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2. HEALTH EFFECTS

2.1 | NTRODUCTI ON

This chapter contains descriptions and eval uati ons of studies and
interpretation of data on the health effects associated with exposure to
radon. Its purpose is to present |evels of significant exposure for radon
based on toxicol ogi cal studies, epideniological investigations, and
environnental exposure data. This information is presented to provide public
health officials, physicians, toxicologists, and other interested individuals
and groups with (1) an overall perspective of the toxicology of radon and (2)
a depiction of significant exposure | evels associated with various adverse
heal th effects.

Radon is a relatively inert noble gas that does not readily interact
chemcally with other el enents. However, radon is a radi oactive el enent and
eval uation of the adverse health effects due to exposure to radon requires a
slightly different approach than other chem cals. Radioactive elenments are
t hose that undergo spontaneous transformation (decay) in which energy is
rel eased (enmitted) either in the formof particles, such as al pha and beta
particles, or photons, such as gamma or X-ray. This disintegration or decay
results in the fornati on of new el ements, sone of which may thensel ves be
radi oactive, in which case they will also decay. The process continues until
a stable (nonradioactive) state is reached (See Appendix B for nore
i nformation).

The decay rate or activity of radi oactive elenents has traditionally been
specified in curies (C). The activity defines the nunber of radioactive
transformations (disintegrations) of a radionuclide over unit time. The curie
is approximately 37 billion disintegrations (decay events) per second
(3.7 x 10" transformations per second). In discussing radon, a smaller unit,
the picocurie (pCi) is used, where 1 pC is equal to 1x10™ G . In
i nternational usage, the S.I. unit (the International Systemof Units) for
activity is the Becquerel (Bqg), which is equal to one disintegration per
second or about 27 pC . (Information for conversion between units is given in
Chapter 9.) In the text of this profile, units expressed in pG are foll owed
by units in Bg contained in parentheses. The activity concentration of radon
or another radionuclide in air is expressed in G/liter (L) of air (Bg/m).
The activity concentration is a description of the exposure rather than the
dose. In radiation biology the termdose refers specifically to the anpbunt of
radi ant energy absorbed in a particular tissue or organ and is expressed in
rad (or grays).

When radon decays, it and its daughters (decay products) enmit al pha and
beta particles as well as ganmma radi ati on. However, the health hazard from
radon does not cone prinmarily fromradon itself, but rather fromthe
radi oactive products forned in the decay of radon. These products, called
"radon daughters"” or "radon progeny," are also radioactive (See Chapter 3 for
nore informati on on the chemical and physical properties of radon). Unlike
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radon, the radon daughters are heavy netals and readily attach thenselves to
what ever they contact. The main health problens arise when radon daughters or
dust particles carrying radon daughters are inhal ed. Radon daughter particles
attach to lung tissue and decay, resulting in the deposition of radiation (in
the formof al pha particles) in the lung tissue.

Because it was not feasible to routinely neasure the individual radon
daughters, a unit terned the "Wrking Level" (W) was introduced by the U S
Public Health Service. The W. unit is a neasure of the ampbunt of al pha
radiation emtted fromthe short-lived radon daughters (pol oni um 218
pol oni um 214, and | ead-214) and represents any conbi nation of short-Iived
radon progeny in one liter of air that will release 1.3 x 10° million electron
volts (MeV) of al pha energy during decay. One W. is equivalent to 2.08 x 10°
joul es per cubic meter of air (J/ ).

To convert between units of radon-222 radioactivity (C or Bg) and the
potential al pha energy concentration (W. or J/m), the equilibrium between
radon gas and radon daughters must be known (See Chapter 9 for conversion
formula). Wien radon is in equilibriumwith its progeny, that is, when each
of the short-lived radon daughters is present at the sane activity
concentration in air as radon-222, then 1 W equals 100 pC radon-222/L of
air. However, when renoval processes other than radioactive decay are
operative, such as with ventilation, the concentration of short-Ilived
daughters will be less than the equilibriumamunt. In such cases an
equilibriumfactor (F) is applied. For exanple, if the equilibriumfactor is
0.5, then 200 pC radon-222/L of air is equivalent to 1.0 W,; if the
equilibriumfactor is 0.3, then 1 W. corresponds to 333 pC radon-222/L of
air.

An addi tional unit of mneasurenent used to describe hunman exposure to
radon and radon progeny is the Wrking Level Month (WM, which expresses both
the intensity and duration of exposure. One W.Mis defined as the exposure of
a person to radon progeny at a concentration of 1.0 W. for a period of 1
wor ki ng nonth (WM. A working nonth is assunmed to be 170 hours. The S. |
unit for WM is joul e-hour per cubic neter of air (J-h/m); 1 WMis equal to
3.6 x 10°J-h/m.

The W. and the WLM have been used to descri be hunman exposure in
occupational settings for uraniumand other hard rock niners. Since the WM
represents both the intensity and duration of exposure, it al one does not
provi de enough information to deternmine the actual activity concentrations of
radon in the air. For exanple, exposure to radon and radon daughters at 1 W
(100 pC radon-222/L of air) for 100 working nonths (WW) results in a
cunul ative dose of 100 WL.Ms; exposure to 100 W (10,000 pC radon-222/L of
air) for 1 WMalso results in a cunul ati ve dose of 100 W.Ms

For both human and ani mal studi es, exposures expressed in W.s were
converted to pG radon-222/L of air. The unit of activity, the curie (or
Becquerel), is the appropriate unit to describe radon levels in the
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environnent, Unless otherwi se stated by the authors of the studies reviewed,
the equilibriumfactors assuned for the conversion of W.s to pC were 1.0 for
ani mal studies and 0.5 for occupational epidem ol ogical studies. For severa
of the epidem ol ogi cal studies, exposure categories were expressed in WM

wi t hout specific information concerning duration of radon exposure; therefore,
for these studies dose conversions were not made. In this text and in the
Suppl emental Docunent, whenever possible radon | evels are expressed in
activity concentrations of pC/L of air, pC/kg of body weight, or pG/L of
water (along with the corresponding units in Becquerels).

Radon-222 is a direct decay product of radium 226, which is part of the
decay series that begins with uranium 238 (see Chapter 3, Figure 3-1).
Thori um 230 and thorium 234 are also part of this decay series. Uranium
thorium and radium are the subject of other ATSDR Toxi col ogi cal Profiles.
O her isotopes of radon, such as radon-219 and radon-220, are forned in other
radi oactive decay series. However, radon-219 usually is not considered in the
eval uation of radon-induced health effects because it is not abundant in the
envi ronnent (Radon-219 is part of the decay chain of uranium 235, a relatively
rare isotope) and has an extrenely short half-life (4 seconds). Radon-220 is
al so usually not considered when eval uating radon-rel ated health effects.
Wil e the average rate of production of radon-220 is about the sane as radon-
222, the ampunt of radon-220 entering the environnent is much | ess than that
of radon-222 because of the short half-life of radon-220 (56 seconds). Al
di scussions of radon in the text refer to radon-222.

2.2 DI SCUSSI ON OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To hel p public health professionals address the needs of persons living
or wor ki ng near hazardous waste sites, the data in this section are organized
first by route of exposure -- inhalation, oral, and dermal -- and then by
health effect -- death, system c, imunol ogical, neurol ogical, devel opnental,
reproductive, genotoxic, and carcinogenic effects. These data are di scussed
in terns of three exposure periods -- acute, internediate, and chronic.

Level s of significant exposure for each exposure route and duration (for
whi ch data exist) are presented in tables and illustrated in figures. The
points in the figures showi ng no-observed-adverse-effect |evels (NOAELS) or
| owest - observed- adverse-effect |evels (LOAELS) reflect the actual |evels of
exposure used in the studies. LOAELs have been classified into "l ess serious"
or "serious" effects. These distinctions are intended to help the users of
t he docunment identify the levels of exposure at which adverse health effects
start to appear, deternine whether or not the intensity of the effects varies
wi th dose and/or duration, and place into perspective the possible
significance of these effects to hunan health.

The significance of the exposure | evels shown on the tables and figures
may differ depending on the user's perspective. For exanple, physicians
concerned with the interpretation of clinical findings in exposed persons or
with the identification of persons with the potential to devel op such disease
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may be interested in | evels of exposure associated with "serious" effects.
Public health officials and project nanagers concerned with response actions
at Superfund sites may want infornation on | evels of exposure associated with
nore subtle effects in humans or aninmals (LOAEL) or exposure |evels bel ow

whi ch no adverse effects (NOAEL) have been observed.

For certain chem cals, |evels of exposure associated wth carcinogenic
effects may be indicated in the figures. These levels reflect the actua
doses associated with the tunor incidences reported in the studies cited.

2.2.1 I nhal ati on Exposure

Level s of significant exposure for the inhalation route for acute,
i nternedi ate, and chronic exposure duration (for which data exist) are
presented in Table 2-1 and illustrated in Figure 2-1

2.2.1.1 Death

No deaths in hunans have been reported as the result of acute radon
exposure. However, several epidemological studies of individuals exposed
over | ong periods have reported significant increases in early nortality due
to cancer and nonneopl astic (noncancer) di seases (see Section 2.2.1.8 for a
di scussi on on cancer). Descriptions of cancer nortality were presented by
exposure categories, i.e., WM categories; however, deaths due to noncancer
respiratory effects were generally reported for the total cohort. |ncreased
nortality as a result of nonneoplastic respiratory diseases, such as enphysenn
and pul nonary fibrosis, has been reported in United States urani um niners
exposed to radon and radon daughters at concentrations in the range of 100 to
10,000 pG radon-222/L of air (3,700 to 370,000 Bg/ni) (Lundin et al. 1971,
Waxwei |l er et al. 1981). The concentrati on of radon and radon daughters in
mne air was reported to result in cunulative exposures of from50 WMto
| evel s equal to or greater than 3,720 WLM The incidence of nortality from
respiratory diseases other than cancer and tubercul osis has been reported for
uraniummners and related to cumul ati ve exposure expressed in W.Ms (Archer et
al. 1976). As exposure increased, the nunber of cases per 1,000 individuals
exposed al so increased. However, there are a nunber of confounding factors to
consider in all of these studies, including exposure to other agents,
ethnicity, snoking history, and work experience. The cases of nonneopl astic
respiratory diseases reported in these niners cannot be attributed solely to
radon or radon daughters but may be due to exposure to silica, to other mne
pol | utants, to snoking, or to other causes.

In a nore recent study (Roscoe et al. 1989) nortality from nonmali gnant
respiratory disease was reported for a cohort of white nonsnoking uranium
mners. Deaths fromthese di seases were twelve tines higher in uraniummners
than in nonsnmoking United States veterans. Causes of death in the cohort
i ncluded silicosis, chronic obstructive pul nonary di sease, fibrosis, and
enphysena. However, the exposure history of the individuals having these



TABLE 2-1.

Levels of Significant Exposure to Radon - Inhalation

Figure
Key Species

Exposure
Frequency/
Duration Effect

LOAEL (Effect)

Less Serious

(pCi/L)

Serious

(pCi/L)

Reference

ACUTE EXPOSURE

Death

1 Mouse
Systemic

2 Mouse

INTERMEDIATE EXPOSURE

Death

3 Rat

4 Rat

5 Mouse

6 Hamster
Systemic

7 Rat

8 Mouse

1d
5-40hr

1d Hemato
5-40hr

4-6mo
2d/wk
lhr/d

lifespan
2d/wk
90hr/wk

lifespan
150hr/wk

lifespan
2d/wk
90hr/wk

lifespan Resp
2d/wk Other
90hr/vwk

lifespan Resp
150hr/wk Hemato
Other

4.8x108 (dec bw)

4.2x105 (dec bw)

2.2x108 (30 day LD50)2

2.2x108 (anemia)

4.8x106

4.2x105

4.8x10°

4,8x106

(dec lifespan)

(dec lifespan)

(dec lifespan)

(metaplasia)b

4,2x105 (metaplasia)
4.2x10% (dec lymphocytes)

Morken 1955

Morken 1955

Chameaud et al,
1984

Palmer et al.
1973

Morken and Scott

1966

Palmer et al.
1973

Palmer et al.

1973

Morken and Scott
1966
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TABLE 2-1 (Continued)

Exposure LOAEL (Effect)
Figure Frequency/ NOAEL Less Serious Serious
Key Species Duration Effect (pCi/L) (pCi/L) (pCi/L) Reference
9 Mouse lifespan Resp 4.8x10% (fibrosis) Palmer et al.
2d/wk Other 4.8x10% (dec bw) 1973
90hr/wk
10 Hamster lifespan Resp 4.8x10% (metaplasia) Palmer et al.
2d/wk Other 4.8x10% (dec bw) 1973
90hr/wk
11 Dog 1-50d Resp 5.5%105 (fibrosis)® Morken 1973
5d/wk
20hr/d
Cancer
12 Rat 2.5-8wk 3.0x103 (CEL-1lung) Chameaud et al.
4d/wk 1982
3-6hr/d
13 Rat 25-115 d 7.5%105 (CEL-1lung) Chameaud et al.
4-5hr/d 1974
14 Rat 4-6mo 3.0x103 (CEL-lung) Chameaud et al.
2d/wk 1984
lhr/d
CHRONIC EXPOSURE
Death
15 Hamster lifespan 3.1x105 Pacific
5d/wk Northwest
6hr/d Laboratory 1978
Systemic
16 Human >1mo-18yr Resp >1.0x10% (tuberculosis) Waxweiler et al.
(occup) 1981
17 Hamster lifespan Resp 2.6x105 (hyperplasia)d Pacific
5d/wk Hemato 3.1x103 Northwest
6hr/d Other 2.6x10°% (dec bw) Laboratory 1978

¢

S1034Ad4d HLITVIH

71



TABLE 2-1 (Continued)

Exposure LOAEL (Effect)
Figure Frequency/ NOAEL Less Serious Serious
Key Species Duration Effect (pCi/L) (pCi/L) (pCi/L) Reference
Cancer
18 Human 0.5-23yr 3.4x102 (CEL-lung) Gottlieb and
(occup) Husen 1982
19 Human (occup) 2.0x102 (CEL-lung) Morrison et al. 1981
20 Human 0-14yr 1.0x102 (CEL-lung)® Solli et al.
(occup) 1985
21 Human >29yr 6.0x101 (CEL-lung) Edling and N
(occup) Axelson 1983 .
22 Human >1yr->20yr 5.0x10! (CEL-lung) Damber and t:El
(occup) Larsson 1985 >
o
23 Human 48wk /yr 5.0x101 (CEL-lung) Howe et al. 2
48hr/wk 1987
=1
(occup) rr
o]
24 Human >10yr >3.0x10! (CEL-lung) Snihs 1974 Eg
—
(occup) 2
25 Human >2-30yr 1.5x109 (CEL-lung) Svensson et al.
(res) 1987
26 Human (occup) 2.4x102 (CEL-lung) Fox et al. 1981
27 Human >1mo-18yr 1.0x102 (CEL-lung) Waxweiler et al.
(occup) 1981
28 Human >1mo-30yr 4.0x102 (CEL-lung) Roscoe et al.
(occup) 1989

22.2x108 presented in Table 1
b, 8x10% presented in Table 1
©5.5x105 presented in Table 1-
d2.6x105 presented in Table 1
€100 presented in Table 1-1.

NCAEL=no-observed-adverse-effect level; LOAEL=lowest-observed-adverse-effect level; pCi/L=picocurie per liter; d=day; hr=hour; wk=week;
mo=month; CEL=Cancer Effect Level; yr=year; hemato=hematological; resp=respiratory; occup=occupational; dec=decreased; bw=body weight;
res=residential

Gl
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di seases was not reported. Excepting cigarette snoking, this study has all of the
confoundi ng factors nentioned previously.

Mortality due to nonneoplastic respiratory di seases was not significantly
el evated in other uranium mning cohorts including mners in Czechosl ovaki a
(Sevc et al. 1988) or Ontario, Canada (Muller et al. 1985). Although
environnental radon |evels were not reported in either the Czechosl ovaki an or
Canadi an studi es, cunul ative occupational exposure to radon and radon
daughters were estimated at |l evels up to about 600 W.Ms. A statistically
significant excess of nortality due to chronic nephritis and renal sclerosis
was al so reported in the United States uranium miner cohort, although it is
uncl ear whether this was related to exposure to radon, uraniumore, or other
m ning conditions or to nonmning factors (Waxweiler et al. 1981).

The acute lethal effects of radon and radon daughters have been studied
in mce. A 30-day LD,, was estimated based on single exposures via inhalation
to radon and radon daughters at a concentration of 2.2 x 10° pG/L (8.1 x10°
Bg/ m)for 5 to 40 hours (Mrken 1955). After 40 hours of exposure, 100% of
t he exposed mice died within 2 weeks (cause of death was not reported), while
no deaths occurred within 60 days foll owi ng an exposure of 26 hours or |ess.

Significant decreases in the lifespan of |aboratory animals exposed to
hi gh doses of radon and radon daughters were reported by several investigators
(Cross 1987; Morken 1973; Mrken and Scott 1966; Pal ner et al. 1973).
Respiratory systeminsult contributed to the death of treated aninals in these
studi es, although the actual cause of death was not reported. The |ifespan of
mal e and female mce (nmedian |ifespan of controls was 79 and 98 weeks) was
reduced by 55% and 42% respectively, as a result of continuous exposure (150
hour s/ week) to 4.2 x10°pC radon-222/L of air (1.6x10" Bg/m) for up to 47
weeks (Morken and Scott 1966). Enmaci ation, reddening of the ears, and
abnormal grooni ng was observed precedi ng death. Pseudoparal ysis was observed
in mce which died a few days after exposure (Mrken and Scott 1966). A
simlar decrease in |lifespan was observed in rats and hansters foll ow ng
exposure to 4.8 x10°pCG radon-222/L of air (1.8 x 10° Bg/mi) for 90 hours/week
(Palmer et al. 1973). Al animals in the Palner et al. (1973) study died by
the fourth nonth of treatnent, while all treated aninmals in the Mdrken and
Scott (1966) study died by the eleventh nonth. At |ower concentrations (3,000
pC radon-222/L of air [1.1x10° Bg/m] for 2 hours/week, 6 nonths) the
lifespan of rats was not decreased (Chaneaud et al. 1984).

2.2.1.2 Systenic Effects
No studies were | ocated regardi ng cardi ovascul ar, gastrointestinal
nuscul oskel etal, hepatic, dermal, or ocular effects in humans or aninals after

i nhal ati on exposure to radon and radon daughters.

Respiratory Effects. Adverse respiratory effects have been observed in
humans under occupational conditions and in | aboratory aninmals exposed to
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radon and radon daughters. Epi demni ol ogy studies of mner cohorts report an

i ncreased frequency of chronic, nonneoplastic |ung diseases, such as enphysenn
and pul nonary fibrosis, anbng uraniummners in the United States (Lundin et
al. 1971; Roscoe et al. 1989; Waxweiler et al. 1981) and anong Cornish tin
mners (Fox et al. 1981), and chronic interstitial pneunonia anong Canadi an
uraniummners (Muller et al. 1985). Chronic lung di sease was reported to
increase with increasing cumul ati ve exposure to radiation and with cigarette
snoki ng (Archer 1980). In addition, nonsnoking uraniummners were al so
reported to have increased deaths from nonmalignant repiratory di sease
conpared to a nonsmoking United States veteran cohort (Roscoe et al. 1989).

Alterations in respiratory function in United States urani um m ners have
been reported (Archer et al. 1964; Sanet et al. 1984a; Trapp et al. 1970).
Anal yses anpong United States uraniumniners indicated a | oss of pul nmonary
function with increasing cunul ative exposure (Archer et al. 1964) and with the
duration of underground mining (Samet et al. 1984a). Eval uations of these
respiratory end points did not pernit assessnent of the effects of each of the
ot her possible nmine pollutants, such as ore dust, silica, or diesel-engine
exhaust. The individual contributions of these factors to the observed
adverse respiratory effects are not defined.

No studies were | ocated regarding the respiratory effects of radon and
radon daughters in | aboratory animals followi ng acute exposure. Respiratory
toxicity occurred in mce, hansters, dogs, and rats follow ng exposure to
radon and radon daughters for internedi ate exposure durations. Chronic
i nflanmation (radi ati on-i nduced pneunonitis), pneunpnia, and/or fibrosis of
varying degrees in the alveolar region occurred in nost aninmals exposed to
radon and radon daughters (4.2x10° to 4.8x10° pG radon-222/L of air [1.6x10’
to 1.8 x 10° Bg/ni]) for 4 to 150 hours/week for 10 to approximtely 45 weeks
(Chauneaud et al. 1974; Morken 1973; Mrken and Scott 1966; Pal mer et al
1973). In these studies, the relationship of dose, tenporal dosing pattern
and | ength of exposure to onset of effects is unclear since the time of onset
of effects was rarely reported or effects were reported only when ani mals died
or were sacrificed.

In Pal mer et al. (1973), rats, mice, and hansters, were exposed to radon
[4.8x10° pC radon/L of air (1.8x10° Bg/m)] via inhalation for approximtely
90 hours per week, in two continuous 45-hour periods. These aninals were
allowed to die, or were sacrificed when noribund, after which they were
hi st opat hol ogi cal | y exam ned. At four nonths of exposure, only one of the
rodents renmined alive. The radiation effects observed in these aninals,
whi ch included interstitial pneunonitis or septal fibrosis, were found at
post-nortem exam nation. Therefore the onset of respiratory effects could not
be determ ned.

In a study conducted by Morken and Scott (1966), mce were to be exposed
to 4.2x10°pC radon/L of air (1.6x10" Bg/ni) 150 hours/week for life.
However, by week 15 of the experinent the nedian lifetine of the animals had
been decreased by 50% However, the cause of this decreased |ifespan -was not
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reported. The authors then sacrificed the renmaining animals (15 treated mce
and 3 control mce) for purposes of histopathol ogical exam nation. Trachea

ef fects, including thickening of the nucous nenbrane, inflammtion of the
mucous gl ands, and destruction of cells lining the trachea, were observed.
However, the onset of these effects could not be determnined. In Mrken

(1973) 9 mice and dogs were exposed to radon for intermedi ate periods of tine
and then sacrificed at designated tines post-exposure. In mice exposed to
5.5x10° pG radon/L of air (2.0x10"Bg/m) for 10, 15, 20, or 25 weeks,

| esions of the trachea and bronchi were observed i nmedi ately post-exposure,
but by ei ght weeks post-exposure tissues appeared normal. However, with

i ncreasing time post-exposure, the epithelial lining of the term na
bronchi ol e becane flattened or di sappeared. At long intervals after exposure
to radon for 25 weeks, non-specific pulmonary effects, including snmall foci of
interstitial fibrosis, were observed in mce. In dogs exposed to radon for
one to 50 days [5.5x10° pG of radon/L of air (2.0x10" Bg/m®], no significant
effects were observed in treated dogs i medi ately post-exposure conpared to
untreated controls. At one and two years post-exposure, there was a "probable
increasing relation"” to dose of small foci of chronic inflanmation. At three
years post-exposure, this relation had di sappeared in dogs exposed to | ow
doses of radon up to 800 W.M but was still considered "probable" for the

| arger doses. However, a definite tine of onset of respiratory effects in
either mice or dogs could not be determined fromthe results of this study.

Respiratory effects similar to those observed foll owi ng internediate
exposure have al so been observed in | aboratory aninmals follow ng chronic
exposure to radon and radon daughters. Respiratory |esions, mminly squanous
net apl asi a, were observed in the bronchioal veol ar regi on of hansters 8 nonths
following initiation of lifetinme exposure to 2.6x10° pG radon-222/L of air
(9.6x10° Bg/m) for 30 hours/week (Pacific Northwest Laboratory 1978).

Pul monary fibrosis in rats, hamsters, and dogs and enphysena in hansters
and dogs occurred foll owi ng exposure to radon and radon daughters and urani um
ore dust (Cross et al. 1984, 1985, 1986; Pacific Northwest Laboratory 1978).
In hansters enphysema was produced as a result of exposure to uraniumore
al one, diesel exhaust alone, and radon and radon daughters al one; however,
enphysena was not observed in hanmsters at cumul ative doses of radon of Iess
than 7,000 W.M (Pacific Northwest Laboratory 1978). Fibrosis occurred in
hansters foll owi ng exposure to radon and radon daughters at a cumul ati ve dose
of 8,000 WM in conbination with uraniumore and di esel exhaust, but not with
radon and radon daughters al one at cumul ati ve exposure at approxi nately 7,000
W.M However, the incidence of bronchial hyperplasia was significantly
greater in hansters receiving radon and radon daughters alone. In dogs the
conbi nati on of uraniumore dust and radon and radon daughters produced nore
severe enphysena and fibrosis than uranium ore dust al one; however, radon and
radon daughters alone were not tested in dogs (Pacific Northwest Laboratory
1978). Fibrosis, but not enphysemn, was observed in rats exposed to radon and
radon daughters and uraniumore dust (Cross et al. 1984, 1985). These studies
are discussed further in Section 2.6.
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Renal Effects. A statistically significant increase in nortality due to
ki dney di sease, characterized by chronic nephritis and renal sclerosis, was
reported anong United States uraniummners (Waxweiler et al. 1981) and in
Canadi an m ners at the Eldorado mines (Miuller et al. 1985). Kidney toxicity
has been induced experinentally in aninmals exposed to urani um (ATSDR 1990a).

Ki dney di sease was not reported anong other mning cohorts and no studies were
| ocated regarding renal effects in laboratory aninmals follow ng inhalation
exposure to radon. It is not clear whether the kidney effects observed hy
Waxwei | er were due to radon, uraniumore, or other mning and nonm ning
factors.

Hemat ol ogi cal Effects. No studies were |ocated regardi ng hematol ogi ca
effects in humans after inhalation exposure to radon

Hemat ol ogi cal effects have been observed in mice followi ng acute and
chroni c exposure to radon and radon daughters. The extent and severity of the
hemat ol ogi cal effects in mce were exposure related. Effects follow ng acute
exposure, either a single or multiple exposures, were transient. Recovery to
control values occurred within a shorter tine post-exposure after a single
acute exposure than with nultiple exposures. Chronic exposure of mce to
radon-222 resulted in dose-related alterations to the hematol ogi cal system

Foll owi ng a single exposure to mice of 1.76 x 10° pG radon-222/L of air
(6.5x10° Bg/ ni), transient decreases in erythrocytes, reticul ocytes,
platelets, and white blood cells were observed i medi ately post-exposure
(Morken 1961). Platelets and white blood cells returned to control |evels hy
50 days post-exposure, and reticul ocytes increased 50%to 100% over controls
within 2 to 3 weeks, but returned to normal about one year after exposure.
Erythrocyte counts renai ned depressed for one-year post-exposure (Morken
1961). In nmice exposed 2 or 4 times at concentrations of 2.11x10° pG radon-
222/ L of air (7.8x10° Bg/ni), erythrocyte counts remai ned depressed conpared
to controls, while platelets and neutrophils rapidly decreased and then
recovered within 2 weeks (Mrken 1964). After nultiple exposures, |ynphocyte
counts remai ned | ower for |onger periods of tine conpared to single exposures,
i ndi cating that recovery was affected by |arger or repeated doses (Mrken
1964). These effects are based on results observed in snall nunmbers of
ani nal s.

In mice, lifetinme exposure to 4.2x10° pG radon-222/L of air (1.6 x 10’
Bg/ m) , 150 hours/week resulted in mld, progressive anemia in male nice and a
decrease in | ynphocyte count in male and female mce, which was linearly
related to cumul ative dose as expressed in working |evel nmonths (W.M) (Mrken
and Scott 1966). However, no hematol ogical effects were observed in hansters
exposed to 3.1x10°pC radon-222/L of air (1.1x10" Bg/mi) (Pacific Northwest
Laboratory 1978).

QO her Systemic Effects. Exposure to radon and radon daughters at
concentrations ranging from2.6x10° to 4.8x10° pG radon-222/L of air (9.6x10°
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to 1.8x10° Bg/ni), 30 to 150 hours/week, resulted in a significant decrease in
body wei ght in hanmsters (Pacific Northwest Laboratory 1978), nice (Mrken and
Scott 1966; Palner et al. 1973), and rats (Palner et al. 1973). There was no
expl anation given for these weight |osses and food consunption was not
reported in any of the studies.

2.2.1.3 | mmunol ogi cal Effects

No studi es were | ocated regardi ng i munol ogi cal effects in humans and
animal s after inhal ati on exposure to radon.

2.2.1.4 Neurological Effects

No studi es were | ocated regardi ng neurol ogical effects in hunans after
i nhal ati on exposure to radon. Two gui nea pigs exposed to approximtely
4.7x10" to 5.8x10" pC (1.7 x10° to 2.15 x 10° Bg) radon for 1 to 2% hours
becarme drowsy, their respiration increased, and after several hours, they died
(Proescher 1913). Autopsy showed that both animals died fromrespiratory
paral ysis caused by central nervous systemfailure. The study has nmany
[imtations, such as the use of only two aninals and the possibility that
oxygen deprivation contributed to the respiratory failure. A causa
rel ati onshi p between central nervous system failure and radon exposure was not
est abl i shed.

2.2.1.5 Devel opnental Effects

No studies were | ocated regardi ng devel opnental effects in hunmans and
animal s after inhal ati on exposure to radon.

2.2. 1. Reproductive Effects

No maternal or fetal reproductive effects in humans have been attri buted
to exposure to radon and radon daughters. However, a decrease in the
secondary sex ratio (males:females) of the children of male underground niners
may be related to exposure to radon and radon daughters (Dean 1981; Muiller et
al. 1967, Wese and Ski pper 1986). The secondary sex ratio of the first born
children of uranium nminers was decreased with cumul ati ve exposure to radon and
radon daughters in mners whose nedi an age at the tine of conception was | ess
than 25 years of age but was increased with cunul ati ve exposure to radon and
radon daughters in mners whose nmedi an age at the tine of conception was
greater than 25 years of age (Waxweiler and Roscoe 1981). This age effect was
al so observed when the miners were anal yzed according to race.

No studies were | ocated regardi ng reproductive effects in aninmals
foll owi ng i nhal ati on exposure to radon and radon daughters.
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2.2.1.7 Cenot oxi ¢ Effects

Sone epi dem ol ogi ¢ studi es have indicated that radon and radon daughters
may produce genotoxic effects in persons exposed in occupational and
environnental settings. Brandomet al. (1978) reported a higher incidence of
chronosomal aberrations anbng urani um m ners exposed to radon and radon
daughters at cunul ative exposures ranging from <100 to >3,000 W.M as conpared
to their matched controls. A clear exposure-related increase was observed for
the groups exposed to 770 to 2,890 W.Mwith a sharp decrease at the highest
dose group (>3,000 WM. The cause of the reversal in exposure-response at
t he highest dose is unclear, Increases in chronosomal aberrations were al so
reported anong spa-house personnel and in area residents in Badgastein
Austria, who were chronically exposed to radon and radon decay products
present in the environment (Pohl-Rfiling and Fischer 1979, 1982; Pohl-Rtiling et
al. 1976). A study by Tuschl et al. (1980) indicated a stimulating effect of
repeated | owdose irradiation on DNA-repair in |ynphocytes of persons
occupational |y exposed to radon (3,000 pG /L of air [1.1x10° Bg/m]). The
study further indicated higher DNA-repair rates in juvenile cells than in
fully differentiated cells.

Evi dence of chronpbsonmal aberrations was equivocal in an ani mal study.
Rabbi t s exposed to high natural background |evels of radon-222 (12 WM for
over 28 months displayed an increased frequency of chronobsomal aberrations
(Leonard et al. 1981). However, when a simlar study was conducted under
controlled conditions (10.66 W.M, chronosonal aberrations were not found.
According to the authors, the increased chronmpbsomal aberrations in somatic
cells of rabbits exposed to natural radiation were mainly due to the gama
radi ati on from sources other than radon

Exposure of Sprague-Dawl ey nmale rats to radon at cumul ative doses as | ow
as 100 WM resulted in an increase in sister chromati d exchanges (SCES) in
bone narrow by 600 days post-exposure (Poncy et al. 1980). At 750 days
post exposure, the nunber of SCEs reached 3.21 per cell. The SCEs in the 500 and
3,000 WM groups reached constant values of 3.61 and 4.13 SCEs per cell. In
t he hi gh-dose group (6,000 W.M, SCEs continued to increase from 100 to 200
days after exposure, reaching a mean value of 3.5 SCE per cell. In controls
SCEs were constant with age (2.4 per cell).

2.2.1.8 Cancer

Signi ficant excesses in deaths fromlung cancer have been identified in
epi dem ol ogy studi es of uranium mners and other hard rock m ners.
Statistically significant excesses in |lung cancer deaths have been reported in
uraniummners in the United States (Archer et al. 1973, 1976, 1979; Cottlieb
and Husen 1982; Hornung and Meinhardt 1987; Lundin et al. 1971; Roscoe et al
1989; Sanmet et al. 1984b, 1989; Wagoner et al. 1964; Waxweiler et al. 1981),
Czechosl ovakia (Sevc et al. 1988), and Canada (Howe et al. 1986, 1987; Miller
et al. 1985).
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The results of these studies are consistent and denonstrate that the
frequency of respiratory cancer nortality increased with increasing exposure
to radiation (cunulative W.Ms). Statistically significant excesses in |ung
cancer deaths were present after cunul ative exposures of less than 50 W.Ms in
t he Czechosl ovaki an cohort (Sevc et al. 1988) and at cunul ati ve exposures
greater than 100 WLMs in the cohorts fromthe United States and Ontari o,
Canada (Muller et al. 1985; Sanet et al. 1989; Waxweiler et al. 1981). These
studies indicate that lung cancer nortality was influenced by the tota
cunul ative radi ati on exposure, by the age at first exposure, and by the tinecourse
of the exposure accunul ati on. Mst deaths fromrespiratory cancers
occurred 10 or nore years after the individual began uranium mning (Lundin et
al. 1971). Anmong uranium miners, epidernoid, small cell undifferentiated, and
adenocarci nona were present with increased frequency, while |arge-cel
undi fferenti ated and ot her norphol ogi cal types of |lung cancer were seen | ess
frequently (Archer et al. 1974).

The evi dence for radon daughter-induced |ung cancer is further supported
by epi demi ol ogi cal studies conducted anmong nonurani um hard rock mners. The
lung cancer nortality rate was also statistically higher in iron ore mners in
Sweden (Danber and Larsson 1982; Edling and Axel son 1983; Jorgensen 1984;

Radf ord and Renard 1984; Snihs 1974); netal niners in the United States
(Wagoner et al. 1963); zinc-lead mners in Sweden (Axel son and Sundell 1978);
tin mners in England (Fox et al. 1981); phosphate nminers in Florida
(Checkoway et al. 1985; Stayner et al. 1985); in a niobiummine (Solli et al
1985); and Newfoundl and fluorspar nmners (Mirrison et al. 1985). In sone of
these m nes, the main source of radon and radon daughters was from radon

di ssol ved in groundwater. Based on neasurenments of radon concentrations in
mne air, significant excesses in lung cancer nortality were reported at
concentrations of 30 pC radon-222/L of nmine air (111 Bg/ni) and greater
(Snihs et al. 1974). Since exposure was for at |east 10 years, the cunulative
exposure to workers was approximately 36 WLMs or greater. This excess cancer
nortality occurred at cunul ative exposures as low as 5 W.Ms (Howe et al. 1987)
but generally at cunul ati ve doses greater than 100 W.Ms.

In a subcohort of 516 white nonsnoking uraniumminers (drawn froma
| arger cohort of United States uranium niners), mean exposure was reportedly
720 WM For this cohort the nortality risk for lung cancer was found to be
12-fold greater than that of nonsnoking, nonmning United States veterans. No
| ung cancer deaths were found in nonsnoki ng m ners who had exposure | ess than
465 W.Ms (Roscoe et al. 1989). Unlike the nonm ning cohort, the mners in the
subcohort may have been exposed to other mining pollutants, e.g., diese
exhaust and silica dusts. The contribution of these factors was not
considered in the anal ysis.

Several case-control studies have exam ned the associ ati on between | ung
cancer and housing construction materials, or between |ung cancer and
resi dential radon exposure. The mgjority of these have been conducted in
Sweden (Axel son and Edling 1980, Axelson et al. 1979, 1981; Edling 1984,
Svensson 1987, 1989). The Axel son studies exam ned the associ ati on between
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housi ng type and |lung cancer risk. Residences of cases (having died fromlung
cancer) and controls (having died fromnoncancer causes) were classified into
three categories: having lived in wooden house without basenents; brick
concrete, or granite houses with basenments; and a m xed category (all other
types of houses). No radon neasurenents were taken in these honmes. However,
previous studies in Sweden had shown that, in general, the wooden structures
had | ower radon | evels than brick or concrete structures. Axelson reported a
statistically significant trend for increased |ung cancer deaths associ ated
with residence in mxed category houses or in stone houses wth basenents
(Axel son and Edling 1980, Axelson et al. 1979). These studi es were adjusted
for age and sex, but not for snoking history. An additional study based on

t he sane approach (lung cancer associated with type of residence) did neasure
radon levels in residences of interest (Edling et al. 1984). Woden houses

Wi t hout basements had nean |evels of 1.1 pC /L (42 Bg/ni), wooden houses with
a basenment on radiation producing ground or plaster houses had nean |evels of
4.6 pG /L (170 Bg/m), while all other types of houses had nean levels of 1.5
pCi/L (57 Bg/m). Again, the association of incidence of |ung cancer

adj usted for age and sex, and additionally for smoking, with type of residence
and with radon | evels, showed a significantly increasing trend (Axel son et al
1981, Edling et al. 1984). Al of the above studi es have one or nore

nmet hodol ogical limtations, such as small cohort size and linmted or no
nmeasur enent of radon levels in homes.

Anot her study of a Swedi sh cohort has al so reported significant
correl ati on between incidence of Iung cancer, type of residence, and radon
exposure, although only 10% of residences were nonitored for radon. In
addition, it correlates levels of exposure with particular types of |ung
cancer. Association of exposure with lung cancer, adjusted for snoking, age,
and degree of urbanization, was strongest for small cell carcinoma of the |ung
(Svensson et al. 1989). This particular type of lung tunor has al so been
reported in cohorts of United States uranium mners.

A study of lung cancer in adult white residents in Maryland reported an
associ ation of lung cancer with age, sex, and snoking. Lung cancer rates were
hi ghest in houses which had concrete walls and in houses w t hout basenments but
with concrete slabs, but this association was very slight (S npson and
Const ock 1983).

Identification of specific cancer effect levels, i.e., the environnenta
concentration of radon and radon daughters, was not feasible for all of the
epi dem ol ogi cal studies because of the quality of the exposure information
provi ded. Environmental |evels of radon and radon daughters, expressed in pG
radon-222/L of air, present in mnes were neasured at various tinmes; however,
actual neasurenents of radon and radon daughter |evels were not available for
every mine and for every year of exposure. Rather, actual measurenents al ong
with estimtes of radon daughter |evels based on extrapol ations from act ual
nmeasurenents were then conmbi ned with individual work histories to derive
estimates of cunul ative radon daughter exposure for each individual, reported
in W.Ms. Workers were then classified into cunul ati ve W.M exposure
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categories. For exanmple, in the United States urani um nm ning cohort radon and
radon daughter levels in mnes were neasured from 1950 to 1968 and ranged from
>100 to >10,000 pCG radon-222/L of air (>3.7x10° to >3.7x10° Bg/m) (>0.5 to
>50 W.s) across various mines and years. Mners were enployed in the m nes

for 4 to 28 years with an average | ength of enploynent of 15 years (Saccomanno
et al. 1988). The resulting exposure categories ranged from>120 W.Mto

>3,720 WLMs. Only a few of the epidem ol ogi cal studies provided enough
exposure information to express exposures in pC radon-222/L of air. However,
the quality of the exposure neasurenents does not alter the conclusion that,
based on the epidenm ol ogy studies, exposures to radon and radon daughters at
cunul ati ve doses greater than 100 W.Ms resulted in excesses in lung cancer
nortality, with the exception of the nonsnoking cohort reported by Roscoe et
al . (1989), which reported excesses in lung cancer at higher doses.

No studies were | ocated regarding cancer in |aboratory animals foll ow ng
acute exposure to radon and radon daughters. Lung tunors have been observed
inrats follow ng internediate exposure at concentrations as |ow as 3,000 pGCi
radon-222/L of air (1.1x10° Bg/ni) 2 hours/week for 4 nonths (Chameaud et al.
1984) and up to 3x10°pC radon-222/L of air (1.1x10°Bg/m) 12 hours/week for
2 weeks (Chaneaud et al. 1974, 1982a, 1982b). The nean tine to death with
tunor in the Chaneaud et al. (1984) study was approxi nately 112 weeks, which
is close to the normal |ifespan for a rat (104 weeks). In Chaneaud et al
(1980)s lung cancers were not observed in rats until the 24th nonth of the
study. These studies would indicate that the |atency period for radon-induced
lung tunors is long. No treatnent-related cancers were observed in dogs,
mce, or rats follow ng exposure to radon and radon progeny alone [5.5x105 to
1x10° pG radon-222/L of air (2.0x10" to 3.7x10" Bg/m)], 25 to 150 hours/ week
(Morken 1973). In this study, dogs were exposed for 1 to 50 days, mice (three
separate experinments) for 8 weeks to life, and rats for 24 weeks. However,
the dog study was terminated at 3 years; the rat study only reported results
through the twelfth nmonth of the study; and two of the nmouse studi es had
i fespan shortening. Sone of the changes observed may have been
preneopl asti c. However, based on the results fromthe Chaneaud et al. (1980,
1984) studies, lifespan shortening or the early termnation of experinments my
have precluded the devel opment of tunors. In the remaini ng nouse study
reported by Morken (1973), mice were sacrificed beginning at 60 weeks of age,
foll owi ng exposure to radon for 10, 15, 20, or 25 weeks, at 10 week intervals
until all of the mce were killed (110 weeks). No treatnent-rel ated cancers
were reported. However, reviewers of this study (Cross 1987) report that
| aboratory roomair containing dusts and oil and water droplets may be a
confoundi ng factor in this study. The influence of these confounding factors
is uncertain, but nay have led to a nore rapid solubilization of radon progeny
causi ng a decrease in observed lung effects.

In other studies in which a significant increase in the incidence of |ung
cancer was not reported, the respiratory lesions that were observed foll ow ng
exposure to radon and radon daughters al one were considered by the authors to
be "precancerous" (Mrken and Scott 1966; Pacific Northwest Laboratory 1978;

Pal mer et al. 1973). In the Mdirken and Scott (1966) study, destructive
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hyperpl astic and nmetaplastic | esions were observed in the trachea and
bronchi ol es of nmice follow ng exposure to 4.2x10° pG radon-222/L of air
(1.6x10" Bg/ni) 150 hours/week for life, but no carcinomas were observed.
However, there was a significant shortening of lifespan in the study, wth
many of the aninals dead at 35 weeks of age. Because of this |ifespan
shortening, the animals may not have lived | ong enough to develop tunors. In
a study reported by Palmer et al. (1973), no treatnment-rel ated cancers were
observed in mice, rats, or hansters exposed to 4.8x10° pG radon-222/L of air
(1.8x10° Bg/ m), but precancerous respiratory effects were observed in mce
and rats, such as hyperplasia. The |lack of cancer may be attributed to the
fact that all of the aninmals but one were dead by the fourth nonth of the
study. However, the cause of death was not reported. In a separate study,
"precancerous" respiratory effects (fibrosis) were observed in dogs exposed to
1.1x10° pC radon-222/L of air (4.1x10° Bg/m) (Pacific Northwest Laboratory
1978). The | ack of cancer observed in dogs may be due to |ifespan shortening
(4 years in treated versus 7 years in the normal dog), although the Iifespan
of untreated controls in this study was conparabl e.

Fol | owi ng chronic exposure to radon and radon daughters al one, no
statistically significant increase in the incidence of any type of tunor was
observed in hansters exposed to 3.1x10° pC radon-222/L of air (1.1x10’

W8> , 30 hours/week for life, although pul monary fibrosis and bronchia
hyper pl asi a were observed (Pacific Northwest Laboratory 1978). Hansters may
be resistent to al pha radiation-induced |ung cancer since no lung tunors were
produced in hansters exposed to another al pha-emtter, plutonium (ATSDR
1990b).

Lung cancer was reported in | aboratory animals by Chaneaud et al. (1974),
Cross et al. (1982a, 1982b, 1984), and Stuart et al. (1970) followi ng chronic
admi ni stration of radon and radon daughters in conjunction with air
pol | utants, such as cigarette snoke, uraniumore dusts, or diesel exhaust (see
Section 2.6).

2.2.2 Oral Exposure

No studies were | ocated regarding the followi ng health effects in humans
or animals after oral exposure to radon and radon daughters.

2.2.2.1 Deat h

2.2.2.2 System c Effects
2.2.2.3 | mmunol ogi cal Effects
2.2.2.4 Neur ol ogi cal Effects
2.2.2.5 Devel opnental Effects
2.2.2.6 Repr oductive Effects

2.2.2.7 CGenot oxi ¢ Effects

An increase in chronbsomal aberrations in | ynphocytes was observed in 18
Fi nni sh people of different ages chronically exposed to radon in househol d



28

2. HEALTH EFFECTS

wat er at concentrations of 2.9x10'to 1.2x10° pG radon-222/L of water
(1.1x10° to 4.4x10* Bg/L) conpared with people who did not have a history of
exposure to high radon levels (Stenstrand et al. 1979). This study al so

i ndi cated that the frequenci es of chronmposomal aberrations and nmultiple
chromosomal breaks were nmore conmon in ol der people than in younger people
exposed to radon. Although the radon was in household water, it is probable
that nuch of this radon volatilized and was avail able to be inhal ed.
Therefore, this route of exposure includes both oral and inhal ation routes.

2.2.2.8 Cancer

Limted informati on was | ocated regardi ng cancer in hunans after exposure
to radon and radon daughters in water. Radon |evels were neasured in 2,000
public and private wells in 14 counties in Maine (Hess et al. 1983). The
county averages were conpared to cancer rate by county to determ ne any degree
of correlation. Significant correlation was reported for all |lung cancer and
all cancers conbi ned, when both sexes were conbined, and for lung tunors in
femal es. The authors note that correlati on does not denonstrate causation and
that confounding factors (e.g., snoking) exist. In addition, exposure from
radon in these water supplies could have been by the inhalation route as well
as the oral route.

No studies were | ocated regarding cancer in aninals after oral exposure
to radon and radon daughters.

2.2.3 Der mal Exposure

No studies were | ocated regarding the follow ng health effects in humans
or animals after dernmal exposure to radon and radon daughters.

2.2.3.1 Deat h

2.2.3.2 System c Effects
2.2.3.3 | mmunol ogi cal Effects
2.2.3.4 Neur ol ogi cal Effects
2.2.3.5 Devel opnental Effects
2.2.3.6 Reproductive Effects
2.2.3.7 Genotoxic Effects

2.2.3.8 Cancer

A statistically significant increase in the incidence of basal cell skin
cancers (103.8 observed vs. 13.0 expected) was observed in uranium m ners
exposed occupationally for 10 years or nore to approxinately 3.08 pC /L of air
(1.74x10* Bg/ m) resulting in 6.22 pC (0.23 Bg) radon-222/cnf skin surface
area (Sevcova et al. 1978). The authors believe that the causal agent may be
exposure to radon and radon daughters. However, they acknow edge t hat
exposure to other agents in the uranium m ning environnent, as well as mnor
traumas of the skin, may also play a role in the incidence of skin cancer.

I ncreased incidences of skin cancer have not been reported in other uranium
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m ner cohorts or for workers in other types of nining, such as netal or coa
m nes.

No studies were | ocated regarding cancer in animals after dermal exposure
to radon and radon daughters.

2.2. 4 O her Routes of Exposure
2.2.4.1 Deat h

A single intravenous injection of 1.6x10" pCG (6.0x10° Bg) radon-222/kg
body weight in equilibriumwith its decay products resulted in a 56% decrease
in the average |lifespan of mice (Hollcroft et al. 1955). This decrease was
believed to be due to radi ation-induced renal failure as indicated by
inflanmatory | esions and atrophy of the renal cortex as seen in nost of the
radon treated animals. The study by Hollcroft et al. (1955) has
nmet hodol ogi cal deficiencies including an erratic schedule for sacrifice of
animal s and the failure to exam ne aninals that died fromacute radiation
i njury. Many other causes of such renal effects are known and the rel evance
of these effects is questionable follow ng near |ethal doses of radon

2.2.4.2 Systemic Effects

No studies were | ocated regarding respiratory, cardi ovascul ar
gastroi ntestinal, muscul oskel etal, hepatic, or dermal/ocular effects in hunmans
or animals after exposure to radon and radon daughters by other routes of
exposure.

Hermat ol ogi cal Effects. No studies were |ocated regarding
hemat ol ogi cal effects in humans after exposure to radon and radon daughters by
ot her routes.

A single intravenous injection of 1.6x10° pG (6.0x10° Bq) radon-222/kg
body weight in equilibriumwith its decay products in mce resulted in a
decrease in red blood cell count within 2 weeks, which renained depressed
until death of the mice at about 150 to 180 days (Hollcroft et al. 1955). The
aneni a observed was associated with the observed renal failure in these
animals. Wiite blood cell counts were decreased i nmredi ately post-exposure,
but soon returned to normal levels. (See Section 2.2.4.1 for limtations of
Hol I croft et al. 1955.)

Renal Effects. No studies were |ocated regarding renal effects in humans
after exposure to radon and radon daughters by other routes.

A decrease in kidney weight, extrene shrinkage of the cortex, and
infiltration of fat into the Iining of the renal tubules and eventual rena
failure occurred in mce given a single intravenous injection of 1.6x10" pG
(6.0x10° Bg) radon-222/kg body weight in equilibriumwith its decay products



30

2. HEALTH EFFECTS

(Hol lcroft et al. 1955). Renal failure nay have caused t he observed anem a
(see Hematol ogi cal Effects), weight |oss (see Oher Effects), and decrease in
|ifespan observed in these mce. (See Section 2.2.4.1 for limtations of
Hol I croft et al. 1955.)

O her Effects. A single intravenous injection of radon at a
concentration of 1.6x10" pG (6.0x10° Bq) radon-222/kg body wei ght in
equilibriumw th its decay products resulted in a decrease in body weight in
m ce, possibly due to renal failure (Hollcroft et al. 1955). (See Section
2.2.4.1 for limtations of Hollcroft et al. 1955.)

No studies were | ocated regarding the follow ng effects in humans or
animal s after exposure to radon and radon daughters by other routes.

2.2.4.3 | mmunol ogi cal Effects
2.2.4.4 Neur ol ogi cal Effects
2.2.4.5 Devel opnental Effects
2.2.4.6 Reproductive Effects
2.2.4.7 Genotoxic Effects
2.2.4.8 Cancer

2.3 TOXI COKI NETI CS

In radi ation biology the termdose has a specific nmeaning. Dose refers
to the ambunt of radiation absorbed by the organ or tissue of interest and is
expressed in rad (grays). Estimation of this radiation dose to lung tissue or
specific cells in the lung froma given exposure to radon and radon daughters
i s acconplished by nodeling the sequence of events involved in the inhalation
deposition, clearance, and decay of radon daughters within the lung. Wile
based on the current understanding of |ung norphonetry and experinental data
on radon and radon daughter toxicokinetics, different nodels make different
assunpti ons about these processes, thereby resulting in different estimates of
dose and risk. These nodels are described in nunerous reports including Bair
(1985), BEIR IV (1988), EPA (1988a), |CRP (1978), Janes (1987), NEA (1983),
and NCRP (1984).

In this section the toxicokinetics of radon is described based on the
avai | abl e experinental data rather than descriptions derived fromnodels. The
t oxi coki netics of radon, as it relates to the devel opnent of adverse health
effects in exposed popul ations, is further conplicated by the transformation
of radon to radon daughters. These progeny nay be present with radon in the
envi ronnent and inhaled or ingested along with radon and/or they may be forned
in situ fromthe transformati on of the radon absorbed in the body.
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2.3.1 Absor ption
2.3.1.1 I nhal ati on Exposure

The primary route of exposure to radon and its progeny is inhalation
The degree of deposition and the subsequent absorption of inhaled radon and
progeny is determ ned by physiol ogi cal parameters, such as respiration rate
and tidal volune; and physical properties, such as the particle size
distribution of the carrier aerosols and of the unattached fraction, the
equilibriumstate, and solubility coefficients (Crawford-Brown 1987; Holl eman
et al. 1969; Jacobi 1964).

Since radon is an inert gas, its novenent across nenbranes is driven by
solubility coefficients (Crawford-Brown 1987) and it nay be readily absorbed
by crossing the alveol ar menbrane. Mst inhaled radon will be exhal ed before
it can decay and deposit a significant radiation dose to the lung tissue, due
to the relatively long half-life of radon gas (MPherson 1980).

The radi oactive decay of radon results in the formation of |ong- and
short-lived daughter products which may attach to the surface of aeroso
particles and, when inhal ed, deposit on the nucus lining of the respiratory
tract through inpaction, sedinentation, or diffusion (Altshuler et/al. 1964).
It is assunmed that the short-Iived daughters, polonium 218, |ead-214, and
bi smut h-214, remain in the nmucus |ayer (Janmes 1987); however, absorption of
deposi ted radon daughters fromthe lung into the bl ood streamal so nay occur
(Jacobi 1964; Morken and Scott 1966). The deposited radon daughters appear to
act as sol ubl e substances and are released fromthe dust particles after they
undergo solvation (I CRP 1966). The long-lived radon daughter products (Il ead-
210, bismuth-210, and pol onium 210) contribute [ittle to the radi ation dose to
lung tissue because they have a greater |ikelihood of being physically renmoved
by ciliary action or absorbed by macrophages before they can decay and deliver
a significant radiation dose (MPherson 1980). The absorption characteristics
and rates of nucus clearance in various parts of the respiratory tract are
uncertain (Janes 1987).

The total respiratory deposition of radon daughters in human subjects has
been deternm ned experinmentally by George and Breslin (1967, 1969), Hollenman et
al. (1969), and Shapiro (1956) to range from18%to 51% of the inhal ed anpbunt
and to be dependent on tidal volune, particle size, and breathing rate. In
general , deposition increases with increasing tidal volune, with smaller
particle size, and with changes in normal breathing rates. Respiratory
deposition has al so been neasured in casts of the human | arynx and trachea by
Chanber | ain and Dyson (1956) who deternined an average deposition of about 22%
of the inhaled, unconbined radon activity at a breathing rate of 20 L/ m nute.
The inmportant sites for deposition of aerosols were determ ned by the use of
casts of the human tracheobronchial tree to be at or near the first
bi furcations of the bronchi (Cohen 1987; Martin and Jacobi 1972). According
to Cohen (1987), the nonuniform deposition for bifurcations as conpar,ed with
ai rway | engths suggests that the dose fromradon daughter deposition will be
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about 20% greater than estimted for uni form deposition. Estinmation of dose
to the respiratory tract has been extensively studied using nodels (BEIR IV,
1988; EPA 1989a; Harl ey and Pasternak 1982). Both the studi es of human |ung
casts and the information derived from nodel s indicate that nost deposition
occurs in the tracheobronchial region of the lung; other regions
(nasopharyngeal and pul nonary) receive nuch smaller doses (BEIR IV 1988).

Froma study in rats, Cohn et al. (1953) were able to conclude that the
radi ati on exposure per unit area is greater for the bronchi than for any other
lung tissue and, that the radiation dose to the respiratory tract fromthe
progeny was 125 tines greater than fromradon al one.

2.3.1.2 Oral Exposure

Exposure to radon by the oral route occurs fromdissolution of radon in
drinki ng water and, of the total radon dissolved in water, 30%to 70% may be
| ost by aeration and would be available for inhalation (Dundulis et al. 1984,
Hol oway and Turner 1981). Another study reported a loss of 15%to 25%  radon
to the air fromdrinking (Suonela and Kahl os 1972). Based on the tinme-course
of radon elinmnation in expired air, it appears that the mgjority of radon
absorption follow ng ingestion in water occurs in the stomach and snal
intestine, and only 1% to 3% of the ingested radon remains to enter the |arge
intestine to be available for absorption (Dundulis et al. 1984). Studies with
other inert gases indicated that the small intestine plays a major role in
gastroi ntestinal uptake of these inert gases (Tobias et al. 1949).

The rate of absorption of radon fromthe gastrointestinal tract depends
on the stomach contents and the vehicle in which it is dissolved.
Experinmental data from humans who i ngested radon dissolved in water indicate
that radon is rapidly absorbed fromthe stomach and small intestines, and that
greater than 90% of the absorbed dose is elimnated by exhalation in | ess than
1 hour (Hursh et al. 1965). Absorption of radon also may occur in the |arge
intestine. This is based on experinental data where exhal ation of radon
continues at |ower concentrations for a longer tinme after admi nistration when
radon di ssolved in drinking water is ingested on a full stomach as conpared to
i ngestion of radon on an enpty stonmach (Meyer 1937). The absorption of radon
followi ng ingestion of a nmeal high in fat is delayed (Vaternahm 1922). Radon
is present in exhaled air at higher concentrations and at later tines after
i ngestion of oil or fat emrulsions containing radon than with water containing
radon (Vaternahm 1922).

| ngest ed radon progeny may not contribute significantly to the radiation
dose to the stonmach as they nay not penetrate the mucus lining to a great
extent (Von Dobeln and Lindell 1964). Production of daughter products in
situ, follow ng absorption of radon in the gastrointestinal tract, wll
primarily result in a radiation dose to the gastrointestinal wall (Von Dobeln
and Lindell 1964). The ingestion of radon may al so result in exposure to |ung
ti ssue due to absorption fromthe gastrointestinal tract with transport by way
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of the systemic circulation to the lung with subsequent decay to daughter
products occurring in the lung (Crawford-Brown 1987).

2.3.1.3 Dernmal Exposure

Data regarding the absorption of radon follow ng dermal exposure are very
limted. Dermal absorption of radon has been neasured in subjects after
bathing in a radon-water spa (Furuno 1979; Pohl 1965) or after application of
a radon-containing ointment to the intact skin (Lange and Evans 1947). After
bathing for 5 to 15 m nutes, radon-222 concentrations in expired air reached
approximately 0.9% of that in the water and ranged from17.9 to 49.1 pG
radon-222/L of air (662 to 1817 Bqg/m) conpared to pre-bath | evels of |ess
than 1 pC radon-222/L of air (37 Bg/m). Radon concentrations in the water
were reported by the authors as 5,800 pC (215 Bg) radon-222/kg. However, the
relative contributions of the dermal and inhal ation routes cannot be
determ ned (Furuno 1979). Radon concentrations in blood reached 0.85%to 1%
of the radon concentration in the bath water, which was 1.8x10° pG (4.9x106
Bg) radon-222/L of water, after 30 to 40 mi nutes of bathing while breathing
conpressed air (Pohl 1965). Approximtely 4.5% of the radon applied in
ointnent to intact skin was neasured in expired air within 24 hours foll ow ng
application (Lange and Evans 1947).

2.3.1.4 O her Routes of Exposure

No studi es were | ocated regardi ng absorption of radon or its progeny in
humans and | aboratory animals after exposure by other routes.

2.3.2 Distribution
2.3.2.1 I nhal ati on Exposure

The distribution of radon once it is absorbed or deposited in the lung is
a function of its physical properties. Radon progeny, especially the |longlived
daughters, that have been deposited in the lungs are partially removed
by the nucociliary blanket, which then carries the particles to the trachea
and the gastrointestinal tract. Follow ng chronic exposure in hunans, |ead-
210, a stable daughter product, has been found in bone (Black et al. 1968;
Bl anchard et al. 1969; Cohen et al. 1973; Fry et al. 1983) and in teeth
(Cemente et al. 1982, 1984). After prolonged exposure, radon concentrations
i n body organs can reach 30%to 40% of inhaled concentrations (Pohl 1964).

Fat appears to be the main storage conmpartnment in rats follow ng

i nhal ati on exposure. In rats followi ng an acute exposure to radon
concentrations of radon and radon daughters were nuch higher in the onenta
fat than in any of the other tissues exan ned, followed by the venous bl ood,
brain, liver, kidney, heart, muscle tissues, and testes (Nussbaum and Hursh
1957). Radon reached equilibriumin the fat in about 6 hours conpared to 1
hour in all other tissues. This may be due to the nonuniformty of blood
perfusion within this tissue.
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2.3.2.2 Oral Exposure

After radon enters the gastrointestinal tract, it is absorbed into the
bl ood stream and then distributes to different organs and tissues (Crawford-
Brown 1987). This transfer fromthe gastrointestinal tract to the bl ood was
dependent upon the enptying patterns of the stomach into the upper intestine,
stomach content, fat content of nmeals, and tinme of meal in relation to radon
i ngestion (Hursh et al. 1965; Suonela and Kahl os 1972; Vaternahm 1922; Von
Dobel n and Lindell 1964). No age-dependent differences in radon distribution
fromthe gastrointestinal tract should be evident due to rapid equilibration
in the body (Crawford-Brown 1983). However, changes in the mass of fatty
ti ssue woul d be expected to affect distribution processes since radon is nore
soluble in fat than in other tissues (Crawf ord-Brown 1987).

According to Hursh et al. (1965), in humans greater than 90% of ingested
radon is distributed to the lung where it is rapidly exhaled. O the
remai ni ng adm ni stered dose of radon, 5%is distributed to the liver, 1.6%to
t he kidneys, and 2% to lung tissue (Hol oway and Turner 1981). Acute exposure
of human subjects to 1.3x10° to 2.83x10° pC (4.9x10° to 1.05x10” Bg) radon-
222/ L of water resulted in a whol e body accunul ation of 1.9x10° to 1.22x10°
pC (70 to 450 Bqg) bismuth-214, a radon decay product. The biological halflife
of radon in these individuals ranged from30 to 50 m nutes (Suonela and
Kahl os 1972).

Froma chronic study in | aboratory animals where 3.6 pG (0.13 Bqg) of
radon was adm nistered daily for 1 year, a body accunulation of 5 pG (0.19
Bg) | ead-210/g of tissue, 0.08 pC (3.0x10° Bg) pol onium 210/ g of tissue, and
0.003 pC (1.1x10* Bg) bisnuth-210/g of tissue was reported (Fernau and
Smereker 1933). Radon is very soluble in fat with its distribution
coefficient in fat greater than in any other organ or tissue (Nussbaum and
Hursh 1957). This storage of radon in body fat is a constant source of |ead-
210, polonium 210, and other progeny (Duric et al. 1964). The presence of
| ead- 210 and pol oni um 210 are not uni que to radon exposure and are also found
in cigarette snoke and food (NCRP 1984b).

In addition to the available data on distribution in humans and
| aboratory aninmals, many different nodels exist which estimate distribution in
humans (EPA 1988a; | CRP 1978).
2.3.2.3 Der mal Exposure

No studies were | ocated regarding distribution in hunmans or |aboratory
animal s after dernal exposure to radon or its progeny.

2.3.2.4 O her Routes of Exposure

No studies were located regarding distribution of radon or its progeny in
humans or | aboratory animals after exposure by other routes.
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2.3.3 Met abol i sm

Radon is an inert noble gas that does not readily interact chemcally
with cellular macronol ecul es. Radon does not undergo netabolismin biologica
syst ens.

2.3.4 Excretion
2.3.4.1 I nhal ati on Exposure

Most of the inhaled radon will be elimnated by exhal ati on before it can
decay and deposit a significant radiation dose to the lung tissue. The longlived
radon progeny are, to sonme extent, physically renoved before they can
decay and deposit a radiation dose (McPherson 1980). The biol ogical half-tine
for radon daughters in the pul nonary region has been reported to range from®6
to 60 hours and in the tracheobronchial region to range from 10 mnutes to 4.8
hours (Altshuler et al. 1964; Jacobi 1964, 1972). The biological half-time in
fat tissue has two conponents, a fast conponent of 21 minutes and a sl ow
conponent of 130 m nutes (Nussbaum and Hursh 1957).

Long-lived radon progeny (I|ead-210) have been reported to be excreted in
the urine of uraniummners at 1 to 18 years foll owi ng exposure. This
excretion of |ead-210 results froma slow rel ease of the daughters from bone.
Concentration of |ead-210 in bone has been shown to correlate with cunul ative
exposure to radon and radon daughters in W.M (Bl ack et al. 1968).

Experinents in rats and nmice indicated that polonium 214 nay be retained

in the lung follow ng inhal ati on exposure. The retention efficiency of

pol oni um 214, a stable daughter product, in the lung was 2% and 2. 2% of the
admini stered activity in rats and mice, respectively, inmediately follow ng
acute inhal ati on exposure (Doke et al. 1973).

2.3.4.2 Oral Exposure

Fol | owi ng i ngestion of radon dissolved in water, greater than 90% of the
absorbed radon was elimnated by exhalation within 100 minutes. By 600
m nutes, only 1% of the absorbed anount remained in the body (Hursh et al
1965). The biological half-time for renmoval of radon fromthe body ranges
from30 to 70 mi nutes dependi ng on whether the stomach is enpty or full and on
fat content in the diet (Hursh et al. 1965; Suonela and Kahl os 1972; Vater nahm
1922). The presence of food in the stomach may result in a marked delay in
the renoval of radon fromthe body due to an increased enptying time of the
stomach during which tinme a portion of the radon nmay decay (Hursh et al
1965). The biological half-life in the blood of humans has been reported to
be 18 minutes for 95% of the adm nistered dose and 180 mnutes for the
remai ning 5% (Hursh et al. 1965). The longer half-life for the remaining 5%
may be due to storage and subsequent renoval fromtissues. The effective
half-1ife for removal of radon was reported as 30 minutes (Andersson and Nil sson
1964).
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The transfer rate of radon fromthe gastrointestinal tract and subsequent
elimnation fromthe respiratory tract was found to be dependent on the
pattern of enptying of the stomach into the small intestines (i.e., with or
wi thout a neal), and the acconpanying vehicle (i.e., water or fat). After
i ngestion of radon dissolved in drinking water on an enpty stonmach, radon in
exhal ed air rapidly increased reaching a naxi mum concentration in exhaled air
5to 10 minutes after ingestion (Meyer 1937). Wth ingestion of radon in
drinking water with or after a neal, radon elinination in expired air is
del ayed and varies in concentration with tine, reflecting absorption fromthe
small intestines as it receives a portion of the stomach contents (i.e., with
stomach enptying patterns) (Meyer 1937). After ingestion of radon dissol ved
in olive oil on an enpty stonmach, elimnation in expired air reached a maxi mum
concentrati on 50 m nutes post-ingestion, then declined; however, when
admnistered in olive oil after a neal, radon in expired air renmi ned constant
from10 minutes to 5 hours after ingestion (Vaternahn 1922). These data
suggest that radon is elimnated in expired air nore rapidly froma water
vehicle than a fat or oil vehicle and this elimination occurs over a |onger
period of tine when ingested with a neal than on an enpty stomach

When radon dissolved in water was ingested on a full stomach, the
exhal ati on of radon reached a maximumat 5 to 15 minutes then declined. This
was then followed by a second peak about 20 minutes after ingestion. Wen
i ngestion of radon occurred “sonme tinme”after a nmeal, the second radon peak in
exhal ed air was del ayed and was followed by further peaks (Meyer 1937). These
subsequent peaks were expl ai ned by the absorption of radon fromthe intestine
after it has received portions of the stomach content (Meyer 1937).

2.3.4.3 Der mal Exposure

Informati on on the excretion of radon and its progeny follow ng derma
exposure is very limted. Wthin 24 hours, 4.5% of the radon, which was
applied as a salve to intact human skin, was elimnated by exhal ation, while
10% was exhal ed after application of the radon to an open wound (Lange and
Evans 1947). Bathers breathing conpressed air while i mMmersed in radoncontai ni ng
wat er had exhal ed approxi mately one-third of radon nmeasured in
bl ood i medi ately after bathing (Pohl 1965). By 6 to 8 ninutes after bathing,
t hese persons were exhaling one-half of the anpbunts exhal ed i nmedi ately after
bat hi ng. The author stated that the remai ning radon which distributed to
fatty tissue was excreted nore slowy.

2.3.4.4 O her Routes of Exposure

Experinments in aninals have reported the retention of radon after
exposure by the intraperitoneal and intravenous routes. After intravenous
admnistration, 1.6%to 5.0% of the adm nistered activity was retained in the
animal s after 120 m nutes (Hollcroft and Lorenz 1949). Retention was greatest
after intraperitoneal administration at 120 minutes, but by 240 minutes it was
nearly the same for both routes of administration. These authors al so
reported that the anount of radon retained in tissues was greater in obese
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mce than in normal mce, especially after intraperitoneal admnistration
(Hol I croft and Lorenz 1949). Radon retention has al so been studied in dogs
after intravenous adm nistration of radium 226. The amount of radon in bone
was found to increase with increasing tinme after injection (Mays et al. 1975).

2.4 RELEVANCE TO PUBLI C HEALTH

Growing concern in the late 1940s that the inhalation of radon and radon
daughters was contributing to the adverse health effects observed in
underground mners stimul ated the conduct of epidem ol ogi cal investigations
and initiated animal studies with radon and radon daughters. Earlier
i nhal ati on studi es had been conducted with radon only, but evidence fromradon
dosinetry studi es indicated the invol venent of radon daughters rather than
just radon (Bale 1951). Epidem ol ogi cal studies further suggested that the
maj or health effects observed in mners mght be attributed to radon
daughters. Both human and ani mal studies indicate that the [ung and
respiratory systemare the primary targets of radon daughter-induced toxicity.
The evidence indicates that inhalation of radon decay products results in
radi ati on damage to tissues in which these products are deposited.

Nonneopl astic respiratory di sease and | ung cancer have been reported in humans
and ani nal s exposed to radon and radon daughters by inhal ation

Deat h. No deaths in humans foll owi ng acute exposure to radon have been
reported. Followi ng |ong-term exposure, significant increases in early
nortality due to nonneopl astic respiratory di seases have been reported anong
urani um m ners. Because nortality due to nonneopl astic di seases i s not
general ly reported by exposure categories (i.e., W.Mcategories), it is not
cl ear what exposure concentration or duration of exposure in these m ning
cohorts is associated with this increased nortality. In addition, these
nonneopl asti c respiratory deaths cannot be attributed solely to radon but may
result fromexposure to other mine air pollutants. Reduction in |ifespan due
to respiratory disease as a result of exposure to high levels of radon or
radon daughters has been reported in various animal studies. Based on the
evidence in animals, it is apparent that death due to respiratory disease may
result after exposure to radon at very high levels. However, it is unclear to
what extent |owlevel environnental exposure to radon and radon daughters may
i ncrease the risk of death due to nonneoplastic respiratory disease.

Respiratory Effects. Respiratory di sease characterized as enphysens,
fibrosis, or pneunpnia has been reported in both humans and animals with
i nhal ati on exposure to high levels of radon and radon daughters. In addition
to deaths due to nonneoplastic respiratory di sease, sonme studies have reported
reductions in respiratory function. In all of the occupational cohorts,
m ners were concomtantly exposed to other mine pollutants, such as ore dust,
other mnerals, or diesel-engine exhaust. The contribution of these
pol lutants, as well as cigarette snoking, to the induction of nonneoplastic
respiratory disease is unclear. As reported in Section 2.6, Interactions Wth
O her Chenicals, the conbination of radon and radon daughters along with ore
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dust or other pollutants enhanced the incidence and severity of adverse
respiratory effects in |aboratory aninmals as conpared to either toxicant

al one. Induction of this type of respiratory disease may occur primarily at
doses that exceed those commonly found in the environmental setting; however,
the radi ati on dose that would result in either pul nonary dysfunction or

pul nonary di sease is not known. The adverse respiratory effects observed
appear to be consistent with al pha radiati on danmage that may occur at high
doses in slower regenerating tissues such as the lung (see Appendi x B). That
bei ng the case, production of respiratory tissue damage in the |ungs nmay not
be i medi ately apparent, especially at |ow environmental exposures.

Hermat ol ogi cal Effects. No information on the hematol ogical effects of
radon in humans was located in the available literature. Alterations in
hemat ol ogi cal paraneters followi ng exposure to radon have been reported in
animal s. The extent and severity of the hematol ogical effects were related to
the | evel of exposure and the exposure duration, and red bl ood cells appear to
be nore sensitive to the effects of radon than white blood cells. Foll ow ng
acute exposure by the inhalation or intravenous routes, decreases in the
nunber of red blood cells and white bl ood cells occurred i nmedi ately postexposure.
Red bl ood cells renai ned depressed for the remaining life of the
treated animals, while white blood cells returned to nornal |evels postexposure.
Fol | owi ng repeat ed exposures, white bl ood cell counts remai ned
depressed for |longer periods of time and, with chronic exposure, depression in
white blood cell counts was linearly related to the cumrul ati ve exposure. The
ani mal studies indicate chronic exposure of hunmans to radon may result in
simlar alterations in the hematopoietic system

Renal Effects. Evidence of kidney di sease has been reported in United
States uraniummners (Waxweiler et al. 1981). In that survey, chronic and
unspecified nephritis was elevated after a | o-year |atency. The
nephrotoxicity of soluble uraniumin aninmals has been docunented (ATSDR
1990a). Due to their relatively short half-lives, the al pha-emtting radon
daughters present in the |ung undergo radioactive decay before they nove to
other organs, in contrast to other al pha-enmitting radi onuclides, such as
urani um or pl utoni um (ATSDR 1990a, 1990b), which nay translocate fromthe |ung
to irradiate other tissues. Neverthel ess, direct evidence of rena
dysfunction or inpairnment resulting frominhalation or oral exposure to radon
and radon daughters al one is |acking.

Neur ol ogi cal Effects. No information on neurol ogical effects in humans
exposed to radon was located in the available literature. Only one anina
study attributed the toxic effects observed to the action of radon on the
central nervous system This study reported respiratory paralysis due to
central nervous system depression; however, the study has nunerous flaws (see
Section 2.2.1.4) that limt its usefulness and render the reported results
guest i onabl e.
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Reproductive Effects. Recent epidem ol ogical studies have raised
specul ation that inhalation exposure to radon and radon daughters during
uranium mning may be associated with effects on reproductive outcone. A
decrease in the secondary sex ratio (the ratio of male to femal e children) of
children of underground miners follow ng enpl oynment in uranium m nes was
reported (Dean 1981; Muller et al. 1967). Waxweil er and Roscoe (1981),
however, found the secondary sex ratio to increase in older nen but to
decrease in younger nen. If the father is exposed to radiation, an increase
in the nunmber of male children nmight be expected due to the relative
resi stance of the Y chronmpsone as conpared to the X chronosone (Waxweil er and
Roscoe 1981). In a prelimnary study, Wese and Skipper (1986) reported a
decrease in the secondary sex ratio, although not statistically significant,
in children born to underground urani um and potash workers. No ot her
i nfornmati on exists on reproductive effects in other epidem ol ogi ca
i nvestigations or animal studies. Therefore, these observations of
alterations in secondary sex ratios are suggestive of possible effects but are
not concl usive evidence that radon can produce reproductive toxicity in
persons environnentally exposed to radon

Genotoxic Effects. |Increases in chronosonal aberrati ons have been
reported anobng urani um m ners and anong personnel enployed at a radon spa in
Austria followi ng inhalation exposure. Increases in chronosonal aberrations
were also reported in a snmall group of people living in an area with high
radon concentrations in their water supply. As stated in Section 2.3 on
t oxi coki netics, radon rapidly escapes fromwater; therefore, the probable
maj or route of exposure in this cohort also was inhalation. In addition
i ncreased DNA-repair rates in |ynphocytes were observed in anot her
occupational cohort. The increased DNA repair rates may reflect increases in
DNA darmage. DNA repair enzymes nay be induced in response to DNA damage. The
implications of this information for environnental exposures are unclear. In
the case of the mner occupational cohorts, cunul ative exposures were greater
than 100 WLM and ranged up to 6,000 WLM Al so, the aninmal data are
i nconclusive and do not clearly establish a |ink between genotoxicity and
radon exposure. A summary of the genotoxicity studies is given in Table 2-2.

Cancer. Nunerous epidenmi ol ogi cal studies have denonstrated a causa
associ ati on between |ung cancer nortality and exposure to radon in conbination
wi th radon daughters. The majority of these epidem ol ogi cal data have been
col l ected from occupati onal cohorts exposed to radon and radon daughters
during mning operations. Despite the variety of conditions reported for the
m nes (including dust concentrations, type of ore mined, and ventilation
rates) and differences in the cohorts (including |levels of exposure, |ength of
foll owup, snmoking habits, and ages of exposure), exposure to radon in mning
operations is clearly directly associated with lung cancer nortality.

Sone of these studies indicate that |ung cancer nortality was influenced
by the total cunulative radiation exposure, by the age at first exposure, and
by the time-course of the exposure accunul ation. The |length of the induction
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TABLE 2-2. Genotoxicity of Radon-222 In Vivo

End Point Species (Test System) Result Reference
MAMMALIAN SYSTEMS
Chromosomal Human (peripheral + Pohl-Riiling et al.
aberrations lymphocytes) 1976, 1987; Pohl-
Riling and Fischer
1979, 1982, 1983;
Brandom et al. 1972,
1978
Human (whole body + Stenstrand et al.
lymphocytes) 1979
Rabbit (somatic cells) - Leonard et al. 1981
DNA repair Human (lymphocytes) + Tuschl et al. 1980
Sister Rat (bone marrow cells + Poncy et al. 1980
chromatid
exchanges

INVERTEBRATE SYSTEMS

Dominant lethal Drosophila
melanogaster

(+)

Sperlich et al. 1967

+
[

= positive result
negative result
(+) = positive or marginal result
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| atency, that is, the tinme fromthe start of mning to the devel opnent of
cancer, is strongly dependent on the age at which a man starts mning (Archer
1981). The data indicate that the older a man is when he starts mning, the
shorter his induction-latency period will be. The Czechosl ovaki an data

i ndi cate that the frequency of attributable [ung cancer nortality rises
steeply with increasing age at the start of mining, corresponding to
decreasi ng i nduction-latency periods (Sevc et al. 1988). There is evidence
that the induction-latency period is al so dependent on the exposure rate and
total radiation exposure, that is, the |ower the exposure rate, the longer a
group must be followed to evaluate the lung cancer risk (Archer et al. 1979).
According to Sevc et al. (1988) lung cancer nortality for the same cumul ative
W.Ms was greater in the subcohort w th higher exposures early in their work
hi story, conpared to those with nearly equal yearly exposure or the subcohort
with lower initial exposure which increased to higher levels in |ater years.
Addi tional support for the role of radon as a causative agent in |lung cancer
is provided by the results of the studies of nonuranium hard rock mners,

whi ch al so showed an increased nortality rate fromlung cancer

Sone of these studies also indicated that underground niners who were
cigarette snmokers had a higher incidence of radiation-induced | ung cancer
nortality than did mners who were nonsnokers, and that the induction-I|atency
peri od was substantially shorter for snmokers than for nonsnmokers (Archer
1981). A study of a nonsnoki ng cohort of uraniummners clearly indicated an
increased nortality risk for lung cancer for the cohort (Roscoe et al. 1989).
In addition, increases in |lung cancer anong Anerican |ndian urani um m ners,
who had a | ow frequency of lung cancer in the nonexposed general popul ation
conpared to rates in the white United States population and a | ow frequency of
cigarette snoking, support the conclusion that radiation is the prinmary cause
of lung cancer anmong uraniumminers (Cottlieb and Husen 1982; Sanet et al
1984b; Sevc et al. 1988). A conprehensive evaluation of risk estinates from
various mning cohorts can be found in BEIR IV (1988).

Several studies of residential exposure to radon and radon daughters al so
i ndi cate an increased risk of lung cancer (Axelson and Edling 1980; Axel son et
al. 1971, 1981; Edling et al. 1984; Svennson et al. 1987, 1989). These
studies are primarily case-control studies that involve a small nunber of
subj ects and have exposure estimates that are linited or based on surrogates.
A nmore recent study has reported on a nmuch |larger cohort and has provi ded sone
exposure information (Svennson et al. 1989). These studi es support the
evi dence obtai ned fromthe occupational cohorts. Radon concentrations in
environnental settings are not expected to be at levels as high as those
encountered in mning operations nor woul d they be expected to be conbi ned
with dusty conditions or diesel exhaust exposure, two features of the exposure
of several of the exam ned cohorts. However, the BEIR IV (1988) Committee
indicated that the risk fromoccupational or residential exposure to radon is
the sane per unit dose.

Studies in animals confirmand support the conclusions drawn fromthe
epi dem ol ogi cal data. When all aninmal data are conbined and revi ewed, four



42

2. HEALTH EFFECTS

vari abl es surface which appear to influence the efficiency of radon daughters
to produce lung cancer in laboratory aninals (Cross et al. 1984). These

vari abl es include: cunul ative exposure to radon and radon daughters, exposure
rate to radon and radon daughters, unattached fraction of radon daughters, and
di sequi i brium of radon daughters. Another factor which may influence the
tunorigenic potential of radon and radon daughters is exposure in conjunction
with other pollutants, such as uraniumore dust or cigarette snoke (see
Section 2.6 for a discussion of interactions of radon with other chemcals).
The ability of radon daughters, alone or in conjunction with uraniumore
dusts, to produce lung tunors in |aboratory aninmals appears to increase with
an increase in exposure until |ifespan shortening reverses the trend, with a
decrease from hi gh exposure rate to | ow exposure rate, and with increasing
unattached fraction and di sequilibrium

In general, the pattern of results fromthe epidem ol ogical studies and
ani mal experiments clearly indicates a risk due to radon and radon daughter
exposure. Although individual studies have particular shortcom ngs that nay
nmake that conclusion | ess supportable for the individual study, the pattern
over all the studies is convincing. Positive associations between exposure to
radon daughters and | ung cancer have been found in occupational settings for
various types of mining operations, in various ethnic groups around the world,
and under various concomtant exposure conditions. In sone of these
occupational settings, conconitant exposure to other pollutants, such as ore
dust, diesel engine exhaust, or other ninerals, such as silica, may have
occurred. The possible inmpact of these other pollutants on radon daughteri nduced
| ung cancer is unclear (see Section 2.6).

2.5 Bl OMARKERS OF EXPOSURE AND EFFECT

Bi omar kers are broadly defined as indicators signaling events in biologic
systens or sanples. They have been classified as narkers of exposure, narkers
of effect, and markers of susceptibility (NAS/ NRC 1989).

A bi omarker of exposure is a xenobiotic substance or its netabolite(s) or
t he product of an interaction between a xenobiotic agent and sone target
nol ecul e or cell that is measured within a conmpartment of an organi sm ( NAS/ NRC
1989). The preferred bi omarkers of exposure are generally the substance
itself or substance-specific nmetabolites in readily obtainable body fluid or
excreta. However, several factors can confound the use and interpretation of
bi omar kers of exposure. The body burden of a substance may be the result of
exposures from nore than one source. The substance bei ng neasured may be a
net abolite of another xenobiotic (e.g., high urinary |evels of phenol can
result fromexposure to several different aromatic conpounds). Dependi ng on
the properties of the substance (e.g., biologic half-life) and environnenta
conditions (e.g., duration and route of exposure), the substance and all of
its metabolites may have left the body by the tinme biol ogic sanples can be
taken. It may be difficult to identify individuals exposed to hazardous
substances that are conmonly found in body tissues and fluids (e.g., essential
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m neral nutrients such as copper, zinc and sel eniun). Bionarkers of exposure
to radon are discussed in Section 2.5.1.

Bi omar kers of effect are defined as any measurabl e bi ochem cal
physi ol ogic, or other alteration within an organi smthat, depending on
magni t ude, can be recogni zed as an established or potential health inpairnent
or disease (NAS/NRC 1989). This definition enconpasses biochem cal or
cellular signals of tissue dysfunction (e.g., increased liver enzynme activity
or pathologic changes in female genital epitheliumcells), as well as
physi ol ogi ¢ signs of dysfunction such as increased blood pressure or decreased
lung capacity. Note that these narkers are often not substance specific.

They al so may not be directly adverse, but can indicate potential health
i mpai rment (e.g., DNA adducts). Biomarkers of effects caused by radon are
di scussed in Section 2.5.2.

A bi omarker of susceptibility is an indicator of an inherent or acquired
l[imtation of an organism s ability to respond to the chall enge of exposure to
a specific xenobiotic. It can be an intrinsic genetic or other characteristic
or a preexisting disease that results in an increase in absorbed dose,
bi ol ogically effective dose, or target tissue response. |f bionarkers of
susceptibility exist, they are discussed in Section 2.7, "POPULATI ONS THAT ARE
UNUSUALLY SUSCEPTI BLE. "

2.5.1 Bi omarkers Used to ldentify or Quantify Exposure to Radon

Bi omar kers of exposure to radon and its progeny include the presence of
radon progeny in several human tissues and fluids, including bone, teeth,
bl ood, hair, and whi skers, and can be measured by nethods which are both
specific and reliable (Blanchard et al. 1969; Cenente et al. 1984; CGotchy and
Schi ager 1969). Al though the presence of radon progeny in these tissues and
fluids indicate exposure to radon, exposure to uraniumor radiumnmay al so
result in the presence of these decay products. Pol onium 210 nmay al so be
found in tissues after exposure to cigarette snoke. Levels of |ead-210 in
teeth have been associated with levels of radon in the environment in an area
with high natural background I evels of radon and radon daughters (C enente et
al. 1984). In addition, Black et al. (1968) reported correlation of radiation
exposure and | ead-210 | evels in bone fromuranium m ners. However, cunul ative
exposure to these individuals was estimted. Biomarkers of radon or radon
progeny exposure may be present after any exposure duration (e.g., acute,
i nternedi ate, chronic). Because of the relatively short half-lives of nost
radon progeny, with respect to a human lifetinme, the tinme at which the
bi ol ogi cal sanple is taken related to tinme of exposure may be inportant.
However, for the longer lived progeny the tine factor is less critical

Model s are avail abl e which estinate exposure to radon-222 fromlevels of
stabl e radon daughter products, |ead-210 and pol oni um 210, in bone, teeth, and
bl ood (Bl anchard et al. 1969; Cenmente et al. 1982, 1984; Ei senbud et al
1969; Cotchy and Schi ager 1969; Wi ssbuch et al. 1980). However, these nodels
nmake nunerous assunptions, and uncertainties inherent in all nodels are
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i nvolved in these estimates. Therefore, at present, these estimted | evels of
bi omar kers of exposure are not useful for quantifying exposure to radon and
progeny. Quantification of exposure to radon is further conplicated by the
fact that radon is an ubiquitous substance and background | evel s of radon and
radon progeny are needed to quantify higher than "average" exposures.

2.5.2 Bi omar kers Used to Characterize Effects Caused by Radon

The principal target organ identified in both hunan and ani mal studies
foll owi ng exposure to radon and progeny is the lung. Alterations in sputum
cytol ogy have been eval uated as an early indicator of radiation damage to |ung
ti ssue. The frequency of abnormalities in sputumcytol ogy, which may indicate
potential |ung cancer devel opnent, increased with increasing cunulative
exposures to radon and radon daughters (Band et al. 1980; Saccomanno et al
1974). Al though abnornmal sputum cytol ogy may be observed fol |l owi ng radon
exposure, this effect is also seen foll owi ng exposure to other xenobiotics
such as cigarette snmoke. In addition, even though increases in the frequency
of abnormal sputum cytol ogy can be neasured, they may not provide a reliable
correlation between levels in human tissues or fluids with health effects in
exposed indi vi dual s.

A dose-response rel ati onshi p between chronmosone aberrations and i ncreased
environnental |evels of radon has been reported (Pohl-Rtiling and Fischer 1983;
Pohl -Riiling et al. 1976, 1987). Al though the presence of chronosone
aberrations is a bionarker of effect, the potential range of chem cals which
could cause this effect is so great that it would not necessarily be
consi dered radon-specific.

Addi ti onal biomarkers of effect for radon and radon progeny exposure may
exi st; however, these were not located in the reviewed literature. For nore
i nfornmati on on bi onarkers for effects of the i mmune, renal, and hepatic
systens see ATSDR, CDC Subcommittee Report on Biological Indicators of O gan
Damage (1990c) and for bionmarkers of effect for the neurol ogical system see
OTA (1990). For nore information on health effects foll owi ng exposure to
radon and radon daughters see Section 2.2.

2.6 | NTERACTI ONS W TH OTHER CHEM CALS

The interaction of cigarette snoke with radon and the possible effect on
radon-i nduced toxicity is a conplex one and is still an issue under
consi deration. Cigarette snoke appears to interact with radon and radon
daughters to potentiate their effects. In general, epidem ological studies
have reported synergistic, multiplicative, or additive effects of cigarette
snoke in lung cancer induction anbng m ners exposed to radon and radon
daughters (US DHHS 1985). Studies by Lundin et al. (1969, 1971) reported 10
times nore |lung cancer anong United States uranium m ners who snoked. In a
case-control study of United States uraniumminers, Archer (1985) reported
that snoking miners with Iung cancer had significantly reduced | atencyi nduction
peri ods than nonsnmokers. Cigarette snoking al so appeared to shorten
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the | atency period for |lung cancer anong Swedi sh | ead-zinc mners (Axel son and
Sundel | 1978), and Swedi sh iron mners (Danber and Larsson 1982). M ners who
snoke cigarettes may be at higher risk because of the possible synergistic or
additive effect between radon and radon daughters and ci garette snoking
(Klassen et al. 1986). However, an antagonistic relationship between

cigarette snoking and |ung cancer in hunans may exist according to Sterling
(1983). His hypothesis is that snokers nay have a | ower potential retention

of deposited radon daughter particles due to enhanced nucociliary clearance.

O her investigators have reported that nonsnoking mners exhibited a higher

i nci dence of lung cancer than snokers, although the I atency of cancer

i nduction was shorter in nonsnmokers than for snokers (Axel son 1980; Axel son
and Sundel|l 1978). Again, the theories put forth to explain this phenonenon

i ncl ude increased nucus production and alterations in nucociliary clearance in
snokers resulting in the increased nucus thickness.

Sonme ani mal studies support the theory that cigarette snoke potentiates
the effects of radon and radon daughters alone or in conjunction with uranium
ore dust. A study by Chanmeaud et al. (1982b) reported an increase in the
i nci dence of lung cancer, as well as a decrease in the cancer |atency period
in rats exposed to radon and then to cigarette snoke, conpared to rats exposed
to radon and radon daughters alone. This study did not include untreated
controls. Alterations in normal blood paraneters, including carboxyhenogl obin
| evel s and | eukocyte counts, were observed in dogs exposed to cigarette snoke
foll owed by exposure to radon daughters plus uraniumore dust, conpared to
ani mal s exposed to only radon daughters plus uraniumore (Filipy et al. 1974).
In contrast, some studies suggest an antagonistic interaction between snoking
and radon daughter-induced |ung cancer. Dogs exposed daily to cigarette snoke
foll owed i medi ately by exposure to radon and radon daughters and urani um ore
dust exhibited a decrease in the incidence of lung tunors, conpared to dogs
exposed to radon and radon daughters plus uraniumore dust (Cross et al
1982b). Cross (1988) reported that this was possibly due to a thickening of
the mucus layer as a result of snpbking and, to a |l esser extent, a stinulatory
effect of cigarette snoke on mucociliary clearance, although no enpirica
evi dence was col |l ected during the experiment to test these possibilities.

In rats adm nistration of chemicals present in cigarette snoke after
exposure to radon and radon daughters resulted in a decrease in the |ung
cancer |atency period when conpared to the tinme-to-tunor induction in animals
treated with radon alone. This effect was seen with 5, 6-benzoflavon (Queval
et al. 1979) and with cerium hydroxi de (Chaneaud et al. 1974).

QO her airborne irritants, as well as ore dust and diesel exhaust, may act
synergistically with radon and radon daughters to increase the incidence of
adverse health effects. Epidem ol ogical studies report the presence of other
airborne irritants in mning environnments, including arsenic, hexaval ent
chrom um nickel, cobalt (Sevc et al. 1984), serpentine (Radford and Renard
1984), iron ore dust (Danber and Larsson 1982; Edling and Axel son 1983;

Radf ord and Renard 1984), and di esel exhaust (Danber and Larsson 1982; Sevc et
al . 1984).
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Cross and col | eagues at Pacific Northwest Laboratory have conducted
ext ensi ve experinents involving exposure of dogs, mce, rats, and hansters to
radon and its progeny in conjunction with uraniumore dust and/or diese
exhaust (Cross 1988; Cross et al. 1981, 1982b, 1984; Pacific Northwest
Laboratory 1978; Palner et al. 1973). Studies in hansters, mice, and rats
have shown that exposure to uranium ore dust and/or diesel exhaust increases
the pul nonary effects of radon. Radon and conbi nati ons of urani um ore dust
and/ or di esel exhaust produced greater incidences of pul nobnary enphysema and
fibrosis in hansters than radon and radon daughters al one (Cross 1988).
Exposure to uranium ore dust or diesel exhaust alone caused significant
bronchi al hyperpl asia, but not as great an effect as conbining either of these
wi th radon and radon daughters. The incidence of severe |esions of the upper
respiratory tract (nasal passages and trachea) of mice and rats was increased
foll owi ng exposure to radon and urani um ore dust, conpared to ani mal s exposed
to radon and radon daughters alone (Palnmer et al. 1973). An increased
i nci dence of thoracic cancer (40% was observed in rats treated with asbestos
(mneral dust) after inhalation of radon and radon daughters, conpared with
ani mal s exposed to radon al one (Bignhon et al. 1983). However, these tunors
may have been due to asbestos rather than to an interaction between agents.
This experinent did not include a group exposed only to mneral dusts.
I nhal ati on exposure to radon and radon daughters in conjunction with silicon
di oxi de i ncreased the incidence of nodular fibrosis of the lungs in rats
(Kushneva 1959).

2.7 POPULATI ONS THAT ARE UNUSUALLY SUSCEPTI BLE

Children may be nore susceptible to the effects of radon and radon
daughters. Differences in lung norphonmetry and breathing rates in children
result in higher estinmated doses that may make chil dren nore susceptible to
the effects of radon than adults (Sanet et al. 1989). In calculating the
i nhal ed dose of radon, Hof mann et al. (1979) reported that dose was strongly
dependent on age, with a naxi mum val ue reached at about the age of 6 years.
Ri sk of cancer from exposure to |low | evels of ionizing radiation during
chil dhood are estimated to be twice that of adults (BEIR V 1990). Ri sk of
l ung cancer in children resulting fromexposure to radon nay be al nost twice
as high as the risk to adults exposed to the same anount of radon (NCRP
1984a) .

Popul ati ons that may be nore susceptible to the respiratory effects of
radon and radon daughters are people who have chronic respiratory di sease,
such as asthma, enphysema, or fibrosis. People with chronic respiratory
di sease often have reduced expiration efficiency and increased residua
vol une; i.e., greater than nornmal anounts of air left in the lungs after
normal expiration (Quyton 1977). Therefore, radon and its progeny would be
resident in the lungs for longer periods of tine, increasing the risk of
damage to the lung tissue. In addition, persons who have existing |ung
| esions may be nore susceptible to the tunor-causing effects of radon (Morken
1973).
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2.8 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA directs the Admi nistrator of ATSDR (in
consultation with the Adm ni strator of EPA and agenci es and prograns of the
Public Health Service) to assess whether adequate information on the health
effects of radon is available. Were adequate information is not avail abl e,
ATSDR, in conjunction with the National Toxicology Program (NTP), is required
to assure the initiation of a program of research designed to determ ne the
health effects (and techni ques for devel opi ng methods to determ ne such health
ef fects) of radon

The foll owi ng categories of possible data needs have been identified by a
joint teamof scientists fromATSDR, NTP, and EPA. They are defined as
subst ance-specific informational needs that, if net, would reduce or elimnate
the uncertainties of human health assessment. In the future, the identified
data needs will be evaluated and prioritized, and a substance-specific
research agenda will be proposed.

2.8.1 Existing Information on Health Effects of Radon

The existing data on health effects of inhalation, oral, and dernal
exposure of humans and animals to radon and radon daughters are sumari zed in
Figure 2-2. The purpose of this figure is to illustrate the existing
i nformation concerning the health effects of radon. Each dot in the figure
i ndicates that one or nore studies provide information associated with that
particul ar effect. The dot does not inply anything about the quality of the
study or studies. Gaps in this figure should not be interpreted as "data
needs" information

Fi gure 2-2 graphically describes whether a particular health effect end
poi nt has been studied for a specific route and durati on of exposure. Mst of
the information on health effects in humans caused by exposure to radon and
radon progeny was obtai ned from epi dem ol ogi cal studies of uranium and ot her
hard rock m ners. These studies of chronic occupational exposure to radon via
i nhal ati on provide informati on on cancer and lethality, and limted insight
into reproductive and genetic effects. Limted information is al so avail able
regardi ng cancer follow ng dermal exposure to radon and radon daughters. No
information on the health effects of radon and radon daughters in humans was
avai l abl e following acute or internedi ate exposure by any route. No
i nformati on on the health effects of radon and radon daughters in aninmals
foll owi ng acute, internediate, or chronic oral or dernmal exposure was |ocated.
The only information available from ani mal studies was by the inhalation route
of exposure which provides data on system c and genetic effects, as well as
cancer.
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2.8.2 Identification of Data Needs

Acut e-Duration Exposure. No information exists regarding the health
effects to humans following their acute exposure to radon and radon daughters
by any route. Single dose studies are available for |aboratory aninmals that
have been exposed by the inhalation and parenteral routes. No information is
avai | abl e on acute oral exposure in laboratory aninmals. Information is
available on lethality foll owi ng acute inhal ation exposure to hi gh doses.
However, this study did not provide information on target organs, sensitive
ti ssues, or cause of death. No information is available on effects in humans
or animals follow ng acute exposure to | ower levels of radon. This
information is needed in order to assess the toxicity of radon

I nt ernmedi at e-Durati on Exposure. No information regarding health effects
foll owi ng i nternedi ate-durati on exposure to humans by any route was clearly
identified in the available literature. Epidem ol ogical studies in genera
focused on cohorts exposed to radon and radon daughters for durations |onger
t han one year. Aninal studies denonstrate that internedi ate exposure to high
| evel s of radon and radon daughters resulted in chronic respiratory toxicity
and lung cancers. This is an indication of the potential for such effects in
exposed human popul ati ons. The rel ati onship between the nature and severity
of the respiratory toxicity and the amount of radon exposure is not clearly
defined; nor is there any information on toxicity to other organs, other than
the respiratory tract foll ow ng internediate-durati on exposure. Additiona
research on the dose-duration-response rel ationship between radon exposure and
the type and pernmanence of resulting toxicity would provide pertinent
information. Carefully designed studies in which |aboratory aninmals are
exposed to levels that are simlar to high environmental |evels for partia
lifetime and observed for life could provide inportant information. These
studies woul d facilitate the estinmation of cancer risk to persons living in an
area with high natural levels for only a portion of their life. These ani nal
studi es shoul d address both the effect of total dose and dose-rate on
devel opnent of adverse health effects. This informati on may al so be useful in
situations in which the time | apse between identifying the presence of radon
and any renediation effort is of an internediate duration

Chroni c-Durati on Exposure and Cancer. Know edge of the adverse health
effects in humans foll owi ng chronic radon and radon daughter exposure is based
primarily on studies in adult mal e underground niners. These studies describe
predomi nantly respiratory end points, such as enphysema, fibrosis, and cancer
To a large extent other health effects have not been studied. Epideni ol ogica
studies in general report only the cause of death for each nmenber of the
cohort; therefore, there is insufficient information on whether other adverse
effects were identified other than the ones |isted as cause of death. Little
or no information exists on cardi ovascul ar, gastrointestinal, renal
muscul oskel etal, inmunol ogical, or dermal/ocular effects in humans or ani nal s.
In addition, these niners also may have been sinultaneously exposed to other
pollutants (e.g., long-lived radi oactive dusts (uranium, diesel-engine
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exhaust, cigarette snoke, and external ganma radi ation). Several of these
factors have been inplicated i ndependently as causative agents of |ung cancer
and respiratory di seases and the excess lung cancers in cigarette snokers have
been wel |l docunented. Thus, the data currently used to characterize a human
health hazard with regard to respiratory toxicity represent a conposite
response to other factors as well as to radon daughters.

Chroni c exposure to radon and radon daughters in |aboratory aninals al so
results in respiratory lesions. In |laboratory aninals exposed to radon and
radon daughters in conbination with uranium ore dust, pul nonary fibrosis and
enphysena have resulted. Further research of the interaction of radon and
radon daughters with other environnmental pollutants, especially cigarette
snoke, is needed. This information could be used to clarify uncertainties in
the extrapolation of the data in mners to describe the potential hazard to
human health from environmental radon daughter exposures. \Well-defined
studi es that exam ne both pathol ogi cal and functional changes in other organ
systens are necessary to clarify these issues.

Radon di ssolved in drinking water is a source of human exposure. Studies
are needed whi ch describe the absorption and transl ocation of radon gas and
the effects of alpha radiation emtted by radon daughters at the site of
entry, the gastrointestinal tract. Wiile translocation of radon daughters
fromthe portal of entry to other sites in the body may be linited (due
primarily to the short half-life of nbst al pha emitting radon daughters),
radon gas nay distribute to other organs and, thereby, provide an interna
source of radon daughter al pha radiation

Epi denmi ol ogi cal studi es have denonstrated a causal association between
exposure to radon and radon daughters and lung cancer nortality. The nunber
of lung cancer nortality cases in these cohorts was influenced by the tota
cunul ative radi ati on exposure, by the age at first exposure, and by the tine
course of the exposure duration. Significant increases in lung cancer that
were denmonstrated in chronic studies in mce, rats, and dogs resulted from
exposure of these animals to radon and radon daughters in combination with one
or nore other pollutants, such as uranium ore dust, diesel-engi ne exhaust, or
cigarette snoke. Chronic studies in hansters (Pacific Northwest Laboratories
1978) in which aninals were exposed to radon and radon daughters al one did not
denonstrate a significant carcinogenic response; however, the hanster may be
resistant to radiation-induced | ung cancer. Hansters did not devel op | ung
tunmors when exposed to anot her al pha-emtter, plutonium (ATSDR 1990b).
Evi dence from ani mal studies indicates that factors such as the unattached
fraction and disequilibriumof radon daughters influence |ung cancer
production. Qher air pollutants may interact synergistically with radon
daughters in lung tunor induction. Long-term studies designed to evaluate the
potential interaction of radon daughters with other pollutants woul d provide
i nformati on necessary to determine the toxicity of radon and radon daughters.
Factorial studies, i.e., studies that test radon and radon daughters al one and
radon and radon daughters with only one other confounding factor are needed
because nuch of the cancer information to date is fromstudies with severa
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confoundi ng factors. These studies could help elucidate the extent of
i nteracti on between radon and each confoundi ng factor

Genotoxicity. Studies of mners and other popul ati ons exposed to radon
and radon daughters showed an increased occurrence of chronosona
abnormalities. However, because exposure-effect relationshi ps have not yet
been establi shed and the biological significance of these chronpsonal effects
is uncertain, further studies should be perforned. In vitro studies using
human cell lines could help determ ne a dose-response for exposure to radon
and radon daughters and increased chronosomal abnormalities. Such
relationships may be difficult to establish because of possible interactions
wi th other substances, i.e., uraniumore dust. There are no in vivo ani nal
data to support the observed increase in chronmosonmal abnormalities in hunan
popul ati ons. Further observations in |aboratory animals are needed to explain
t hese effects.

Reproductive Toxicity. Recent epidem ol ogi cal studies have suggested
t hat exposure to radon and radon daughters during uraniumm ning may be
associ ated with adverse reproductive outcones (Dean 1981; Miller et al. 1967;
W ese and Ski pper 1986). Wiile the evidence of the possible reproductive
effects of uraniummning is largely descriptive, reports of alterations in
t he secondary sex ratio among of fspring of uraniummners nerits further
study. Currently there are no experinmental data that evaluate the
reproductive toxicity of radon and radon progeny exposure by any route.
Control | ed experinents that are designed to eval uate reproductive toxicity and
that attenpt to correlate the amount of al pha radiation to germcells could
provi de an explanation of the effects that have been observed in the
epi dem ol ogy studi es.

Devel opnental Toxicity. Recent data indicate that nental retardati on may
result fromlowlevel exposure of children to radiation during their
devel opnent in utero (Gake and Schull 1984). Wile this effect may have
resulted fromexternal radiation rather than internally delivered radiation
dose, the potential of ionizing radiation to induce devel opnental toxicity is
general ly accepted. No experinmental data currently exist that evaluate the
devel opnental toxicity of radon and radon progeny by any route. Controlled
experinments that are designed to eval uate devel opnmental toxicity and that
attenpt to correlate the anount of al pha radiation available to the fetus
coul d show whet her the effects observed foll owi ng exposure to other forms of
radi ati on al so may occur follow ng exposure to radon and progeny.

I mmunotoxicity. No information currently exists on humans or |aboratory
ani mal s regardi ng adverse effects on the i mune system foll owi ng exposure by
any route to radon or radon progeny. However, data indicate that acute
exposure to radon in laboratory animals results in a transient decrease in
| ynphocytes. Although these effects were transient, it is possible that the
i mune system nmay be conpronmised during this tine. In addition, some
epi demi ol ogi cal studi es have reported increased chronmosomal abnormalities
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foll owi ng exposure to radon and radon daughters. Dependi ng upon the target
cells in which these chronbsonmal changes occurred, adverse effects on the

i mmune systemcould result. A battery of inmmunological tests admnistered to
menbers of a nonm ner cohort, such as radon spa workers or people exposed to
hi gh background levels, is needed to clarify whether imunol ogical effects
occur follow ng exposure to radon or radon progeny. Aninmal studies designed
to eval uate i mune conpetence al so are necessary to provide information on
subtle alterations in imune function. In addition, |ynphocytes and |ynphatic
tissues are sensitive to the radiation-induced danmage caused by ot her

al phaem tting radionuclides (ATSDR 1990b). Although |ynphocytopeni a observed in
dogs exposed to plutoniumis not seen follow ng exposure to radon and radon
daughters or uraniumore dust, other tests for i munoconpetence have not been
conduct ed (ATSDR 1990a, 1990b).

Neurotoxicity. Cells and tissues in the nervous system may be | ess
radi osensitive, due to a lack of cell turnover or cellular regeneration, than
faster regenerating cells of the gastrointestinal tract or pul nonary
epithelium Consequently, neuronal inpairnment as a result of radon al pha
em ssions is not expected. Therefore, studies which specifically or directly
neasure either pathol ogical or functional danage to the nervous system
foll owi ng exposure to radon do not appear to be necessary at this tine.

Epi deni ol ogi cal and Hurman Dosinmetry Studi es. Epidem ol ogi cal studies of
urani um and hardrock miner cohorts in the United States, Czechoslovakia, and
Canada have denobnstrated an increase in |lung cancer deaths. A sinilar
increase in lung cancer deaths al so has been reported in epi dem ol ogi ca
studies of iron ore, zinc-lead, tin, phosphate, niobium and fluorspar mners.
Many of the persons included in the various m ning cohorts began work in
underground mnes prior to 1969 when reconmendations for the maxi num radon
daughter levels were established in United States mines or prior to 1972 when
yearly exposure levels (4 WM for United States mners were proposed (MSHA
1989). (The WM represents a cunul ati ve exposure; see Section 2.1,

I ntroduction or Appendix B.) Since institution of these guidelines, radon
daughter levels in United States m nes have decreased. For exanple, the
average radon and radon daughter levels in United States urani ummnes were as
high as 10,000 pG /L of air (3.7x10°Bg/mi) in the early 1950s but dropped to

| ess than 100 pG radon-222/L of air (3.7x10° Bg/m) by 1968 (Lundin et al
1971). Anong the Col orado urani um niner study group, only a relatively smal
nunber of persons who have been exposed to low | evels of radiation have had a
long foll owup (Archer 1980). A continuation of the followup on this group

is needed to contribute to the evaluation of health hazards at |evels at or
bel ow t he current exposure standard for radon daughters or at the levels
present in the environnment. Continuation of the follow up of epidemn ol ogica
studi es of New Mexico uraniumniners is al so necessary because snoking is | ess
frequent in this group than in other groups studied. Continuation of studies
of underground nminers exposed to radon daughters to cover the full lifetines
of the cohort nenbers woul d generate useful information. Additiona

i nformati on on the snoking habits of these cohorts is required to provide sone
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i nsights on the conplex interaction between radon daughters and cigarette
snoking with regard to the induction of lung cancer. |f exposure warrants,
new popul ati on studies could be initiated or additional information could be
gat hered on previously defined popul ati ons.

The exact duration and |evel of exposure in human studies involving
underground mners are not adequately characterized. CGenerally, approxinmate
exposure is used based on environnental measurenents of radon and radon
daughters in the mnes and individual work histories. The relationship
bet ween W.M and dose to the respiratory tract can differ in the occupationa
and environmental settings prinmarily due to differences in type and quantity
of dust levels or ventilation rates. Additional evaluation of radon daughter
dosinetry in various settings is needed to provide a better basis for
estimating adverse health effects and correlating these effects with
envi ronnent al exposures.

As with sonme of the chronic animal studies, exposures in nost of the
occupational miner cohorts consist of exposure to radon and radon progeny in
t he presence of other contam nants such as urani um ore dust, diesel-engine
exhaust, or other mne pollutants. Only a few studi es of |ung cancer
associ ated with environnental exposures to radon and radon daughters have been
reported. These studies are prinmarily case-control or case-referent studies
that involve a small nunber of subjects and have exposure estinmates that are
based on either surrogates for neasurements or |imted neasurenents.

Addi tional studies of the extent of the hazard associated with environmental
radon daught er exposures woul d provide useful information since radon is an
ubi qui t ous substance, especially as they conpare to estimtes of the hunman
heal th hazard based on the occupational setting.

Bi omar kers of Exposure and Effect. Potenti al bi onmarkers of exposure may
i nclude the presence of radon progeny in urine, blood, bone, teeth, or hair
Al t hough the detection of radon progeny in these nedia is not a direct
nmeasur enent of an exposure |level, estimates nmay be derived from nmathenatica
nodel s. Quantification of exposure to radon is further conplicated by the
fact that radon is an ubiquitous substance and background | evels of radon and
radon progeny are needed to quantify higher than "average" exposures. It has
been reported (Brandomet al. 1978; Pohl Ruling et al. 1976) that chronosone
aberrations in the peripheral blood | ynphocytes may be a biol ogi cal doseresponse
i ndi cator of radiation exposure. In addition, the frequency of
abnormalities in sputumcytol ogy has been utilized as an early indicator of
radi ati on damage to lung tissue (Band et al. 1980). However, nore extensive
research is needed in order to correlate these effects with radon exposure
| evel s and subsequent devel opnent of |ung cancer or other adverse effects.

Absorption, Distribution, Metabolism and Excretion. Sone quantitative
information is available on the absorption, distribution, and excretion of
radon and radon daughters followi ng inhalation and oral exposure, but
information followi ng dermal exposure is inadequate. Additional information
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on the deposition patterns in airways for radon daughters and the relationship
of these deposition patterns to the onset of respiratory disease is needed to
enhance understandi ng of the disease process and delineate health protective
nmeasures to reduce deposition. In particular, further study of the role of
ultra fine particles on lung doses is needed. Mrre information on chronic
exposure to low levels of radon in air and water is also necessary since this
is the nost common type of exposure for the najority of people who are exposed
environnental ly. Al though absorption of radon via the oral route is known to
occur, dosimetry of the gastrointestinal tract wall and the radi osensitivity
of the wall is poorly understood. This information would be inmportant in
assessing the inpact of oral exposure. Information on the storage of radon

and radon daughters in fat tissue, especially follow ng chronic exposure, is
necessary to deternm ne whet her steady-state conditions can be achi eved and the
possi bility of |ong-term bioaccunul ati on of radon daughters in body tissues.
No information is available on the rate or extent of bioaccunulation of the

| ong-1ived radon daughter products such as |ead-210 or pol onium 210. This
informati on i s needed so that past exposures to radon nay be quantifi ed.

Conpar ative Toxicokinetics. Very little infornmation is known about the
conpar ative toxicokinetics of radon and radon daughters anong ani nal s and
humans. However, sinmilar target organs have been identified in both humans
and | aboratory ani mal s exposed to radon and radon progeny. Mre information
on respiratory physiology, target cells, lung deposition, and absorption of
radon and radon daughters in different aninmal species is needed to clarify
observed differences in species-sensitivity and tunor types. For exanple,
rats generally develop lung tunors in the bronchioal veolar region of the |ung
whi | e hunans devel op |ung tunors in higher regions (tracheobronchial area).
These studies could identify the appropriate ani mal nodel for further study of
radon-i nduced adverse effects, although differences in anatony and physi ol ogy
of the respiratory system between ani mals and humans require carefu
consi deration. Mdst of the information available on the toxicokinetics of
radon and progeny has been obtained from studi es of inhalation exposure.
Studies on the transport of radon and progeny followi ng oral and dernal
exposures are needed to conpare different routes of exposure.

2.8.3 On-goi ng Studi es

In recent years, concern over exposure to radon in both occupational and
residential settings has increased. Consequently, nunerous institutions have
becorme involved in radon-related activities, partly to investigate the adverse
health effects of radon. The follow ng discussion is intended to be a
representative sanple of on-going research and is not an exhaustive |ist of
the work in this area.

Several epiden ol ogical studies pertaining to radon in honmes and | ung
cancer incidence are underway. Conprehensive case-control studies of |ung
cancer anmong nonsnoki ng wonen are under investigation by M Alavanja (NC) in
M ssouri, Z. Hrubec (NCI) in Stockholm Sweden, and New Jersey, J. Boice (NC)
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i n Shenyang, China, J.H Stebbings (Argonne National Laboratory), and G W
Col Il man (National Institute of Environnental Health Sciences). Al studies

i nvol ve residential exposure to radon. Epidem ol ogi cal studies of New Mexico
uraniummners and tin mners are being conducted by J.M Sanet (University of
New Mexi co School of Medicine) and J.H Lubin (NC), respectively. C Eheman
(Centers for Disease Control) has been working with the National Park Service
i n assessing past and current radon exposure of enployees who work in caves
for the possibility of an epidem ol ogy study of park service enpl oyees exposed
to radon at hone and in caves.

F.T. Cross (Pacific Northwest Laboratories) is studying the exposure-rate
ef fect in radon daughter-induced carcinogenesis, and the role of oncogenes and
the invol venent of growth factors and receptors in radon-induced
carcinogenesis. Simlar studies on the influence of dose and dose-rate on
car ci nogenesi s and ot her biological effects are being conducted by M
Ter zaghi - Howe (Oak Ri dge National Laboratories). F.T. Cross (Pacific
Nort hwest Laboratories) is also continuing a series of animal experinents, in
particular studies in rats with exposure to | ow cumul ati ve doses of radon
(more than 20 WM. R S. Caswell (National Institute for Standards and
Technol ogy) is devel oping a nechani stic nodel of the interaction of the al pha
particles of radon and its daughters with the cells at risk in the |ung.

L. A. Braby (Pacific Northwest Laboratories) is studying the nalignant
transformati on of mammalian cells exposed to al pha particles that pass through
the cell nuclei in an attenpt to elucidate the nmechanisns of action of
radi ati on. The nechanisns of cell killing by al pha particles (M Raju, Los
Al anps Laboratories), cell neoplastic transformation from al pha particles
(S.B. Curtis, Lawence Berkeley Laboratory), and pul nobnary tissue injury from
radon/ radon daughter exposure (T.M Seed, Argonne National Laboratory) are
al so under investigation.

Radon-i nduced genotoxicity is another subject of interest under
i nvestigation. D.J. Chen (Los Al anps National Laboratories) is investigating
t he nmechani stic basis for gene nmutation induced by ionizing radiation in
normal hurman fibroblasts. J.E. Turner (Cak Ri dge National Laboratories) is
exam ning the early physical and cheni cal changes produced by energetic al pha
particles to elucidate the nechani snms involved in DNA damage. F.T. Cross
(Pacific Northwest Laboratories) is studying the effects of exposure to radon
on DNA and DNA-repair processes. MN Cornforth (Los Al anpbs Nationa
Laboratory) is attenpting to provide quantitative data concerning both
doseresponse and repairability of cytogenetic damage to human cells caused by
ultra | ow doses of ionizing radiation. The types and yields of danage
produced in mamual i an-cell DNA by radon (J.F. Ward, University of California,
La Jolla); radon-induced nutation in manmalian cells, utilizing a reconbi nant
shuttle plasm d containing a target gene (S. Mtra, QOak Ridge Nationa
Laboratories); and cytotoxic, mutagenic, and nol ecul ar | esions induced in
manmmal i an cells differing in DNA repair capabilities by low rates of radon and
radon daughters (H H Evans, Case Western Reserve University) are under
i nvestigation. The direct effect of radon progeny and ot her high-LET al pha
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radi ati on on DNA danage in respiratory epithelial cells (D.G Thonmassen,

Lovel ace | nhal ati on Toxi col ogy Research Institute) and the biol ogica
consequences of high-LET al phas fromradon on chronosonal and epi sonal DNA in
human cells (J.E. Ceaver, University of California, San Franci sco) are under
i nvestigation. Alteration in the DNA content of critical cells in the
respiratory tract foll owi ng exposure to radon and ot her aspects of

radi ati oni nduced danmage to DNA is the current topic of study by many ot her

i nvestigators, such as N. F. Johnson (Lovel ace I nhal ati on Toxi col ogy Research
Institute) and J.L. Schwarz (University of Chicago Medical Center).

Interaction of radon and radon progeny with other pollutants is another
area of investigation. J.M Daisey (University of California, Berkeley) and
Y-S. Cheng (Los Al anpbs National Laboratories) are independently studying the
conpl ex interactions between radon and its progeny with other gaseous i ndoor
pol lutants. Further, F.J. Burns (New York University Medical Center) also is
conducting experinents on rats to study |lung cancer risk frominhal ation of
radon al one or in conbination with other pollutants comonly found in the hone
environnent. Interaction of radon and cigarette snoke in causing |lung tunors
inrats is being studied by S.H Mol gavkar (Fred Hutchi nson Cancer Research
Center). The induction/pronotion relationships associated with radon and
cigarette snmoke mixtures also are being studied by F.T. Cross (Pacific
Nort hwest Laboratories).

Anot her factor that influences radon toxicity is the toxicokinetics of
radon and radon progeny. Target regions of the lung for inhaled radon and
radon progeny are being studied i ndependently by R R Mrcer (Duke University)
and R G Cuddi hy (Lovel ace Inhal ati on Toxicol ogy Institute) to determne the
sensitivity of cell types located in the target regions. HC Yeh (Lovel ace
I nhal ati on Toxi col ogy Research Institute) is quantifying radon deposition in
the respiratory tract of humans, based on the node of breathing, body size,
and aerosol characteristics. B.S. Cohen (New York University Medical Center)
is also conducting a simlar study on humans and | aboratory aninmals. A
conpar ative norphonetric study between dogs and humans is bei ng conducted by
E. S. Robbins (New York University Medical Center). W Castleman, Jr
(Pennsyl vania State University) is investigating the chenical and physica
processes associated with radon distribution and effects. This would aid in
assessi ng the nechani sns governing distribution, fate, and pathways of entry
into biological systens. Mre studies related to the above topics are in
progress by R G Cuddi hy (Lovel ace I nhal ati on Toxi col ogy Research Institute),
D.R Fisher (Pacific Northwest Laboratory), N.H Harley (New York University
Medi cal Center), and D.L. Swift (Johns Hopki ns University).





