for

computing an age-specific lung cancer mortélity rate attributable to exposure to radon and

radon decay products. Components, with appropriate conversion of units to fit the generic

Risk Characterization Framework, are shown in Figure 5.

The National Research Council (1988) report uses the time-since-exposure (TSE) model

to generate tables of gender-specific lifetime risks of lung cancer mortality by age exposure
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started and age exposure ended and at annual exposures rangmg from 0 10 WLM/year to
20.00 WLM/year | | o
- The mathemat_lcal form of the TSE model is:
i@ = 1,(a) [1+8Y@) (W, + 0.5W,)]
where: | |
1(a) = age—spec1ﬁc lung cancer mortallty rate from all causes |

| ro(a); = age-specific background lung cancer mortahty rate from all causes other than

-radon
B = the slope of the dose—response relation
(@) = effect of age on risk (1. 2 for ages <55 1. 0 for ages 55 to 64, and 0.4 for .

ages > 65 years)

| Wi o= WLM of exposure incurred betyveenS and 15 years Vb"efore current age ,

The steps used in applying the TSE model are: -

1. Each year of the period of lnterest is placed invthe: approprlate interval:
‘a. 5-15 years before current age, :
b. > 15 years before current age

2. The total annual risk for the person’s age is calculated using the TSE risk equatlon
' shown above (using an approprlate background age—spec1ﬁc risk r(a));

3. The calculated value of r(a) is mult1p11ed by the chance of surviving all causes of
- death to that age (including the increased risk due to exposure). '

The choice of an appropnate age—speclﬁc background rate is dependent on proper treatment
v of smokmg as well as gender and calendar time. ,

Natlonal Research Counc1l (1988) est1mates the un1t 11fet1me risk (response factor) of
lung cancer mortahty due to a lifetime exposure to radon progeny for males at 5. 06 X 104
per WLM of exposure and for females at 1. 86 X 107 per WLM of exposure Th1s estimate
is based on a lifetime (69.7 years for males and 76.4 years for females) exposure to ‘
0.1 WLM/year of radon decay products. Conversron of unit hfetlme nsk to average lrfetlme v

- individual risk is shown in Figure 5, column I
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National Council on Radiation Protection and Measurements (1984)
The NCRP risk model relies on the Harley and Pasternack (1981) Model B of lung _
cancer excess due to radon progeny. Components, with appropriate conversion of units to fit

the generic Risk Characterization Framework, are shown in Figure 6.

The mathematical form of the model is:

85
LR(t) = = th(tIto)

where:
LR(t,) = the lifetime risk from a single annual exposure at time t
TOA(] t,) = attributable annual tumor.rate at age t (t > 40) due to a single annual
exposure at t,. If exposure occurs after age 35, risk commences at
t, + 5 years, if exposure occurs before age 35, risk commences at
age 40.

The equation used to calculate A(t| t,) is the following:

CA(tlt) = RC /P, ) Xt

where: ,

RC = risk coefficient; assumed 10 X 107 cases/yr/WLM, which is an
average value of all epidemiology studies reviewed

Pt/Pto = life-table correction to account for death from other causes

P, = probability that an individual will be alive at age t,.

(o]
P, = probability that an individual will be alive at age t.. |
A = decrease in rate of risk expression due to repair, cell death, or

unspecified mechanisms.
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The model includes the following aséufnp;tioﬂ%;,. S

1 Based on a review of ep1dem1010grc data on. underground miners, estlmates‘ -
*of attributable risk range from 1.5 to 45 X 10 with a rounded average
value of 10 X 10 «cdses per year per WLM of exposure. 'This -average '

value was used in the calculations in the National Council on Radlatron
Protection and Measurements (1984) report

2. Followmg a latent perlod the tumor rate is an exponentlally decreasmg
function of the time since exposure

3. D1sease rate excess assomated w1th a single exposure mcreases with age at
' exposure.

4, ‘Lung cancer is rare before the age of 40 years

5. Medlan age of lung: cancer among miners 1s about 60 years in nonsmokers .
- and 50 years or older in smokers

6. 'The minimal time. for tumor growth from 1mt1a1 ce]l transformatron to
.- clmlcal detection, is. 5 years.- i e

The model specifies a 5-year latency period’ for persons first exposed at age 35 or older and a

'(40 u)-year latency period for persons under the age of 35 years. -To obtain lifetime nsk
~ due to a single exposure at age u, the equatlon is 1ntegrated over t from age 40 to max1mal
assumed life (age 85 years). To obtain the excess risk at t due to all previous exposure, the
equatlon is 1ntegrated over years of exposure u1, To obtam 11fet1me €XCess nsk from - 3
all exposures, the equation is mtegrated over t and u. , r ;

The NCRP-model predrcts 130 lung cancer.deaths per 106 persons per WLM of

A vexposure The estimate’ 1s based on an average 11fespan of 70 years and a lifetime risk for
lifetime exposure starting at age lof 9.1 % 1073, -Conversions to average 11fet1me 1nd1v1dual

risk estimates are shown in Frgure 6, column I.

ENVIRONMENTAL TOBACCO SMOKE (ETS)

~ A number of studies have been completed which estimate tie annual number of: deaths _
attnbutable to exposure | to env1ronmental tobacco smoke (ETS) and the. hfet1me 1nd1v1dua1

- risks attnbuted to such exposures S1x of these studies are rev1ewed usmg the Risk -
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Characterization Framework. These reviews are presented in Figures 7 through 12.

Although different methodologies and source data are employed by each of the authors, most
of the estimates for both lifetime individual risk and annual death attributable to exposure to
ETS are similar. The predominant health effect that has been assessed is lung cancer.
However, Fong (1982) includes lung cancer and emphysema together in his populatién risk
estimates; Russell et al. (1986) include heart disease, bronchitis, emphysema, and lung cancer
together in their risk estimates; and Wells (1988) provides separate risk estimates for other‘

cancers and for heart disease.

Robins (1986)

The most mathematical analysis of risk attributable to exposure to ETS is Robins’
(1986) appendix to the National Research Council’s (1986) report entitled "Environmental
Tobacco Smoke: Measuring Exposures and Assessing Health Effects", which presents a
sensitivity analysis approach to risk assessment that considers both the epidemiological data
and some measures of exposure to the constituents of ETS. Study components are shown in
the Risk Characterization Framework in Figure 7. Robins’ estimates of the lifetime risk of
lung cancer attributable to ETS in a nonsmoker with moderate ETS exposure are developed
from an analysis that considers 30 different "exposure histories", three different estimates of
the coefficients of the dose-response model, and two different estimates of the overall
summary rate ratio (i.e., average relative risk) which is assumed to be the ratio of the "true"
relative risk in exposed subjects to that in unexposed subjects. ("True" is used here to mean
that this is, in fact, an assumed true value and not the mean of a sample.)

Two different average relative risk ratios are used in this analysis. A weighted average
of the average relative risk ratios from 13 epidemiological studies presented in the National
Research Council report is.calculated to be roughly 1.3. In the analysis, the author assumes
that a weighted average of 1.3 is causally related to differences in ETS exposure between
"exposed" and "unexposed" individuals and not to bias. A second average relative risk ratio
of 1.14 was calculated based on the subset of these epidemiological studies that were
identified as U.S. studies. The assumption underlying the use of these two different average
relative risk ratios is that the true average relative risk ratio is most likely 1.3 and at least
1.14.
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" In this risk assessment the most 1mportant assumptlon was that the average relat1ve nsk
was caused by ETS exposure. This assumptlon is bas1c to the equatlons used for estlmatmg
the true relative risk, the dose (expressed as the carcmogen-equlvalent muimber of act1ve1y
smoked cigarettes 1nha1ed dally), and the. subsequent estlmates of lifetime risk of death from |

lung cancer. The followmg isa presentaﬂon of the general equat10ns used by the author S

yEXCEsS® = 0() [RRgxcass®] B
ther.e: '

excess() = the excess of lung cancer deaths at age t due to a specnﬁc |
: - exposure history - o

' _70(t) = the 1n<:1dence of lung cancer death at age t 1n the absence of |
o ' all exposure to ETS L ,

RRpycpss(t) = the excess relatlve risk for lung cancer due to a particular ~
' : “exposure history. Mathematlcally, 1t can be expressed in the
followmg way: . -

RREXC.ESS' =RR() - 1

where RR(Y) is the true relatlve risk at aget for the exposed group compared to a completely
unexposed group.. The terms in this model are described mathematlcally by the author in his
- article (see National Research Councﬂ 1986, pages 325-326). R ‘

One method- the author employs in the analys1s is to estlmate the coefﬁ01ents of a
five-stage cancer process under the assumptlon that cigarette smoke 1nﬂuences the ﬁrst and
fourth' stages of the prooes‘s,“ "The author further assumes that the ratio of the effect (on a ‘
multiplicative scale) on stage four to that of stage one is th;e'. ’sam_e‘ for': VETS and mainstream
smoke. . Thus, an estimate) of this ratio can be ohtained by‘ fitting a five-stage cancer model to - .
data on the lung cancer experience of active snrokers. - The ,author:calculates_ thi_s ratio based |
on twoivdifferent data sets and calculates 2 third ratio ‘based on an adjustment to one of the .

In addition to the two average relative risk ratios (i.e. , 13 and 1.“14) and the three

different sets of values for the coefficients of the multistage model, the author developed -
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30 exposure histories for the exposed and unexposed individuals. The 30 exposure histories
describe the percentage of time individuals in various age groups were exposed to various
ETS dose rates (relative to the current ETS exposure of an adult nonsmoker without a
smoking spouse). The author states that smaller differences postulated between the lifetime
ETS exposure of "exposed"” and "unexposed" individuals will be associated with larger -
estimates of the true relative risk. Thus, some exposure histories were selected that would
modestly underestimate the true difference in exposure between the "exposed" and
"unexposed"” study subjects, and others were selected that would modestly overestimate this
difference. Shown in Figure 7 are the maximum and minimum estimates from the range of
lifetime risk estimates for males and females covering the 30 exposure histories and three
response factors for the relative risk ratio of 1.3.- Also presented by the author but not shown
in this figure were the same calculations using a relative risk ratio of 1.14. The range of
estimates of lifetime individual risk (shown in Figure 7, column I) for nonsmokers is based
on three separate estimates of the coefficients in the multistage model and the range in
exposure calculated for the 30 different exposure histories. Population risks expressed as the
total number of lung cancer deaths per year among nonsmoking women (or men) (AN)
attributable to ETS in 1985 were calculated by Robins (1986) using the following equation:

AN = 3 AF (t) X I,(t) X N@®

where:
N(t) = the number of nonsmoking women (or men) at risk at age t in 1985
I,() = the age-specific death rate among nonsmoking women (or men) in
1985

AF() = the age-specific fraction of lung cancer deaths due to ETS exposure in
nonsmoking women (i.e., the average relative risk minus 1, divided by
the age-specific relative risk) ' ‘
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In: Order to estimate age—Speciﬁc relative risk among nonsmoking women (or men), age- -

| 'specrﬁc estimates ~of the probability of bemg married to a smoker: and the true relatlve risk in

B exposed and unexposed subJects are needed. The age-specific estlmates of the probabihty of

being exposed are taken from Garfinkel et al (1985) Relative: nsk estimates were calculated
~ in the same way as described for hfetime individual risk estlmates R

. Robins (1986) prov1des estlmates of ETS attnbutable lung cancer. deaths among U.S.-
nonsmokers in 1985 based on ep1demlolog1c data as. shown in column K of Flgure 7. ..
Estrmates are presented for females and males separately w1th a maximum ‘and rmmmum
across all exposure histories and five chorces of dose-response coefﬁcrents. “As shown in .
- Figure 7, the maximum and minimum estrmates calculated based on ep1demlologlcal data are
3, 220 and 1,768 for females and 1,942 and 721 for males respectrvely

.~ Similar sensitivity analyses are presented by Robms (1986) for ex-smokers and -

contmumg smokers for an alternative true relative risk ratio of 1.14 and for dos1metnc
| measurements rather than epidennologrcal studies For example the author estrmates the
individual lifetime. risk of lung cancer attrrbutable to other people’s crgarette smoke for an.
* ex-smoker who smoked .one pack per day from age 18 to 45 and was moderately exposed to .
other people’s 01garette smoke lies between 5.2 X 10'3 and 2. 03 X. 10‘2 Note, these risks
are about 30 percent hrgher than the estimates shown in ,Flglure 7 ‘column I for lifetime
nonsmokers. ‘Similarly, use of a relative risk ratio of‘ 1.14 rather than 1.3 provides a range.
of estimates of annual lung-cancer deaths for female nonsmokers'of 935 to 1,730 and for
male nonsmokers of 360 to 930. These estimates are approxrmately 50 percent lower than

: the estimates shown in Figure 7, column K

. Repace and Lowrey . ; |

] " The Repace and Lowrey (1985) estimates of annual nsk of lung cancers attributable to

exposure to ETS are based on estimates that U.S. nonsmokers are. exposed to between 0 and

" 14 mg of tobacco tar per day with the typrcal nonsmoker exposed 1o 1 4 mg per:day. A "

calculation based on age standardized differences in lung cancer mortahty rates between

Seventh-Day Adventists (SDAs) who never smoked and demographrcally comparable

'~ non- SDAs who never smoked (from studies by Phrlhps et al 1980) yields a passive smoking
A’nsk rate of 7 4 x 107 per year. This was computed from an estimate that about 4,700 lung




cancer deaths per year were attributable to exposure to ETS among the 62.4 millidn U.§. '
nonsmokers. Results are shown in Figure 8. Note that data from the authors’ reference are
in columns I, J, K, and E. Column H was back-calculated in this work.

Seventh-Day Adventists have a lifestyle which avoids smoking and is oriented toward
socialization with co-religionists. Moreover, 40 percent of the study group worked for
church-run organizations; so the SDA lifestyle involves less exposure to ETS than
demographically comparable nonsmokers from the general population.

The phenomenological exposure-response relationship derived by Repace and Lowrey
(1985) was shown by them to predict to within 5 percent the lung cancer mortality rate and
mortality ratio reported in the American Cancer Society cohort studied by Garﬁn*kell(198‘1) in
his study of passive smoking and lung cancer, as well as to explain the differences between
the study of Garfinkel (1981) and the cohort studied by Hirayama (1981). Repace ?nd ) v
Lowrey (1986), in a refinement of their estimates to adjust ‘for sex and standardized to the
total nonsmoking population, calculated a total of about 4,891 lung cancer deaths per year
from passive smoking, of which 1,441 were estimated to be male and 3,450 female. These
estimates are shown in parentheses in Figure 8, column K. These refined estimates are
within 5 percent of their earlier estimates and are consistent with the results of a later
case-control study by Garfinkel et al. (1985) to within 5 percent and to within 5 percent for
the weighted lung cancer mortality ratios of the 13 épidémiologic studies of passive smoking
and lung cancer as analyzed by the National Research Council report in 1986 (Repace and
Lowrey, 1987). ‘

The methodology for calculating these adjusted estimates of lung cancer deaths
attributable to passive smoking is to start wifh the age-specific estimates for both sexes
combined. These age-specific estimates are then separated into male and female estimates of
lung cancer deaths, assuming 28.6 percent occur in men as presented in Arundel et al.
(1986). The percent of over- or under-estimation -for each sex in each age group is derived
from Arundel et al. (1986). These peféentages are used to adjust the estimates of lung cancer
deaths for each sex in each age group. For three of the age groups (e.g., 35-44, 45-54, and
55-64) both male and female estimates of lung cancer deaths were adjusted downward while
for the remaining two age groups (65-74 and 74+) estimates of lung cancer deaths for both

sexes were adjusted upward.
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Russell et al. (1986) B | e
o Unnary nicotine con,c_entrat_ions, msmokers and:nons‘mokersare used to"estimate L
exposure and risk to nonsmokers from ETS in;Russ;ell_.et al. (19.86),. ~ This analysis is
summarized in Figure 9. Urinary nicotine levels vvere chosenas a.chemical' marker for
smoke intake because nicotine is speciﬁc to tobacco smoke, and urinary nicotine is stable and
 thus is su1table as a measure of tobacco smoke exposure over several hours. The levels eas11y ,
differentiate "exposed” and ' non—exposed" nonsmokers The average concentrahon in -
nonsmokers who reported some exposure was 15. 5 ng/ ml three trmes the value of 5.2 ng/ml
for those who reported no recent exposure The average unnary n1cot1ne concentratlon of .
“188 nonsmokers from four stud1es was 10.8 ng/ml compared w1th 1,471 ng/mt in a combmed
sample of 229 smokers. On the basis of these measurements they estimated that nonsmokers
receive on average about 0.7 percent of the n1cot1ne dose of active smokers -

_ The authors assume that the dose—response effect at low levels is 11near ThlS leads to a
further assumption that a’ fa1r estimate of deaths due to passive smoklng can be. based ona
proportion of deaths attnbuted to active smoking. - In other words, the nsk of _death from
passive smoking was assumed by the authors to be approximately 0.7 percent-of .thatfdue, to
active smoking. The authors’calculate the number of ,pr'emat‘ure vdeaths,»per'-yearamong ‘
nonsmokers is estimated to be about l,OOO.in.Britain and over 4,000 in the U.S. as shown in 'v

column K of Figure 9.

Wigle et al. (1987) i :
Information on the proport1on of people who had never smoked among victims of lung. .

cancer in Canada is compﬂed in Wigle et al. (1987) ‘This analysis is. summanzed in F1gure .

10. The total number of Tung cancer deaths per year attributable to ETS in Canada was.

-estimated to be 330 This number ‘was denved by applying the age— and sex- spe01fic rates of

~ death from lung cancer attributable to ETS that were est1mated by Repace and Lowrey to. the .

Canadian population at risk as determmed by the 1983 survey on smoking habits-of ..
- Canadians. The U.S. populatron is approx1mate1y 10 t1mes the populahon of Canada

therefore 3,300 deaths from lung cancer were estimated i in the U: S " based on this study.".
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Wells (1986) ‘
The epidemiological literature on ETS and adult lung cancer, other cancers, and heart
disease is reviewed in Wells (1986). The primary model that was used by the author to
estimate risk combined relative risks from the various studies that pertained to a given sex |
and disease and assumed that the combined relative risk was constant with age. A combinec}

relative risk was calculated using the following equation:

W,InR, + W, InR,

R, = exp
WCO + WCC
where:
Ry, = the combined relative risk
R., = the relative risk for cohort studies
R, = the relative risk for case control studies
W,, = the weight for cohort study
W.. = the weight for case control study

The weights for the cohort and case control studies are the inverses of the respective
variances. The excess death rates attributable to lung cancer for never smokers for passive -
smoking (Dpy) for each sex are shown in Figure 11, column K. These estimates were
calculated for each sex and five-year age range from never smoker death rates (D) by the .

following equation:

]?px = Dps R-1)/[Fp(R-1)+1]
where:
F, = the fraction of the population that is exposed

R = the combined relative risk (R, from above) |
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Deaths were then calculated by multiplying the passive smoking excess Adeath rate by the
exposed populatmn for each sex and five—year age interval, then summed The sum for males -
-and females is shown in Flgure 11, column K. v

For female lung cancer three cohort studies and 14 case control studles were combmed
The overall combined relative risk is 1.44 with'a 95 percent confidence limit of 1.3 to0 1.7.
The male lung cancer relative risk was based on a combination of two cohort studies and
seven case control studies. The overall combined relative risk is 2.1 with a 95 percent .
confidence limit of 1.3 to 3.2. _ _

In addition to lung cancer risk, the author estimates passive smoking related deaths for
other cancers and for heart disease. By disease, the total consists of 700 lung cancer deaths,
11,000 other cancer deaths, and 32,000 deaths due to heart disease. For each million of the
total populatlon, the deaths by disease are 13 for lung cancer, 46 for other cancers, and 134
for heart disease. ' ' |

Fong (1982) v c

The hazard of ambient cigarette smoke to nonsmokers is compared to the hazard of
primary smoke to smokers in Fong (1982). Figure 12 provides a summary of his anaiysis.
Fong assumed the nonsmoker worked in an office for 11 hours per day where 37 percent of -
the workers smoke and commuted on an unventilated bus 1 hour each day where 37 percent
of the occupants smoke. The remaining 12 hours of each day was assumed to be uhexposed. '
‘The ratio of the exposure of honsmokers- to the, exposure of smokers is represented by the |

following equation:
TR =1y X1y, XT3 X1,
where:
R = the ratio of exposure-of a nonsmoker to a smoker

1; = the ratio of the dens1ty of secondary smoke to pnmary smoke

‘1, = the ratio of the times of exposure of the two cases
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r; = the ratio of toxicities of the two types of smoke

r, = the ratio of the amounts of the ambient smoke (secondary plus side stream)
a nonsmoker is exposed to and the primary smoke a smoker is exposed to

The maximum value of the ratio R calculated for this scenario is 1/13.

Since the effect of smoking in the U.S. has been stated as an excess of deaths of
350,000 per year, the maximum risk of ambient smoke to nonsmokers in the U.S. was
estimated at 50,000 excess deaths per year (based on a smoker to nonsmoker ratio of 37:63).
Fong (1982) assumes that 16 percent of the total deaths due to smoking are caused by lﬁng
cancer and 4 percent are due to emphysema. The remaining 80 percent are caused by heart
disease and other cancers. The author notes, however, that other factors such as diet
confound the effects of ETS on heart disease and cancers at other sites. He, therefore,
assumes that only 20 percent of the risk of death from all causes attributed to ETS exposure
as calculated by the above methodology is the realistic state-of-the-art estimate of the excess
risk of death attributable to ETS. Thus the excess risk of death from ETS exposure is 1/60
that of primary smoke. This corresponds to an excess of 10,000 deaths per year. ’

VOLATILE ORGANICS

This section includes risk estimates of indoor exposure to volatile organic compounds
other than formaldehyde, which is addressed separately in the next section. Three studies are
included in this review: Tancrede et al. (1987), Wallace (1986), and McCann et al. (1986).
EPA’s Total Exposure Assessment Methodology (TEAM) Study provides indoor exposure
concentration data used in all three studies. However, the first two studies use TEAM Study
data exclusively to estimate exposure, whereas the McCann et al. (1986) study uses multiple
literature sources as the basis for determining exposure concentrations to be used in the risk
analyses.

A major difference among the three studies is the methodology employed to estimate
carcinogenic potency. Wallace (1986) uses unit risk values developed by EPA’s Carcinogen
Assessment Group (CAG). As part of a sensitivity analysis, he compares these unit risk
estimates with those developed by the "Harvard Group" which explicitly incorporates

uncertainty into the estimate of potency. The potencies estimated by the Harvard Group can
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be several orders of magnitude higher than the CAG estimates Tancrede et al' (1987) use-
1‘ Athe Harvard Group methodology to est1mate carcmogemc potency Because th1s methodology
! is different from the methodology employed by CAG, Tancrede et al est1mate potenc1es for ’
52 chemrcals of which only nine have correspondmg CAG values. McCann et al. (1986) .

provide a sensmvrty ana1y51s on carc1nogemc potency for 24 chermcals based on four

methodologies. Nme of the chemicals have correspondlng CAG values:. F1gures 13,14, and . -

15 prov1de a detarled review of these three studies.

Tancrede et al. (1987) ) o . L N S

- This study by Tancrede et al. uses mdoor a1r pollutant exposure data- from the Total -
Exposure Assessment Methodology (TEAM) Study conducted in Bayonne and Ehzabeth NJ,
and Los Angeles, CA, as well as data from a study by Lebret et al. (1984) in. the Netherlands
to predict cancer risk from exposure to 52 organic chermcals Median estimates of cancer -
potency were calculated from human data: (benzene) or animal b1oassay data 20 chermcals)
when such 1nformat10n was available. Cancer. potency was estimated frorn -toxicity . and
mutagen1c1ty data and other information on b1olog1cal act1v1ty for the remammg 31 chemrcals
using the analoglcal theoretical methodology developed by Fiering and WllSOIl (1983) For
most of the 31 chem1cals studies of comparat1ve toxicities and act1v1t1es in promotron and -
co- carc1nogenes1s expenments of the chemicals and related compounds were used to esumate
potenc1es For a few of these chem1cals potenc1es were est1mated from an mhalatron or, oral “
LDSOtakenfromthehterature B “‘ T

The rev1ew presented in F1gure 13 focuses on Tancrede s nsk estimates us1ng exposure

Adata from the Los Angeles, CA TEAM study These data are based.on personal exposure -
momtormg of 200- people in the Los Angeles area dunng the w1nters of 1983 and 1984.
Although not presented in F1gure 13, the authors present a s1m11ar analysis based .on. the New
Jersey TEAM study and the study by Lebret. et al. (1984) of organic chemlcals in four Dutch
‘homes over a six- month penod Figure 13 also presents only those risk est1mates for whrch
the potency factor was based on ‘human or animal b1oassay data and excludes all nsk ,
estimates for which the potency factor was based on the analoglcal theoretrcal methodology
since this methodology is- not in accord with the EPA RlSk Assessment Gu1delmes (U.S. ..~
 Environmental Protection Agency, 1987a). Tancrede et al.’s (1987) analys;s ,of l1fet1,rne_
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median, mean, aﬁd 98th-percentile risk to residents of Los Angeles, CA, for individual
organic chemicals is presented on separate framework pages in Figure 13.

The median risk estimate (pages 1 to 3 of Figure 13) is based on ‘median exposure and
potency estimates, without incorporating uncertainty, using the following equation:

R=3x10%784d

where:
R = the median estimate of lifetime risk
Té = the median estimate of carcinogenic potency
d = the median estimate of exposure dose

3 x 10 is a dosimetry factor which accounts for a breathing rate of the exposed individual
of 20m3 per day; a 100 percent absorption rate; a 70 kg average body weight; and the
conversion of micrograms to milligrams.

The mean risk estimates (pages 4 to 6 of Figure 13) incorporate uncertainty information
into the risk calculation by using median estimates of the potency factor and dose along with

an estimate of 02 in the following way:
R =3 x 10% B d exp(c?/2)
where:
73, ‘dand 3 X 107 are defined above; B
The authors assﬁrﬁe that potency and dose are lognormally diétributed, and thus risk is

assumed to be lognormally distributed with a variance 0? given by adding the variance of

each of the following four factors:

2 _ 2 2 2 2
) —Ux-+0'y +0t +O’zv
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where:

0 = the standard deyiation of the risk eStimate B

0, = the uncertamty 1n measunng potency in ammal expenments

o, = the uncertainty in extrapolatmg from animals to humans assumed to be
loge(4 5)=1.5 :

g, = thé uncertainty due to different routes of admimstration is assumed- to
- be loge(5)=1.6- : , .

o, = uncertainty (variability). inddse
~ This results in a mean risk estimate yvhich is exp(o /2) greater than the median estimate. -
N The 98th—percent11e nsk estlmate (pages 7 to 8 of Figure: 13) mcorporates uncertamty

“into the nsk calculation ina srmllar manner usmg the followmg equation

R98 =3 >< 10 B E,exp(2.0537a)' .

Thus, the 98th—percent11e nsk estimate is exp(2 05370) greater than the’ medran estlmate A

- result of this methodology is that estimates with the most uncertamty (largest standard T
~ deviation) in the input parameters have the hlghest estimated risk. - S

Two key assumptions are made in this analysis. First, exposure is assumed to be

continuous for a 70-year lifetime. This assumption is Abased on evidence that indiyiduals :
Spend 80 to 90 percent of their time indoors. However, the exposure data used in the |
 analysis are from overnight personal air samples taken during the winter months in each of
the three locatrons Thus, a second assumption is that the overnrght personal air sample data

for the home are reasonably representatrve of air, concentrations from 4ll 1ndoor micro-

environments, over long time periods. ‘ . S ‘
Tancrede et al. (1987) also provrde estimates of the mean annual total nsk for fe
mixture of contaminants measured in the TEAM Study at each of three locatlons Bayonne
NJ; Elizabeth, NJ; and Los Angeles, CA. The basic assumption used to denve these ‘
- estimates is that the risk from the mixture of organics presented in the analysis is the sum of

the lifetime individual risk posed by each of the chemical_s separately. Thus, risks are




assumed to be additive. These risk estimates are not presented in Figure 13 since they

include many compounds other than those shown here.

Wallace {(1986)

This study uses EPA’s TEAM Study data to construct a rough nationwide risk
assessment for the following six chemicals: benzene, chloroform (both air and water),
carbon tetrachloride, trichloroethylene, tetrachloroethylene, and para-dichlorobenzene. The '
TEAM study measured personal air and drinking water exposures to these six chemicals and
approximately 15 other chemicals for 600 residents of New Jersey, North Carolina, North
Dakota, and California between 1981 and 1984. This sample represented a total population
of ~700,000 in seven cities. The author cautions that although this is the largest personal
exposure data set available, its use in providing rough estimates of population risks should be
considered in light of the many and great uncertainties in these estimates.

The review presented in Figure 14 focuses on the author’s estimates of individual
lifetime risk and population risk for the six chemicals for both metropolitan and
nonmetropolitan residents. The equation used by Wallace (1986) for calculating the risk of

excess cancer incidence (y;) for an individual from exposure to a carcinogen is the following:

Vi T ax
where:

a' = potency of the carcinogen, in units of excess cases per unit concentration
normalized to a 70 kg male with a 70-year lifetime (i.e., unit risk factor)

x; = mean lifetime concentration

The equation used to estimate aggregate or population nsk (Y) where the sample size is N

and the sum of the weights equals a target population (P) is the followmg

Y = Pa wx
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where:

a = potency as defined above -

WX = the anthmetlc mean of the populat10n—we1ghted exposure dlstnbutron

O P ISP 21 B EEE TR :tie.g_\»;»»,:,.—;‘(;,. e e ;

The author notes that these equatrons 1gnore drfferences in 1nd1v1dual suscepubrhty, the

poss1ble multistage nature of cancer; the dlfferent effects of early exposure versus late
' exposure and the drfferent actrons of 1n1t1ators promoters and carcmogens among others

. The potency estlmates used by. the author for five of the chemlcals were un1t r1sk

estimates [expressed as (ﬂg/m3) 1] developed by EPA’s Carcmogen Assessment Group
(CAG).. For benzene the unit rrsk estlmate 1s based on human eprdemrologlcal data and are
a best (max1mum hkehhood) estimate. -For tetra chloroethylene trrchloroethylene
 chloroform, and carbon tetrachloride, the unit risk estimates are based on animal studres and
are calculated from the. 95-percent upper conﬁdence limit on the potency factor The unrt
 risk estimate for para—drchlorobenzene is not. a CAG estlmate but was calculated by the
author based on a Natronal Toxicology Program mouse b1oassay For comparatlve purposes
~ the author also presents mean and 95—percent upper confidence 11m1t potency estrmates '
developed by a group at Harvard. The1r methodology mcorporates uncertarntres of varrous

types into the calculation.. A large variance exists between the CAG 95—percent upper : e

: conﬁdence hmrt estrmates and the Harvard estrmates

: , The author calculates both hfetrme 1nd1v1dual nsh and populatlon rrsk for those living 1n‘
U.S. metropolrtan areas and nonmetropohtan areas. The author assumed that the TEAM |
- Study data for New Jersey and California are representatlve exposures for 178 x lO6
metropolrtan res1dents and the North Carohna and North Dakota data are representat1ve
exposures of 56. % 10° r nonmetropohtan resrdents ' v I o |
In addition to what is shown in Frgure 14, the author presents srmrlar estlmates for
outdoor exposures to these chemlcals and comparatlve nsk estlmates usmg the potency factors

developed by the Harvard group
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McCann et al. (1986)

The literature for indoor air concentrations for 140 organic compounds is reviewed in
McCann et al. (1986). In Figure 15 the risk estimates calculated using both maximum and
mean concentrations combined with the maximum likelihood (MLE) and 95-percent upper
confidence level (UCL) unit risk factors are shown for eight carcinogens. These eight '
chemicals (plus formaldehyde shown in the next section) were included in Figure 15 because
they are considered carcinogens by EPA and have unit risk factors estimated by EPA’s
Carcinogen Assessment Group. The MLE estimate is shown because in most cases it is the
lowest or similar to the lowest unit risk estimate of the four. Similarly, the 95-percent UCL
is similar to the highest unit risk estimate, in most cases. Howéver, EPA unit risk estimates
are the highest for several compounds including benzene, dichloromethane, |
dimethylnitrosoamine, and vinylidenechloride. Figure 15 gives the general range of risk
estimates made by the authors.

The primary sources for the full list of compounds examined in this study were the
published literature and presentations made at the 1984 Indoor Air Quality meetings in
Sweden. Based on this literature review, the authors performed preliminary assessments of
cancer risks for 24 chemicals. All concentration data presented by the authors are direct field
measurements in homes and public buildings that the authors judged to reflect everyday
exposure in normal, noncomplaint homes and offices. They did not include, for example,
concentrations of formaldehyde in UFFI homes or concentrations measured in traditional
occupational settings. When available, maximum and median or mean concentration
measurements were recorded by the authors.

Four different approaches were employed to estimate unit risk values for the 24
chemicals. Maximum likelihood estimates and 95-percent upper confidence level values were
calculated using the multistage model based on the dose-response data given by Gold et al.
(1984, 1986). The authors do not state which animal study these estimates are based upon
when multiple studies are reported for the same chemical. Risks were also calculated using
the most potent TD5 estimated by Gold et al. (1984, 1986). The authors assumed this value
is a point on a linear dose-response curve and have divided 0.5 by the TD5, (estimated as the
equivalent dose in ,ug/m3) to obtain the risk per unit dose. When Gold et al. (1984, 1986)

reported that curves were nonlinear, the authors modified the risk estimates by using a less
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than (<) or greater than (>) sign. Also, unit nsk factors reported in EPA’s Health
Assessment Documents (U S Env1ronmental Protectron Agency, 1985a—f 1986) were used
Nine of the 24 chermcals have EPA unit r1sk numbers and eight of these chemicals are shown

in Figure 15; formaldehyde is shown separately in Figure 18.

FORMALDEHYDE

Interagency Regulatory Liaison Group (1981) ,

‘The Interagency Regulatory L1a1son Group s Task Group on Formaldehyde (1981)
pubhshed an extensive summary of studies on the exposure and resultmg ‘health effects,
environmental effects, and health nsks attnbutable to formaldehyde A summary is presented o
in F1gure 16. The report prov1des a detailed breakdown for exposure of subpopulatrons
including four occupat10nal categories, three consumer categones (e.g., residents of mobrle
homes, conventional homes), and ambient aJr and water. The risk estimates shown in
Figure 16, column I have been calculated by the Interagency Regulatory Liaison Group
(1981) with potency factors that were estimated from an ammal b1oassay No scalrng factors.

were used in estimating human potency, therefore it is d1fﬁcult to present an accurate

relat10nsh1p between columns G, H and Iin Flgure 16.

Tancrede et al. (1987) , _ o ,

Tancrede et al. (1987) present medlan, mean, and 98th-percent11e 1nd1v1dua1 risk '
estimates attnbutable to exposure to formaldehyde in the average U‘.S. home. The authors
assume formaldehyde exposure follows a lognormal distribution with a medfan indoor o |
concentration of 0.05 ppm and 2 logarithmic standard deviation of 1.8. This is an assumed
value in agreement with several studies for all U. S houses. The authors use a carcinogenic
potency factor derived by Zeise et al. (1984) of 8, = 0.11 (mg/kg- day) with a standard
deviation of 0.18. The authors also assume the standard deviation of human response

associated with this potency factor to be 1.5. This analysis is shown in Figure 17.
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McCann et al. (1986) ‘

Formaldehyde was included in the McCann et al. (1986) study on indoor air
concentrations and preliminary carcinogenic risk assessment for 24 organic compounds. Th1s
study has been previously mentioned in the section on volatile orgamc compounds

The authors used four different approaches to obtain unit risk values Maximum
likelihood estimates (MLE) and 95-percent upper confidence level values (UCL) were
estimated from experimental results and tumor data used by Gold et al. (1984, 1986) to ‘
calculate the most potent TDso. A response factor was also calculated from the TDs value
which is assumed to be a point on a linear dose-response curve. The fourth method (EPA)
was to use the unit risk factor reported in EPA Health:Assessment Documents (Environmental
Protection Agency, 1986). The unit risk factors were applied to both average and maximum
concentrations reported in literature to obtain the eight 11fet1me risk est1mates which are
shown in Figure 18. Lifetime individual risk using maximum measured concentrations
ranged from a high of 9.0 X 102 to a low of 3.1 x 1073, (Figure 18, page 1, column I).
Corresponding values for the mean measured concentrations (page 3, column I) ranged from
a high of 9.5 X 103 to a low of 3.7 X 105, Due to the nonlinearity of the dose-reéponse
curve for formaldehyde, the potency factor estimates are also dependent on the concentration.
Thus, corresponding values in column H on pages 1 and 3 of Figure 18 are not identical. At
lower concentrations there is a nonlinear change in nsk (column I) for MLE and UCL -
estimates. Linearity is assumed in EPA and TDs, potency estimates.

Additionally, the authors estimated the percentage of population at "high risk” from
formaldehyde exposure. "High risk" was deﬁned as lifetime individual risks of greater than
one in 1000 (10"3) Populations at risk were calculated based on geometric mean and
geometric standard deviation of concentration data by DeBortoli et al. (1985). Those at high
risk ranged from less than 0.01 percent of the total U.S. populatlon for the MLE to greater
than 99 percent for TDs,. These values have been included in Figure 18, column K, page l,
for estimates of carcinogenic risk for lifetime exposures to maximum measured
concentrations. However, no attempt was made to quantify the number of excess cancers

expected.
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'ASBESTOS | | | |
Several nsk assessments for occupatlonal exposures to asbestos have been performed |

:(Hogan and Hoel 1981 Nicholson et al 1982; and N1cholson 1983) These assessments 7 |

focus on occupatlonal exposures that have occurred in the past The recent analys1s by

v Mauskopf (1987), wh10h is rev1ewed 1n this monograph focuses on occupatlonal and

“ nonoccupatronal exposures to asbestos from products manufactured under current regulatrons

for asbestos and asbestos products Th1s analys1s draws on the work of N1cholson and others o

~. and was v1ewed as one of the few analyses addressmg nonoccupatlonal exposure Rlsk ‘ T

' ,charactenzatmn components are shown in F1gure 19 '

: 'Mauskopf (1987) . .
ThlS study presents an analys1s of cancer nsk attrrbutable to exposure to asbestos from -
"products manufactured dunng the years 1985 to 2000 for n1ne product categorles (shown in |

column B of F1gure 19) Th1s analysrs takes 1nto account current government regulauon of .

asbestos and prOJects cancer rrsk for the next 100 years attnbutable to exposure to products S

‘ manufactured dunng the 16-year penod 1985 to 2000 F1ve occupat10na1 and four B S f
. nonoccupatronal exposures 1dent1ﬁed in the hfecycle of each of the nine product categones ‘
are mcluded in the analysrs occupatronal and nonoccupatronal exposure durlng pnmary
manufacture secondary manufacture (occupatronal only), 1nstallatron use, and
reparr/drsposal ' . B ‘ o

Exposure data used by the author vary in duratlon from 1 to 30 years among the
categorres and therefore cannot be presented d1rectly in F1gure 19 A werghted yearly
. lifetime average exposure was calculated and is presented in Frgure 19 column E 1n un1ts of '

" ﬁbers per year These exposure values must be converted us1ng the dos1metry factor in A
| Flgure 19, column F to units apphcable to the r1sk models used (ﬁbers per ml), normahzed
for an occupat10nal work exposure (Flgure 19 column G) The risk models used were .
developed from occupattonal studies. The un1t of measure for dose in the model is 1n ﬁbers ‘

per ml over a typ1cal work year. S1nce data from occupatronal exposure stud1es indicate that ‘

excess mortality is proportional to both the level and duratlon of exposure, it is reasonable to . -

normalize indoor air exposure to an occupat10na1 equivalent. The total exposure in fibers per

year were normahzed to an occupatronally equrvalent concentration, as if that exposure




occurred during a typical work year of 40 hours per week, 50 weeks per year with a
breathing rate of 1 m3/hr.

Two health effects were evaluated, lung cancer and mesothelioma. The author used a
life table risk assessment model which utilized actual data on the time, level, and duration of |
exposure and which provided estimates of individual lifetime risk (Figure 19, column I) and
expected cancer cases (column K) among total exposed population (column J). Estimates |
were also generated for when in the future those cancer cases would occur and the mean ages
of those persons contracting these diseases as a result of asbestos exposures. These types of
estimates are not shown in Figure 19. '

Cancer cure rates and annual death rates after diagnosis for the terminal patients were
assumed to be constant across demographic gr.oups, expdsur'e categories, and products.
Values estimated and used in the analysis were the fbllowing: cure rates of 8 percent and
2 percent for lung cancer and mesothelioma réspectively, and, for those dying from the
diseases, annual death rates after diagnosis of 81 percent and 71 percent for lung céncef and’
mesothelioma respectively. The following dose response factors from Selikoff et al. (1979)
were used: K; = 1.0 X 102 (ﬁbers/milliliter)'1 for the lung cancer relative risk model and -
Km = 1.5 X 1078 for the mesothelioma absolute risk model. These are not the same as the
response factors shown in Figure 19, column H. The ‘calculated response factors shown in
Figure 19, column H represent the average lifetime risk from asbestos exposure of an
occupationally normalized exposure of 1 fiber/ml. These response factors were
back-calculated by dividing the lifetime individual risk (Figure 19, column I) by the
calculated yearly average lifetime dose (Figure 19, column G). ‘

The author conducted a sensitivity analysis using alternative dose-response faétqr.
Upper bound estimates were from Seidman et al. (1979) and obtained from a study of
workers exposed less than a year. Seidman values were K; = 6.8 X 102 and K, =
5.7 X 1078, Values of K; = 3.1 x 10 (Hughes and Weif, 1980) and K, = 0.7 x 107
(Peto, 1980) were used to obtain lower bound estimates. The author pfeciicted a total of .
1,541 cancer cases, and the sensitivity analysis revealed a range of 268 to 8,090 total cases.
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: CONCLUSIONS/RECOMMENDATIONS -

CON CLUSIONS

L Few complete quantltatlve rlsk characterlzatlons appear m the llterature. B
While. many scientific studies were found which deal with md1v1dua1 components of nsk
assessment only a few stud1es combme exposure assessment data wrth dose—response |
‘ vevaluatlons to*produce quantitative risk charactenzatmns (as deﬁned in the U S.

Env1ronmenta1 Protecuon Agency Risk Assessments Guidelines of 1986)

o Most of the I'lSk characterizatio'nistudies which were found andvrevAi-ev_v,ed'focus on
cancer risk, o S N \ . ‘
For radon, formaldehyde and asbestos the cancer nsk est1mates are for lung cancer. The

,analys1s of cancer risk from exposure to asbestos mcludes mesothehoma as a separate L

health effect in add1t10n to Tung cancer The. analys1s of cancer risk from exposure to
specific volatile orgamcs does not specify any partlcular type of cancer. Three of the ETS

' Aanalyses address d1seases other than cancer mcludmg heart and lung d1seases

e Few published risk characteri'zations,‘are strong in all cornponents of risk assessm_ent.z
Often a rigorous dose-response evaluation has been combined with a very cursory

exposure assessment (or vice versa).

° ‘Pollutants may be ranked for compar]son by mdlvndual hfetlme I'lSk or by l'lSk to o
' exposed populatmns o o | -
" The two approaches (F1gures 2 and 3) g1ve d1fferent results and are best analyzed m
comb1nat10n and with regard to we1ght—of—ev1dence evaluat10ns These summary ﬁgures
- prov1de useful 1ns1ghts mto the relat1ve 31gn1ﬁcance of mdoor air pollutants such as radon 7

asbestos organic compounds and env1ronmental tobacco smoke
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e A large quantity of data essential to future risk characterizations is emerging from
the current work. v
While few completed risk characterization studies were found, a large number of studies

containing one or more essential components of risk characterization were identified.

o The review of risk characterization studies and analyses presentéd in this work must
be considered preliminary. .
While considerable effort was expended to identify risk characterization studies (from EPA ‘
and RTI data bases, technical libraries, and computerized library resources), the authors

cannot be sure that the universe of all relevant studies has been captured.

RECOMMENDATIONS
e Continued work should focus on:
— refining the systematic review and presentation of the complex components of risk
assessment. ‘
This should be done so that critical assumptions and data strengths and weaknesses can
be further understood by more people. The Risk Characterization Framework
(presented in Figure 1 and utilized in Figures 4 through 19) provides a start in that

direction.

— combining existing data on exposure and dose-response relationships to make new
risk estimates.
Such estimates should be based on a methodology and assumptions designed to provide
risk estimates that are as comparable as possible between pollutants. A best currentiy
available risk characterization for a particular pollutant could be developed by
combining the most scientifically defensible information on hazard identiﬁcatipn,

exposure assessment, and dose-response relationships.
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—. performing sensitivity analyses. .. - . o o
This would provide an understanding of the 1mportance of mput risk parameters to the
- resultmg risk charactenzanons Careful study of the uncerta1nt1es in the risk
: charactenzatmn process w111 lead to 1mproved nsk estlmates and greater conﬁdence in

. those estimates.
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GLossary

“Absolute risk prOJectlon model: a model which esnmatesjthe risk of exposnré"'heyond“
the years of observation of a studied population by projecting the average observed

number of excess cancers per unit dose into the future years of risk (U. S.
,Envuonmental Protection Agency, 1987)

Act1v1ty the mean number of decays per umt time of a radloactlve nuchde Umts
becquerel (Bq) curie (C1) (Nat10na1 Research Council, 1988).

A Alpha energy: the energy released when an alpha partlcle emitted durmg radroactlve
decay is halted by collision with a substance (e.g., lung tissue). The amount of energy
depends on the velocity of the alpha particle, which in turn depends on the source of
radioactive decay (e.g., decay of U-238 versus Ra—226) (U.s. Envuonmental Protectlon '
Agency, 1987). .

~ Alpha particle: two neutrons and two protons bound as a smgle parucle that is emitted
from the nucleus of certain radioactive isotopes 1n the process of decay or disintegration
" (National Research Council, 1988). : o

* Attached radon decay product. a radon decay product that is attached to a partlcle of ‘
dust or other material in air (U. S Envnonmental Protectlon Agency, 1987).

| Bequerel (Bq): the SI unit of rad10act1v1ty equal 0 one dlsmtegratlon per second (U S
Environmental Protect10n Agency, 1987) ,

~ Beta particle: a negatwely charged subatomic partlcle (electron) emitted from a
nucleus during some types of radloactlve decay (U S. Environmental Protectlon
Agency, 1987)

Cohort' a large homogeneous group of people tested in ep1demlologlcal or
socioeconomic studies. EPA’s lung cancer estimates are based on calculations for a
cohort of 100,000 people (U. S. Env1ronmenta1 Protectron Agency, 1987).

Constant-relative-risk model a risk model which assumes that after a certaln time,
the ratio of the risk at a specific dose to ‘the risk in the absence of the dose does not
change with time (Nat10nal Research Counc11 1988)

o Cumulatlve workmg level month (CWLM) " a unit of cumulative radon exposure. .
The sum of lifetime exposure to radon working levels in total working level months
(U.S. Environmental Protectlon Agency, 1987). ' :
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Curie (Ci): a unit of radioactivity, deﬁned as that quantity of any radioactive nuclide
which spontaneously undergoes 3.7 X 1010 disintegrations per second. One gram of
radium-226 has an activity of one curie (U.S. Environmental Protection Agency, 1987).

Decay series: the consecutive members of a family of radioactive isotopes formed by
sequential radioactive decay. A complete series commences with a long-lived parent
such as U-238 and ends with a stable element such as Pb-206 (U.S. Environmental
Protection Agency, 1987).

Electron volt (e€V): a unit of energy = 1.6 X 1012 ergs = 1.6 x 10197, 1 eV is
equivalent to the energy gained by an electron in passing through a potential difference
- of 1 V; 1 KeV = 1,000 eV; 1 MeV = 1,000,000 eV (National Research Council,
1988).

Equilibrium factor: an adjustment used in converting from picocuries per liter (pCi/L)
to working-level concentration (WL), which takes into account the possible absence of
radioactive equilibrium between radon and its decay products (U.S. Environmental
Protection Agency, 1987).

Equilibrium fraction: ratio of the concentration of radon decay products to
concentration of radon in the same sample of air at radioactive equilibrium. Typical
measured values range from 0.3 to 0.7, with an average of.about 0.5 (U.S.
Environmental Protection Agency, 1987).

Gamma ray: short-wavelength electromagnetic radiation of nuclear origin (range of
energy, 10 keV to 9 MeV) (National Research Council, 1988).

Tonizing radiation: subatomic particles or photons that have sufficient energy to
produce ionization directly in their passage through a substance (U.S. Environmental
Protection Agency, 1987).

Latent period: the minimum period of time between exposure and expression of the
disease. After exposure to a dose of radiation, there is delay of several years (the latent
period) before any cancers are seen (National Research Council, 1988).

Lifetime risk: the lifetime probability of contracting a specific disease (National
Research Council, 1988).

Lifetime risk ratio: the ratio of the lifetime risk (R,) of an exposed person to the
lifetime risk of an unexposed person (R,). This number minus 1 is the proportional
increased risk associated with exposure (R/R, - 1) (National Research Council, 1988).

Linear dose model: this model postulates that the excess risk is linearly proportional to
the dose (National Research Council, 1988).
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" Linear energy transfer (LET): average amount of energy lost per unit track length
‘(National ] Research Council, 1988) ’ . ,

vPlcocunes per Titer (PC1/L) a umt of measurement of act1v1ty concentrauon One
picocurie per liter is equal to 10 cunes per liter (U S. Environmental Protecnon
Agency, 1987) '

~ Progeny: the decay products resultmg after a series of radroactlve decays Progeny can
also be radioactive, and the chain continues until a stable nuclide is formed. Radon
progeny of primary concern to the public health community are 218-Po, 214—Pb '
214-Bi, and 214-Po (Nat10nal Research Counoﬂ 1988)

Radiation dose: the total amount of 1omzmg radlatron absorbed by matenal or tlssues
in the sense of absorbed dose (expressed in-rads), exposure (expressed in roentgens), or -

- dose equlvalent (expressed in rems) (U.S. Envrronmental Protectlon Agency, 1987)

Radioactive equilibrium: a state in 'wh1ch the rate of formatlon of atoms by decay of a
parent radioactive isotope is equal to its rate of disintegration by radroactlve decay, so
that the act1v1ty of the parent and the decay product assume a constant proportion.  This
proportion is equal to one, if the parent has only one mode of radioactive decay. -

‘Because radon decay products tend to attach readily to surfaces, equrhbnum between 7
radon and its decay products is seldom reached. Using the average value of the

equilibrium fraction (0.5), a ratio of about 200 pCi/L of radon to 1 WL of radon decay
,'products is fa1r1y typical for res1dences (U S. Envrronmental Protectlon Agency, 1987) '

Radioactive secular equlllbrlum ideal steady state 51tuat10n in Whlch radon’ decay
products would be formed and would decay at the same rate. Under such ideal

conditions, the ratio of concentrations (or activities) of radon to decay products would
be such that 100 pCi/L of radon and 1 WL of decay products would be present in the .
same sample of air. Secular equ111br1um is never achieved because some of each of the
decay products is removed from the air (due to attachment to walls, floors, etc.) before
undergoing decay (U.S. Envuonmental Protectlon Agency, 1987 Natlonal Research
Council, 1988). : e i

Relative risk: the ratio of the rate of dlsease in exposed to unexposed populatlons ) '
(U.S. Environmental Protectlon Agency, 1987).

Relative risk projection model: a model which estimates the risk of ‘exposure beyond
the years of observation of a study’s population by projecting the currently observed

. percentage increase in cancer risk per unit dose into the future years (U S.
Environmental Protection Agency, 1987).
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Risk coefficient: the increase in the annual incidence or mortality rate per unit dose:
(1) absolute risk coefficient is the observed, minus the expected number of cases per
person-year at risk for a unit dose; (2) the relative-risk coefficient is the fractional
increase in the baseline incidence or mortality rate for a unit dose (National Research
Council, 1988).

Risk estimate: . the number of cases (or deaths) that are projected to occur in a
specified exposed population per unit dose for a defined exposure regime and expression
period—for radon, the number of cases per person cumulatlve work1ng-leve1 month N
(National Research Council, 1988)." S

Synergistic model: a form of cancer causality whereby two or more carcinogens l(for
example, radon and tobacco smoke) act synergistically to cause cancer with a greater
probability than if each were acting alone (U.S. Envuonmental Protection Agency,
1987). '

Threshold hypotheSIS. the assumption that no radlatlon 1njury occurs below a spec1ﬁed
dose (National Research Council, 1988) ‘

Time-since-exposure (TSE) model a model in wh1ch the relat1ve or absolute nsk is
not constant but varies with the time after exposure (Natlonal ‘Research Councrl 1988)

Unattached radon decay product a radon decay product that is not electrostatlcally
attached to dust or particles in the air. Capable of attachlng to lung tissue if 1nha1ed
(U.S. Environmental Protection Agency, 1987). :

Working level (WL): any combination of short—hved radon progeny in 1 liter of air
that will result in the ultimate emission 1.3 X 10° MeV of potential alpha energy. This
number was chosen because it is approximately the alpha energy released from the
decay of progeny in equ111br1um with 100 p1cocur1es of 22 Ra (Nat10na1 Research
Council, 1988).

Working-level month (WLM): exposure resulting from inhalation of air witha

concentration of 1 working level of radon progeny for 170 working hours (National -
Research Council, 1988).
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APPENDIXB

) Concentration Units and Conversion Factors for Radon and Radon Progeny .
The q'uantity'of radioactive species present in a given volume of air is typ1callyspec1ﬁed

by activity rather than by mass. The standard mternatronal (SD un1t for activity is the
: Becquerel (Bq) whrch is deﬁned as 1 radroactrve decay per second The Curre (Cr) ‘and
picocurie (pCr) represent 3.7 X 1010 Bq and 0. 037 Bq, respectrvely, and are often used in |
o the U.S. to express quantrty of radon o v L
: Concentration of radon in air is typrcally expressed in Becquerels per cublc meter ,
(Bq/ m3) or in prcocunes per liter (pC1/L) 'Concentration of radon progeny (218Po 214Pb
21"'Br and 214Po) in air is typrcally expressed in working levels (WL). A workmg level is
any combination of radon progeny ‘which has the potentral to release 1.3 >< 105 mega—electron
volts of alpha energy per liter of air (MeV/L) Concentratrons of radon and radon progeny in

'mdoor air are, of course, related but the relatronshlp is dependent upon a number of factors '
‘A 'Such factors mclude the rate at wh1ch progeny are removed from the air (by attachment to N :
aerosols dust partrcles walls, cerhngs and ﬂoors) In mdoor env1ronments, one workrng 7.
level of progeny corresponds to about 150-300 pCl/L of radon, w1th 200 pCl/Ij represenung '
about the average conversion factor for radon in homes. L A

" Radon 1tself because of its behavior as essent1ally a chemrcally 1nert gas wrth no.
aff'mrty for attachment to other materials (mcludlng aerosols, ,dust partlcles, d lung t1ssue), ,
does not appear to pose a’ senous threat to human health Radon progeny, however, attach
readrly to other matenals mcludmg lung t1ssues Because of thls, eprdemlologrcal studres are
usually concerned with exposure to radon progeny rather than w1th exposure to radon

Exposure to radon progeny is typrcally measured in workmg—level months (WLMs), where.
| one WLM is equivalent-to 170 hours of exposure to one WL of progeny.:
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TABLE OF CONVERSIONS
Description '

Conversions

Activity: mean number of radioactive decays per unit 1 Bq = 1 decay/sec
time. Typically expressed in Becquerels (Bq), Curies
(Ci), or picocuries (pCi). | 1Ci = 3.7 x 10°Bq

1 pCi = 0.037 Bq

Concentration: activity per unit volume. Typ1ca11y 1 pCi/LL = 37 Bq/m3
expressed in Becquerels per cubic meter (Bq/m ) or ,
picocuries per liter (pCi/L) for radon and in working 1 WL = 200 pCi/L
levels (WL) for radon progeny. A WL is defined in (typically, in a home)
terms of potential alpha energy (from radon progeny) -

per liter of air. Some assumptions regarding relative 1 WL = 3.7 x 10° Bq/m3
concentrations of radon and progeny are required for ~  (at radioactive equil.)
conversions between pCi/L (or Bg/m ) and WL.

Progeny concentration may also be expressed in 1 WL = 1.3 x 10° MeV/L
energy units of mega-electron volts per liter MeV/L)

or joules per cubic meter (J/m>) with proper 1 WL = 2.1 x 10° I/m3

conversion of units,

Exposure: exposure concentration multiplied by the 1 WLM = 170 WL-h
length of time exposed. Exposure to radon progeny is

typically expressed in working-level months (WLM). 1 WLM = 3.5 x 1073
A WLM is equivalent to exposure to a concentration J-h/m3 '

of 1 WL for 170 hours.
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