
tion of mechanisms increasing message 
translatability is higher (21). The difference 
between C V l  and HeLa cells suggests that 
an additional intracellular control mecha- 
nism for HTLV-IIIILAV replication could 
be the extent of tyans-activation in different 
cellular environments. 
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Distribution of Airborne Radon-222 Concentrations 
in U.S. Homes 

Apparently large exposures of the general public to the radioactive decay products of 
radon-222 present in indoor air have led to systematical appraisal of monitoring data 
from U.S. single-family homes; several ways of aggregating data were used that take 
into account differences in sample selection and season of measurements. The resulting 
distribution of annual-average radon-222 concentrations can be characterized by an 
arithmetic mean of 1.5 picocurie per liter (55 becquerels per cubic meter) and a long 
tail with 1 to 3% of homes exceeding 8 picocuries per Liter, or by a geometric mean of 
0.9 picocurie per liter and a geometric standard deviation of about 2.8. The standard 
deviation in the means is 15%, estimated from the number and variability of the available 
data sets, but the total uncertainty is larger because these data may not be representative. 
Available dose-response data suggest that an average of 1.5 picocuries per liter contributes 
about 0.3% lifetime risk of lung cancer and that, in the million homes with the highest 
concentrations, where annual exposures approximate or exceed those received by under- 
ground uranium miners, long-term occupants suffer an added lifetime risk of at least 2%, 
reaching extraordinary values at the highest concentrations observed. 

R ADON-222 AND ITS DECAY PROD- 

ucts are universally present in the 
air we breathe, with typical levels 

indoors estimated-on the basis of epidemi- 
ology among uranium miners-to cause 
thousands of cases of lung cancer annually in 
the United States. A special concern has 
been the frequent appearance of homes with 
concentrations that imply inchidual lifetime 
risks of lung cancer exceeding 1%, and the 
occasional occurrence of levels with estimat- 
ed risks an order of magnitude or more 
higher. These risks, large compared with 
ordinarily considered environmental risks, 
have led to diverse studies characterizing 
indoor concentrations, the factors affecting 

them, and health implications (1, 2). 
However, there has not been a quantita- 

tive characterization of the distribution of 
radon concentrations in U.S. residences. 
Monitoring has been limited to modest local 
efforts varying markedly in scientific objec- 
tives. selection of homes. and measurement 
techniques, providing no direct estimate ei- 
ther of average exposures or of the number 
of homes above proposed action levels, such 
as the criterion recently recommended by 
the U.S. National Council on Radiation 
Protection and Measurements (NCRP) : 2 
working-level months (WLM) per year (3, 
4). Nonetheless, taken together, data from 
U.S. studies are substantial. We present 

results of a systematic appraisal of these 
data, designed to aggregate them in a con- 
sistent way, explicitly accounting for their 
differences, and thereby to estimate the fre- 
quency distribution of concentrations in 
U.S. homes. We demonstrate the utility of 
lognormal parameters for representing this 
distribution and extract quantitative values 
for average concentrations and for the inci- 
dence of high levels; both lognormal and 
oonparametric analyses give similar results. 

From the literature and from direct com- 
munication with researchers, we have accu- 
mulated data from 38 U.S. areas, typically 
urban centers or states (Table 1). Approxi- 
mately 99% of these data were taken in 
single-family houses, typically selected by 
asking for volunteers (for example, from 
among employees of a given institution) or 
by choosing from participants in energy 
conservation programs. Thus, while few, if 
any, of the homes monitored were selected 
by statistically based sampling procedures, 
virtually all selection processes contained a 
strong random element. The studies varied 
substantially in size: eight have 50 or more 
homes and an equal number have fewer than 
10. Each data set still gives a useful indica- 
tion of concentrations in the corresponding 
area and, taken together with the other data 
sets, of concentrations in U.S. single-family 
houses. 

-- 
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Two broad incentives give rise to most of 
these data: the first 22 sets came primarily 
from studies ascertaining present concentra- 
tions as a basis for estimating potential 
increases due to energy-conserving measures 
that reduce air infiitracion into houses. In 
contrast, sets 23 to 38 were collected in 
areas with some prior indication of the 
probability of high 222Rn concentrations. 
For none of the 38 sets is it thought that use 
of 226~a-bearing industrial residues or 
incorporation of unusually effective infiltra- 
tion-reduction measures have contributed 
significantly to 2 2 2 ~ n  concentrations in the 
homes monitored. 

Nonparametric analysis of these data 
yields significant information, but because 

5% probability if the hnction represents the 
true distribution. This relatively large X2 

appears to arise from the presence of slightly 
fewer houses at midrange concentrations 
(around 3 pciiliter) than suggested by a 
lognormal distribution and from the corre- 
sponding appearance of more houses in the 
long tail and with low concentrations. Other 
bc t iona l  forms do not provide a good 
representation of the data. 

For each data set, Table 1 states the 
arithmetic mean (AM), the geometric mean 
(GM), and the geometric standard deviation 
(GSD). Study results are expressed in terms 
of 2 2 2 ~ n  concentration, even for studies 

monitoring in large housing samples con- 
sistently yields concentrations that are dis- 
tributed approximately lognormally, we use 
lognormal parameterization for a more com- 
plete and p o w e h l  representation of the 
data. The utility of this functional form is 
indicated in individual data sets in Fig. 1 and 
in the distribution obtained by directly ag- 
gregating the data from 19 of sets 1 through 
22 (Figs. 1 and 2). The X2 for the data in 
Fig. 2 with respect to the indicated lognor- 
mal b c t i o n  is large enough so that it or a 
larger value would occur with only about 

Table 1. Radon-222 and decay-product (5)  concentrations measured in U.S. residences. Where individual data are available, primary use is made of main- 
floor living-room or of averaged living-area values, from which the arithmetic mean (AM), geometric mean (GM), and geometric standard deviation (GSD) 
are calculated; otherwise these parameters are taken from the original paper or (in a few cases) derived from histograms. (Data sets 23 through 38 had some 
prior indication of the probability of high concentrations.) 

Houses 
(n) 

Measurement protocol 
Refer- 
ence 

(21) 
(21 
(21 
(21) 
(10) 
(22) 
(8) 
(8) 
(23) 
(24) 
(8) 
(25) 
(26) 
(27) 
(28) 
(28) 
(29) 
(30) 
(31) 
(31) 
(32) 
(8) 

(33) 
(34) 
(35) 
(35) 
(12) 
(36) 
(37) 
(38) 
(38) 
(38) 
(39) 
(40) 
(41 ) 
(42) 
(43) 

(43) 

Location 
AM GM GSD 

Tech- 
nique* Period? Season* 

1 Washington 
2 Oregon 
3 Montana 
4 Idaho 
5 San Francisco, CA 
6 Las Vegas, NV 
7 Colorado Springs, CO 
8 Fargo, ND 
9 Wisconsin 

10 Houston, TXl l 
11 Portland, ME 
12 New York 
13 Rochester, NY 
14 Northeastern NY 
15 New York City area 
16 New Jersey 
17 Princeton, NJ 
18 Pittsburgh, PAll 
19 Philadelphia, PA area 
20 Damascus, MD 
21 East Tennessee1 l 
22 Charleston, SC 

1~ 
4-5m 
4-5m 
3-4m 
3-6m 
4-5m 
2-9m 
2w 
-6m 
lwiseas 
lwiseas 
-5m 
ly 
3dJseas 
3dIseas 
2x3111 
4-5m 

Yr 
WSP YP 
SF 
WS 
SF2P 
W 
FWSp 
2Yr 
2Yr 
WSP 
Yr 
WS 
WSP 
WF 
WSP 

23 Butte, MTI i 
24 Grand Junction, Coil 
25 Sante Fe, NM 
26 Farmington, NM 
27 New Mexico 
28 Chicago, ILII 
29 Central Maine 
30 Lewiston, NY 
31 Middlesex, NJ 
32 Canonsburg, PA 
33 Eastern Pennsylvania 
34 Maryland 
35 Oak Ridge, TN 
36 Raleigh, NC 
37 Florida (non- 

mineralized) 
38 Florida (mineralized) 

lwiseas 
lwilm 
1-16d 
1-12d 
I 
I 
6-8171 
1-2wiseas 
1-2wiseas 
1-2wiseas 
2-8m 
I 
I 
I 
lwiseas 

Yr 
Yr 
Yr 
SPS 
SP 
F 
1-2Yr 
2Yr 
2Yr 
2Yr 
WS 
SpSF 
W 
F 
Yr 

Yr lwiseas 

*Measurement technique abbreviations: TD, track-etched detector; GS, grab sample; CR, continuous radon monitor; PM, passive environmental radon monitor; AC, activated 
carbon integrating dev~ce; and RP, radon progeny integrating sampling unit. tPeriod abbreviations y, m, w, or d represent the continuous number of years, months, weeks, or 
davs of measurement; I, instantaneous; /seas, measurement performed each season; and llm, each month. $Seasons: W, winter; S , spring; S ,  summer; F, fall; and Yr, spans 
f o b  seasons. $Gives normalization and (for sets 1 through 22) population weights. Seasonal data normalization: A, parameters Leady reflect an estimate of annual average 
concentration, usuallv 0.5 x (winter value + summer value) where such data exist, aggregated (where needed) with a normalized subset of single-season values; H, heating season 
results require normdization to obtain annual average. Decimal numkr  gives populat~on w e i p  app~o~imately equal to population (in millions) within a SO-mile radius centered 
on a named city or within a state (less any population assigned to cities). I INo data availab eon ind~vldual houses; obta~ned only statistical data and for sets 10, 18,21 the values 
exceeding 8 pciiliter (from either graphical information or personal communication). llZz2Rn decay-product concentration was measured ( 5 ) .  
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where decay-product concentration was 
measured (5). The average (AM) concentra- 
tion ranges from 0.45 (San Francisco) to 7.6 
pcilliter (Fargo and Eastern Pennsylvania). 

Because measurements were performed 
by a variety of techniques, there may be 
questions about consistency in overall cali- 
bration; and statistical uncertainties associ- 
ated with individual measurements may be 
large for the lower concentrations observed. 
Results of interlaboratory calibration efforts 
of the last several years (6) indicate that 
potential inconsistencies in calibration are 
likely to be small compared with the differ- 
ences in means (Table 1). The effect of 
statistical uncertainties on our aggregate pa- 
rameters is noted below. 

Table 1 does not include all data sets 
accumulated in the United States. For a few 
we were not able to acquire the data; several 
sets appear unsuitable for present purposes, 
and we may be unaware of some data. 
Moreover, some studies are ambiguously 
reported with data represented piecemeal or 
in contradictoty fashion; for these we have 
relied on what appears to be the primary 
reference. In addition, a number of impor- 

tant studies are still in progress. Nonethe- 
less, Table 1 is a good approximation to a 
complete representation of available results 
on U.S. single-family residences. 

Aggregating these data sets to approxi- 
mate a U.S. distribution requires careful 
attention both to monitoring protocols and 
to the selection and weighting of housing 
samples. For the purpose of exposure (and 
risk) assessment, an integrated year-long 
measurement is ideal [and practical with 
etched-track monitors measuring 222Rn con- 
centration (T i ] .  Only a few data sets ap- 
proach the ideal, but many effectively ap- 
proximate it by deploying integrating 222Rn 
or decay-product monitors during every sea- 
son. It is the numerous studies that em- 
ployed integrating samplers for only one or 
two seasons that require the most careful 
consideration. 

In four studies, 222Rn measurements have 
been made in a sample of homes during part 
of the heating season and again during the 
summer. Winter concentrations and annual 
averages (estimated as the average of winter 
and summer results for each house) are 
approximately lognormally distributed (Ta- 

- - - Damascus x 1.2 

-+ Aggregate 

-.-. o Wisconsin + 2 

x Washington + 3 

Cumulative probability (%) 

Fig. 1. Plot of observed concentration as a function of the percentage of homes having that 
concentration or less, for an aggregation of 19 sets (see Fig. 2) and for individual exemplary data sets 
chosen to span the country: Damascus, Maryland (set 20), Wisconsin (set 9), and Washington (set l ) ,  
multiplied by factors of 1.2, 0.5, and 0.33, respectively, to visually separate the sets. With this 
probability scale, lognormally dstributed data should lie along a straight l i e ;  the indicated lines 
correspond to the lognormal parameters given in Fig. 2 (for the aggregation) and Table 1 (for the 
individual sets). 

ble 2). Taking the ratio of annual-average to 
winter parameters, we find that results vary 
modestly among these studies, reflecting 
statistical uncertainties and differences in 
environmental conditions or house opera- 
tion. We take the averages of the AM, GM, 
and GSD ratios, 0.72, 0.81, and 0.89, re- 
spectively, as a reasonable basis for inferring 
annual-average parameters from heating- 
season results. In aggregations where winter 
data are normalized to annual averages, we 
therefore multiply the winter parameters by 
the corresponding ratios. More detailed in- 
formation would permit refining this simple 
approach, but is unlikely to change signifi- 
cantly the overall U.S. distribution that we 
infer or the specific results that we calculate. 

Considering the factors discussed above, 
we have aggregated the data in several fash- 
ions, in each case representing the aggregate 
distribution conceptually as a weighted sum 
of individual distributions, (Ciwidi)lZiwi 
(where di is the frequency distribution of the 
ith data set and wi its weight). Aggregations 
are distinguished by whether the annual- 
winter normalization is applied, by which 
data sets are included, and by how the 
individual data sets are weighted. We have 
considered either all 38 setstogether (total- 
ing 1377 houses) or sets 1 to 22 (totaling 
817 homes), without prior expectation of 
high concentrations. w e  expect the latter 
grouping to yield results that are more 
representative of the United States as a 
whole. The data sets have been weighted, 
not only by the number of homes moni- 
tored, but also with equal weights (indepen- 
dent of number) and, for the 22-set group- 
ing, with population weights. Although 
weighting by number is appropriate for 
samples drawn from the same population, 
equal weights give an indication of the U.S. 
distribution if each study is considered rep- 
resentative of an area (independently of the 
number of homes monitored). The popula- 
tion-based weighting we have employed as- 
sociates with each data set from a city the 
approximate population within 50 miles 
(taking measurements to be indicative of 
concentrations in the local area) and with 
each set from a state, the state's population 
(less any population already associated with 
cities). 

We have calculated the oarameters of each 
aggregate distribution using the AM'S, 
GM's, and GSD's in Table 1, rather than 
aggregating the data directly, since the spe- 
cific data from some studies are not available 
and because this approach simplifies adop- 
tion of differing weightirlgs and normaliza- 
tions. The aggregate results are given in 
Table 3, with the normalized 22-set group- 
ing having an AM of 1.42 to  1.54 pCi/liter 
(53 to 57 Bq/m3), depending on weighting, 
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a GM of 0.85 to 0.89 pcilliter (31 to 33 Bql 
m3), and a GSD of 2.6 to 2.9. Table 3 also 
gives the percentage of homes with greater 
than (or equal to) 8 pcilliter (300 Bqlm3), 
calculated from the GM and GSD for each 
case and also, for the 22-set groupings only, 
obtained by applying the indicated weight- 
ines and normalizations to the 24 raw mea- " 
surement results exceeding 8 pciiliter. For 
the normalized 22-set grouping, the fraction 
of homes exceeding 8 pcilliter ranges from 
1 to 3%, implying that in approximately a 
million homes exposure rates exceed 2 
WLMlyear in the limit of 100% occupancy 
(5) .  Aggregations that include all 38 data 
sets have larger means (and tails) than do 
comparable 22-set aggregations, confirming 
the expectation that sets 23 to 38 tend to 
have iigher concentrations than the others. 
Also as expected, with winter data normal- 
ized, means and GSD's are lower than for 
the unadjusted data sets. 

The 38 sets represent 21 states and the 
22-set grouping i 7  states, both a substantial 
number. Although the smaller grouping 
may inadequately represent the U.S. Mid- 
west and South, every major area is repre- 
sented to some extent in both groupings, 
including a notable number of major metro- 
politan areas. The general method of house 
selection, depending primarily on volunteers 
and participants in energy-conservation pro- 
grams, probably favors middle-class hous- 
kg, but-low-income housing is represented 
[for example, four sets are derived from a 
multicity energy-conservation program (8 ) ] .  
The most significant restriction of the sam- " 
ple is that it represents only the approxi- 
mately 60  million single-family residences 
(9) constituting about 70% of the U.S. 
housing stock and a somewhat greater per- 
centage of the population. Despite its short- 
comings, the available sample appears to be 
an approximate representation of such 
homes, subject primarily to the limitation 
that only 22 (or 38) areas are sampled. 

Results of our analytical approach are 
supported by specific characteristics of the 
data. For example, the implication of the 
lognormal tha; about 2% of 
homes have levels exceeding 8 pcilliter is 

Table 2. Comparison of annual-average* to winter 

- Lognormal 

GSD = 2.84 

---- Weibull 

scale = 1.58 pcilliter 
shape = 1.21 i 

-.- Gaussian 
AM = 1.74 pCi/liter 
ASD = 2.76 I 

Fig. 2. Radon-222 concentrations from direct aggregation of the 552 individual data points in 19 sets 
(1  to 22, less 10, 18, and 21, for which we do not have the individual data). The smooth curves are the 
lognormal and Gaussian functions corresponding to the indicated parameters (calculated directly from 
the data) and a Weibull function with parameters determined by fit to the data. The Gaussian and 
Weibd functions can be made to fit reasonably well to portions of the data, for example, to the peak or 
to the tail, but not to the entire distribution. 

borne out by direct counting of the data. 
The comparison is direct for unnormalized 
number-weighted aggregations: for the 22- 
set grouping, the lognormal parameters sug- 
gest that 2.1% (that is, 17) of the 817 
homes exceed 8 pCi/liter, whereas the data 
themselves contain 24, distributed among 
10 of the 22 data sets (five each in Fargo and 
Pittsburgh, and one to three in each of eight 
other sets). Thus, aggregate lognormal pa- 
rameters might yield a slight underestimate 
of the percentage in the tail relative to results 
from some more hndamental aggregation 
approach. On the other hand, the percent- 
age obtained by the direct-count method 
with normalization (yielding, for example, 
2.5% for equal weighting) might be expect- 
ed to overestimate the actual tail for the 
distribution of annual average concentra- 
tions, since, from Table 2, it appears that, 
relative to winter measurements, the annual 

parameters. 

average distribution is not only scaled down 
but has a smaller GSD. Other uncertainties 
aside, the two methods, lognormal estima- 
tion and counting, might bound the real 
percentage in the tail for normalized aggre- 
gations; as seen in Table 3, these two results 
are quite close for each 22-set grouping. 

We also examined the distribution of the 
GM's of the individual data sets, which for 
the 22 winter-normalized sets appear to be 
lognormally distributed with a GSD of 
about 2.0. Adding this GSD in quadrature 
to a median GSD of 2.2 from the same data 
sets yields an overall GSD of 3.0, consistent 
with that found by actual aggregation. 

Assuming a GSD of approximately 3, 
uncertainty formulas for lognormal distribu- 
tions yield that the standard uncertainty in 
the mean concentration from a truly repre- 
sentative survey in, for example, 750 homes, 
would be about 4%. However, the uncer- 

Houses with Annual-average Winter-only Ratio of annual-average to 
winter and 222Rn (pciiliter) 2 2 2 ~ ~  (pciiliter) winter parameters 

Location summer mea- Refer- 

surements ence 

(n) AM GM GSD AM GM GSD AM GM GSD 

Pacific NW 32 3.27 2.18 2.25 4.58 2.97 2.41 0.714 0.734 0.934 (21) 
Central Maine 58 2.86 1.61 2.52 3.42 1.66 2.81 0.836 0.970 0.897 (37) 
Eastern Pennsylvania 36 7.57 3.29 3.41 11.25 4.40 3.81 0.673 0.748 0.895 (39) 
Philadelphia, PA area 23 2.73 2.01 2.15 4.20 2.61 2.63 0.650 0.770 0.817 (31) 

Average ratio 0.718 0.806 0.886 

*0.5 x (winter + summer). 
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tainty in an aggregation of the kind consid- 
ered here is considerably larger, being domi- 
nated by questions of sample selection and 
monitoring techniques. On the more impor- 
tant issue of sample selection, we note that 
for 22 individual GM's distributed with a 
GSD of 2.0 the aggregate mean has a stan- 
dard error of 15%, corresponding to an 
uncertainty of 0.13 out of 0.9 pCi/liter (or 
0.2 out of the average of 1.5 pciiliter). The 
uncertainty in the fraction above 8 pciiliter 
can be estimated directly from the number 
found (about 20) to be ( U r n )  x 2%, 
assuming the houses found with more than 
8 pCi/liter are randomly selected from the 
total exceeding this level; however, because 
of sensitivity to the data in individual sets 
and to the aggregation approach, expressing 
the fraction as 1 to 3% is a more complete 
indication of the uncertainty. Estimating the 
effect of measurement uncertainty on the 
aggregate parameters, we believe the means 
and the fraction above 8 pCi/liter to be 
virtually unaffected, whereas the GSD may 
have been increased by 0.1 or less, depend- 
ing on the uncertainty associated with the 
individual data. 

Thus the aggregate parameters from the 
normalized 22-set grouping are affected 
only slightly by choice of aggregation proce- 
dure, and the intrinsic uncertainty, that is, 
that associated with having chosen only 22 

areas, can be estimated to be about 15% for 
the means and a somewhat greater percent- 
age for the fraction above 8 pciiliter. This 
analysis therefore yields as overall results: 
AM = 1.5 & 0.2 pCi/liter (55 * 7 Bq/m3) 
and 1 to 3% of houses above 8 pCi/liter 
(300 Bq/m3), or GM = 0.9 2 0.1 pCi/liter 
(34 * 4 Bq/m3) and GSD of about 2.8. 
These results characterize concentrations in 
U.S single-family houses only to the extent 
that the homes selected for the 22-set group- 
ing are representative of the housing stock. 
Ultimately, these results can only be tested 
in a statistically designed survey. 

The distribution of 222Rn concentrations 
is determined directly by two parameters: (i) 
the source strength, the rate at which 222Rn 
enters the indoor atmosphere from soil (the 
major U.S. source), domestic water, and 
building materials (10, 11) and (ii) the 
ventilation rate, which appears to have less 
variability than the source strength (8, 10, 
12). The fact that these rates are determined 
by a multiplicative combination of numer- 
ous underlying factors, such as radium con- 
tent, moisture, and permeability of the soil, 
understructure type and construction prac- 
tice, local temperatures, and winds, leads to 
the expectation that the concentration distri- 
bution found in either a single area or a 
national survey will resemble a lognormal 
function, as will an aggregation of results 

Table 3. Radon-222 concentration dstributions for various data selections, normalizations, and 
weights. 

- 

Aggregate parameters (pciiliter) Fraction of homes >8pCi/liter 
Aggregation Counted Calculated 

type* AM+ GM+ GSDt AM,,,,* and aggre- from GM 
gatedt and GSDS 

Not normalized 
Number 
Equal 

Normalized 
Number 
Equal 
Population 

Not normalized 
Number 
Equal 

Normalized 
Number 
Equal 

22 sets (81 7 homes) 

2.64 1.36 
2.91 1.56 
2.68 1.45 

38 sets (1377 homes) 

'Aggregate distributions labeled "38" include all data sets, while those labeled "22" exclude 23 to 38, with prior 
expectation of high "'Rn concentrations. Not normalized employ the parameters of Table 1 directly, whereas 
normalized indicates a normalization of sets acquired during heaung season only (labeled "H" in Table 1) .  Alternate 
weighting schemes are used for aggregating the data sets: number of homes (number); equal weighting (equal); or 
population weighting (po ulation) for 22-set grouping onl~r, with populations (in millions) from Table 1. tFor a 
nonparametric analysis, = N-]Z;wiAM;, where N ='B;wi. Similarly, for the fraction 2 8  pCi/liter, we take 
F(8) = N-'Z,w,Fj(8), where Fj(8) is the fraction of homes with at least 8 pCiiliter in set i (after normalization). With a 
lognormal representation, d; =p(GM,,GSD,), for p a lognormal function, and parameters for the a egate 
distribution are given by ln GM = N-'Bpi In GMi and (In GSD)2 = N-'{Bjw; [(ln GSDJ2 + (In G M , ) ~ Y -  (In 
GM)2. JAM,,,, = GM x exp[0.5(ln GSD)'], which follows for a lognormal distribution. §The fraction is 
obtained by integrating the lognormal function. In parentheses is the fracuon of total population exposure associated 
with these homes. Similar integrations yield: 6 to 15% of homes with 2 4  pcitliter, representing 27 to 54% of total 
exposure, and 19 to 33% with 2 pCi/liter, representing 54 to 76% of total exposure. 

from a moderately large number of individ- 
ual surveys (13).   or the same reasons, 
ventilation rates are found to be lognormally 
distributed [GSD about 2.0 (8, l l ) ] .  And, 
although a major incentive for studying 
indoor pollutants has been to assess the 
effect of infiltration-reduction measures de- 
signed to lower energy use (14), typical 
measures reduce infiltration rates only mod- 
estly (10 to 20%), with similar increases in 
indoor concentrations (15). The first-order 

\ ,  

effect of a broad program of infiltration 
reduction is therefore to shift the entire 
222Rn distribution slightly higher. (To the 
extent that any housing class is affected more 
substantially, it is that with higher infiltra- 
tion rates, which tend to have lower initial 
222Rn concentrations.) Finally, the substan- 
tial variability (GSD = 2.0) observed in the 
GM arises primarily from geographic vari- 
ability in source strength and is a principal 
consideration in developing methods of lo- 
calizing high concentrations (1 0). 

Recent analvses of 222Rn decav-product , L 
epidemiology and dosimetry, as they apply 
to environmental exposures, yield estimates 
of the individual lifeiime risk b f  lung cancer 
due to annual exposures of 0.2 WLM (the 
decay-product exposure from 80% occupan- 
cy at indoor 222Rn concentrations of 1 pCi/ 
liter) (5) that cluster around 0.2%, ranging 
over a factor of 3 in either direction (16). 
Our result of 1.5 pciiliter in single-family 
houses therefore corresponds to a risk of 
0.3%, and, assuming a concentration of 
about 0.5 pCiiliter in multifamily dwellings 
(I?, the average estimated risk is slighdy 
lower. Furthermore, it appears that approxi- 
mately a million single-family homes may 
have concentrations exceeding 8 pciiliter, 
implying an individual lifetime risk greater 
than approximately 2% to long-term occu- 
pants. The occasional house with concentra- 
tions exceeding 50 or even 100 pCi/liter 
causes truly extraordinary risks. Individual 
risks of 2% exceed by three orders of magni- 
tude the ordinarily considered to war- 
rant action by governmental agencies (18); 
indeed, the average indoor concentration of 
222Rn corresponds to a risk exceeding 
100 x Such risks indicate the need, 
not onlv for substantial characterization ef- 
forts, but also for the development of a more 
complete perspective on environmental ex- 
posures (19). 

The estimated average individual risk of 
0.2 to 0.3% corresponds to about 10,000 
annual cases of lung cancer in the U.S. 
population (depending significantly on the 
population mix and the period of expression 
for lung cancers induced). Judging from the 
integrated exposures indicated in the last 
column of Table 3, a significant fraction of 
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this incidence (about 15%) mav be associat- , , 
ed with houses having concentrations ex- 
ceeding 8 pciiliter. Thus any program to 
reduce the exposures of those presently at 
high risk could both reduce individual risk 
and noticeably decrease total population 
dose, more or less offsetting the potential 
increase (10 to 20%) from reducing infiltra- 
tion rates in the entire housing stock. 

Finally, the significant average risk and 
the substantial incidence of high individual 

V 

risks suggests the efficay of a two-part 
approach to controlling ' ~ n  decay-prod- 
uct exposures. One part would ensure that 
general building practice avoids measures 
that significantly increase average levels of 
2 2 2 ~ n  indoors; the ventilation part of a 
current industry standard has thii objective 
and serves effectively as a control on the 
average concentration (20). The second part 
would provide an explicit exposure limit 
protecting the individual: this corresponds 
well with the guidelines recommended by 
the NCRP and international agencies. The " 
present scientific challenge is to develop a 
better understanding of the fimdamental 
factors affecting radon source strengths, 
thereby permitting efficient identification of 
the geographic areas and homes with high 
concentrations and providing an effective 
basis for reducing &acceptable levels. 

Note added zn proof: Reduction of concen- 
trations exceeding 4 pcilliter, the limit re- 
tenth recommended bv the Environmental 
Protection Agency, would affect many more 
homes-about 7%, estimated from our log- 
normal remesentation-and would effect a 
substantially larger reduction in population 
dose (20a). 
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