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1800 hectares that were planted yielded, 
per hectare, approximately 480 kg of 
guayule rubber per year. Kelly (15) 
obtained yields of approximately 860 kg 
per hectare per year from one test plot 
in California. Foster .et al. (16) have 
outlined the state of the art of gua- 
yule technology and described pres- 
ent and projected world rubber mar- 
ket conditions and areas of the United 
States where conditions favor guayule 
cultivation. 
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Serious health effects from air pollu- 
tion have led to federal standards for the 
regulation of outdoor exposure levels. 
However, Americans spend about 90 
percent of their time indoors (1). Thus 
the levels of indoor air pollution are im- 
portant in determining total exposure to 
air pollutants (2-6). Indeed, in a recent 
review article (4) it was concluded that 
indoor air pollution in public office build- 
ings is of greater potential harm than the 
outdoor variety, and that these ex- 
posures may constitute a real threat to 
the health of many urban people. The 
U.S. Surgeon General asserted in his re- 
port on Smoking and Health that to- 
bacco smoke can be a significant source 
of atmospheric pollution in enclosed 
areas (7). Some 53 million U.S. smokers 
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consumed 615 billion cigarettes in 1978 
(8). Thus it is apparent that indoor air 
pollution from tobacco smoke is pan- 
demic. 

In the presence of cigarette smoke, 
many normal nonsmokers experience 
eye and throat irritation, headache, rhi- 
nitis, and coughing; allergic persons re- 
port wheezing, sneezing, and nausea as 
well. Particularly acute symptoms may 
be found in infants, children, persons 
with cardiovascular or respiratory dis- 
ease, and wearers of contact lenses (7, 
9). Determining the extent of the ex- 
posure of nonsmokers to cigarette smoke 
is important because smoking is a cause 
of chronic obstructive pulmonary dis- 
ease, cardiovascular disease, and lung 
cancer, and is associated with cancers in 

consumed 615 billion cigarettes in 1978 
(8). Thus it is apparent that indoor air 
pollution from tobacco smoke is pan- 
demic. 

In the presence of cigarette smoke, 
many normal nonsmokers experience 
eye and throat irritation, headache, rhi- 
nitis, and coughing; allergic persons re- 
port wheezing, sneezing, and nausea as 
well. Particularly acute symptoms may 
be found in infants, children, persons 
with cardiovascular or respiratory dis- 
ease, and wearers of contact lenses (7, 
9). Determining the extent of the ex- 
posure of nonsmokers to cigarette smoke 
is important because smoking is a cause 
of chronic obstructive pulmonary dis- 
ease, cardiovascular disease, and lung 
cancer, and is associated with cancers in 

0036-8075/80/0502-0464$02.00/0 Copyright ? 1980 AAAS 0036-8075/80/0502-0464$02.00/0 Copyright ? 1980 AAAS 

other parts of the body (7); because these 
diseases also occur in nonsmokers; and 
because the products of tobacco com- 
bustion have been detected in non- 
smokers (10). 

Although measurements of indoor car- 
bon monoxide pollution from smoking 
are abundant (7), published reports of 
the exposure of the population to the 
particulate phase of ambient tobacco 
smoke are rare (7, 11-13). Furthermore, 
a comprehensive theory of the genera- 
tion and removal mechanisms for tobac- 
co particulates in naturally or mechani- 
cally ventilated habitable spaces has not 
been presented. 

We therefore undertook a systematic 
study of the levels of respirable sus- 
pended particulates (RSP) in several 
common indoor environments in an at- 
tempt (i) to determine the relation of 
these levels to, the aerosol from tobacco 
smoking, (ii) to understand the effect of 
ventilation on tobacco smoke concentra- 
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tions, and (iii) to develop a general model 
for estimating the range of the publif's 
exposure. Our goal was to provide a 
quantitative basis for assessing the 
health hazards to nonsmokers posed by 
repeated exposure to tobacco com- 
bustion products. 

Model Development 

To relate the contribution of smoking 
to indoor RSP requires a model describ- 
ing the behavior of the tobacco aerosol in 
indoor spaces. Bridge and Corn (6) found 
that a reduced form of an equation by 
Turk (14) reliably predicts carbon mon- 
oxide (CO) concentrations from tobacco 
smoke in ventilated spaces and so is of 
major value in assessing the possible 
hazards in occupied spaces (11). The 
equation is not valid, however, for a pol- 
lutant that is affected by physical decay 
due to adsorption on room surfaces. Pen- 
kala and DeOliviera (15) showed that 
decay of the tobacco aerosol in a well- 
mixed unventilated chamber is ex- 

ponential. 
We modify the Turk equation in dif- 

ferential form by adding a decay term to 
the removal rate and equating the rate of 
change of pollutant mass to the algebraic 
sum of the generation and removal rates. 

Table 1. Recommended values of the mixi 
factor m, after Corn (1 ). The mixing factor 
an empirical number that accounts for roo 
specific effects on pollutant transport. Pol 
tant removal is more rapid in a well-mixed 
mosphere (where m is large) than in a poo 
mixed, stable one (where m is small). Fact( 
that affect m include type and placement 
ventilation grills, ventilation flow rates, 
homogeneous pollutant distribution, barrie 
circulation fans, and room traffic. 

Configuration of 
air supply system 

Perforated ceiling* 1/ 
Trunk system with anemostats 1/ 
Trunk system with diffusers 1/ 
Natural draft and ceiling 1/ 

exhaust fans 
Infiltration and natural draft 1/ 

*This is the best standard condition. 

decay time, a time constant associat 
with the removal of a pollutant fromr 
room through adsorption on surfaces a 
filtration; and m is the mixing factor, 
empirically determined number (16) tl 
modifies the ventilation time as Tv/ 
where m - 1 (m = 1 implies ideal m 

ing). Corn (11) suggested values of m 
various ventilation systems (Table 
We postulate that m also modifies I 
ideal decay time as Ta/m. The polluti 
generation rate, in micrograms per m 

Summary. An experimental and theoretical investigation is made into the range a 
nature of the exposure of the nonsmoking public to respirable suspended particula! 
from cigarette smoke. A model incorporating both physical and sociological paran 
ters is shown to be useful in understanding particulate levels from cigarette smoke 
indoor environments. Observed levels of particulates correlate with the predictions 
the model. It is shown that nonsmokers are exposed to significant air pollution b 
dens from indoor smoking. An assessment of the public health policy implications 
these burdens is presented. 

The solution yields the density A(t), 
micrograms per cubic meter, of smoke 
the room as a function of time: 

A(t) = Aeq(1 - e-t/) 

where Aeq = GT/V is the equilibri 
concentration of the pollutant in 
room, and where the time constant 

TaTv 
T 

a 

m(Ta + TV) 

is the mean ventilation time, or the ti 
for the smoke concentration to decre; 
to l/e of its value (where e is the base 
natural logarithms); V is the room v 
ume in cubic meters; Tv = V/Q is 
ideal ventilation time, or the time 
quired to replace a volume of air equa 
the volume of the room by ventilat 
and infiltration; Q is the volume rate 
ventilation and infiltration; Ta is the id 
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in ute, is given as G = nCo/tb, where r 
in the number of cigarettes being smokec 

time t; Co is the total particulate mat 
(TPM) from both sidestream and exha 
mainstream smoke; and tb is the durat 

um of cigarette smoking. 
the Equation 1 has two special cases: (i 

the case of ventilation only (r = Tv/m 
becomes the reduced Turk equation 

(2) Bridge and Corn (6), with m = 1; and 
in the case of adsorption only (the 

me ventilated room), T = ra/m. Then, if 
ase generation of smoke ceases at time 

of prior to equilibrium, A will decay 
rol- cording to 
the 
re- A(t) = Aoe-mt 
Ito where Ao is a constant related to 
ion equilibrium concentration by 
of 

leal Ao = Aeq [e(mtb/Ta) - 1] 

ing Equation 3 becomes the decay equation 
ris described by Penkala and DeOliviera 
l (15) for m = 1. 

at- The modified Turk equation (Eq. 1) 
rly contains only measurable quantities, and 
ors thus in principle can be used to estimate 
of the concentration of TPM or CO from to- 

in- 
bacco smoke (or other indoor air pollu- 
tants), as a function of time, for any 
room for which the pollutant generation 

n rate, volume, and mean ventilation time 
are known. 

'2 
'3 
'4 6 Controlled Experiments 

/10 Equation 2 shows that the mixing fac- 
tor affects the time constant for decay as 
well as ventilation. Experiments under 
conditions of known ventilation were 
therefore necessary to assess the influ- 

ted ence of mixing factors, decay time con- 
a stants, and generation rates on the 

nd growth and decay of tobacco smoke par- 
an ticulates. To increase the usefulness of 
hat the experimental values determined for 
m, the mean ventilation time for the remov- 
lix- al of tobacco smoke, we conducted these 
for experiments in actual occupied spaces 
1). rather than in experimental chambers. 
the A piezobalance (TSI model 3500) (17- 
ion 19) was used in sampling the aerosol. It 
iin- collects respirable particulates (20) be- 

tween 0.01 and 3.0 micrometers in diam- 
eter with near 100 percent efficiency (de- 

ind creasing to 50 percent at 3.5 g,m and to 
tes 10 percent at 4 ,/m). The sampling rate is 
ne- 1 liter/min (18); the sampling time is vari- 

in able. Factory-calibrated with welding 
of smoke, the detecting crystal in the in- 

ur- strument used has a sensitivity of 5.74 
of /ag/min-m3 per hertz. The instrument un- 

derestimates the mass concentration of 
tobacco aerosol by about 15 percent 
compared to measurements made with 

i is low-volume filter sampling techniques. 
I at Readings can be affected by changes in 
tter humidity; the maximum expected error 
led due to changes in relative humidity when 
ion sampling a hygroscopic aerosol (such as 

tobacco smoke) is given as + 10 .g/m3. 
)in The overall instrument error is 
) it about + 10 percent compared with low- 
of volume filter measurements of welding 

(ii) smoke (19). The aerosol from sidestream 
un- cigarette smoke (that portion emitted by 
the the burning tip), an important com- 
tb, ponent of many indoor aerosols, is log- 

ac- normal, with 99 percent of the mass < 1 
,um in aerodynamic diameter and with an 
initial mass median diameter (MMD) 

(3) from 0.2 to 1.5 ,im depending on dilution 
the (20, 21). The relative particle sizes of 

fresh sidestream and mainstream smoke 
(the latter being that portion inhaled by 
the smoker) are about the same; for ex- 
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Table 2. Parameters for Eq. 1, as determined with experiments 1 to 3 (unventilated rooms). 

Experi- Aeq Ao Ta/m r2* Ct Cigarette 
ment (g/m3) (,g/m3) (min) (mg of TPM) condition 

1t 530 503 10 1 .98 12.3 Smoldered 
25 5178 551 89 1/9 .42 16.0 Smoldered 
3? 1773 681 16.4 < 1 .81 23.0 Smoked 

*Coefficient of determination for the decay curve. tThe estimated amount of TPM liberated if the entire 
cigarette had been consumed, according to FTC protocol. The FTC mainstream TPM level for this cigarette is 
18 mg (24). tV = 21.9 m3. ?V = 29 m3. 

haled mainstream smoke, particle size is 
estimated to be - 0.8 /um (MMD). Since 
the ambient cigarette smoke aerosol is 
reproducible and coagulates very slowly, 
it has been used as a test aerosol (21) and 
in evaluation of heating, air-condi- 
tioning, and ventilating systems (22). 
[The bulk of the ambient tobacco aerosol 
is probably due to cigarettes, since less 
than 15 percent of smokers smoke cigars 
or pipes (23).] 

Unventilated Growth and 

Decay of Tobacco Smoke 

Experiments were carried out to deter- 
mine the usefulness of Eq. 3, which pre- 
dicts a rapid decay for good mixing and a 

slow decay for poor mixing; and also to 
discover the limits of ra/m. 

Experiments 1 and 2 were conducted 
in a wood-panelled den in a private resi- 
dence. In the geometric center of the 
room (volume, 21.9 m3), a popular filter 
cigarette [containing 65 millimeters of to- 
bacco and ranking 94th on the Federal 
Trade Commission (FTC) scale of tar 
and nicotine content (17 milligrams of tar 
and 1 milligram of nicotine) (24)] was ig- 
nited and allowed to smolder until 89 
percent of its tobacco was consumed. 
During the first experiment, two box fans 
(51 centimeters in diameter) with anti- 

parallel exhausts were used to ensure 
ideal mixing; each fan's exhaust, mea- 
sured with a Velometer, was 55 m3/min. 
The growth and decay of the RSP were 

measured with the piezobalance. Experi- 
ment 2 was similar to experiment 1, ex- 
cept that the cigarette was extinguished 
after 75 percent of its tobacco was con- 
sumed and the circulating fans were not 
used, so that mixing was natural. The re- 
sults of both experiments are plotted in 
Fig. 1, with the background levels of 
RSP subtracted. The data points general- 
ly represent 1-minute average values. 
The differences in mixing dramatically 
affect the slopes of the decay curves. 

The theoretical curves shown in Fig. 1 
were generated by fitting the data points 
from the decay curves to Eq. 3 with a 
regression analysis; Ao and ra/m were 
determined and used to calculate the 
growth curves from Eq. 1, case (ii). The 
ratio of the slopes of the decay curves for 
ideal and natural mixing yields the mix- 
ing factor for the room. Table 2 gives the 
values obtained for the various parame- 
ters. The value of the mixing factor ob- 
tained is in good agreement with the ex- 
pected value given in Table 1 for the case 
of infiltration and natural draft. The 
growth curve for the case of natural mix- 
ing (experiment 2) shows a poor fit ini- 
tially because of the effect of the warm 
smoke rising to the ceiling and remaining 

Table 3. Field survey of indoor RSP in the absence of smoking. 

Average Out- 
Room Per- Per- Indoor Avee door 

Locale volume sons sons RSP per RSP RSP Comment 

(m) per per level* sample levelt 
room 100 m3 (g/m3) (m) (/m3) (min) (tzg/m3) 

Crepes restaurant 124 43 35 29 20 44 No smoking section; aroma of fry- 
(Washington, D.C.) ing crepes evident 

Sandwich restaurant 326 40 12 55 21 40 No smoking section; near kitchen; 
(Laurel, Md.) three smokers in smoking section 

Sandwich restaurant 326 55 17 51 21 55 No smoking section; near kitchen; 
(Laurel, Md.) one smoker in smoking section 

Fast-food restaurant 1,400 22 1.6 38 7 Aroma of hamburgers frying 
(Bowie, Md.) 

Private residence 120 11 9 24 20 Cocktail party; one candle burn- 
(Seabrook, Md.) ing 6 m from RSP detector 

Private residence 124 1 0.8 44 15 One hour after sweeping 
(Bowie, Md.) basement floor 

Private residence 22 2 9 24 6 Natural mixings 
(Greenbelt, Md.) 22 2 9 55 1 Two fans moving 110 m3 

of air per minute? 
Private residence 29 7 24 57 5 One fan moving 55 m3 

(Glenn Dale, Md.) of air per minutell 
Conference room 113 10 9 53 10 Two fans moving 50 m3 

(Greenbelt, Md.) of air per minute? 
Public library 1,415 30 2.1 29 30 During piano recital 

meeting room 
(Bowie, Md.) 

Library of Congress 27,000 130 0.48 30 10 Main reading room 
(Washington, D.C.) 

Church 4,224 300 7 30 42 During Sunday service 
(Bowie, Md.) 

Bagel bakery 510 30 6 25 10 8 Aroma of baking bagels evident 
(Yonkers, N.Y.) 

Private residence 150 17 11 26 16 During dinner party 
(Hawthorne, N.Y.) 

*Mean ? standard deviation for the Washington area samples, 40 + 13 /g/m3. tDuration of sampling, 5 minutes. tExperiment 2 background. ?Experiment 
I background. IIExperiment 3 background. ?Experiment 4 background. 
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out of the detector's range 
minutes. Experiment 3 di 
that Eq. 3 is valid under n 
conditions, that is, when a 
actually smoked. 

We conclude that these 
show that for the unventilate 
3, the reduced form of Eq. 1 
describing the growth and dc 
rette smoke particulates. 

Ventilated Growth and Equili 

Tobacco Smoke 

An experiment was con 
ventilated conference room 
office building to test Eq. 1 ii 
removal of uniformly genera 
smoke by both decay and 
The experiment involved mi 
growth of cigarette-generate 
background levels to near 
Analysis of the RSP-versus 
determines r, the mean vent 
and CT, the total RSP libera 
combined sidestream and ex 
stream smoke. 

The RSP detector was lo 
geometric center of the 11 
Two fans with antiparallel ex 
used to establish a vigorou, 
of 100 m3/min. The ideal ven 
rv, calculated from the volL 
rates of the ventilation syste 
minutes for a complete ch 
Thirty-two cigarettes were s 
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for about 3 minutes by a relay of seven smokers, 
emonstrated with an average of four persons smoking 
lore general at any given time. When smoking their 
cigarette is own brands, they averaged 9.8 minutes 

per cigarette; when smoking cigarettes 
experiments supplied to them, they averaged 5.8 min- 
d room, Eq. utes per cigarette. All butts were collect- 
,is useful in ed and the amount of tobacco consumed 

scay of ciga- was measured for each cigarette. The es- 
timated mainstream TPM (M) (tar plus 
nicotine) generated by the 32 cigarettes 
was determined by weighting the TPM 

ibrium of values for each cigarette (24) by the frac- 
tion of tobacco consumed, and adding 
the results to obtain M = 418 mg [TPM 

ducted in a is emitted from cigarettes at a linear rate 
of a modern after the fourth puff (25)]. 
n the case of Figure 2 shows the growth against 
Ated tobacco time of RSP from the cigarette smoke. 
ventilation. The data points are corrected for back- 

easuring the ground RSP levels and are 2-minute av- 
id RSP from erages. A regression analysis using Eq. 1 
equilibrium, yields Aeq = 1947 ag/m3 and T = 14 min- 
s-time curve utes, with a coefficient of determination 
tilation time, = .964 (from Eq. 2, ra = 19.5 minutes). 
ted from the Finally, CT, or the total amount of RSP 
(haled main- liberated in the room during the entire 

smoking period, 772 mg, is calculated by 
cated in the using Eq. 1; CT/M = 1.85. This ratio 
13-m3 room. represents a weighted average for six dif- 
(hausts were ferent brands of filter cigarettes that to- 
s circulation gether commanded a 23 percent share of 
ltilation time the market in 1976 (26). 
imetric flow From the goodness of fit of the theory 
im, was 49.2 to the data and from the observation of 
ange of air. predicted interactive behavior among 
moked in 49 mixing, growth, and decay processes for 

RSP from cigarette smoke, it appears 
that all the room-specific factors af- 
fecting the removal of tobacco smoke 

ent 2 (ventilation, decay, and mixing) can be xing) 
- ~~^ ~combined into a single time constant r, 

which can be determined for any room 
by regression analysis of the decay or 
growth-equilibrium curves, or by calcu- 
lation from the equilibrium concentra- 
tion if the smoke generation rate and 
room volume are known. The ratio of the 
slopes of the decay curves for ideal and 

*. t natural mixing yields the mixing factor. 
We conclude that Eq. 1 is a useful tool 

?* < for predicting the levels of tobacco 
led / / smoke in both ventilated and unventi- 

sion fit \ lated occupied space. 

25 '3 35 Field Survey of RSP 

Fig. 1. Theoretical predictions versus experi- 
mental results for the growth and decay of 
RSP from a smoldering, average-tar cigarette 
in a 22-m3 unventilated room. The dramatic 
difference in the slopes of the decay curves 
reflects the difference in room air turbulence 
(mixing) for the otherwise similar experi- 
ments. 
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We now address the complex problem 
of surveying the levels of RSP indoors 
and determining what portion of this 
aerosol may be attributed to cigarette 
smoke by means of Eq. 1. The problem 
is complicated by differences in smoking 
rates, numbers of smokers, room vol- 

umes, effective ventilation rates, and the 
TPM values of various brands of ciga- 
rettes. The problem may be simplified by 
assuming that smoking is a random pro- 
cess when it occurs among large groups 
of people. It follows that cigarette smoke 
RSP values may be treated as equilibri- 
um values; that all of the smokers may 
be treated as habitual smokers who 
smoke identical average-tar cigarettes in 
the same way at the same average rate, 
uniformly distributed over a 16-hour 
day. An average smoking rate r of two 
cigarettes per hour is calculated from the 
1975 figures for the number of U.S. 
smokers and the U.S. domestic cigarette 
consumption (8). In 1978, the sales- 
weighted average mainstream TPM val- 
ue Ma was 17.6 mg for all the cigarettes 
sold in the United States (7). The esti- 
mated emission rate Co (combined side- 
stream plus exhaled mainstream TPM) 
from a habitual smoker is given by 
E = 1.85 rMa = 65 mg/hour, where 1.85, 
used for the ratio Co/Ma, is taken from 
the conference room experiment. Phys- 
ically observable in any field survey of 
smoking is ns, the number of burning 
cigarettes (the number of "active" 
smokers); ns can be related to the num- 
ber of habitual smokers nhs by consid- 
ering that the average time for smoking a 
cigarette is 10 minutes (2, 6). This num- 
ber and the previously calculated aver- 
age smoking rate indicate that nhs = 3ns. 

Normalized mainstream tar generation rate 
(5-minute average,percent) 

100 102 99 79 94 94 88 94 75 104 

E 

>19 

tn 

0, 
-aE 
'D 

E 
(n 

o Experimental data 

-Theory 

16 24 32 40 

Time (minutes) 

48 58 

Fig. 2. Theoretical predictions versus experi- 
mental results for the attainment of equilibri- 
um Aeq for the combined emission of side- 
stream and exhaled mainstream cigarette 
smoke from four chain smokers in a 113-m3 
conference room with well-mixed (m - 1) 
ventilation in a modern office building. Under 
natural mixing conditions, about 11 habitual 
smokers would generate an equivalent equili- 
brated concentration of smoke. This many 
smokers would be expected in a group of 33 
adults (well within the capacity of this 50-per- 
son conference room). 
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From the equilibrated form of Eq. 1, 
determine that 

R = A = 650 
Ca 

where R is the smoker-generated equi 
rium RSP level in micrograms per cu 
meter, D, is the density of act 
smokers (number per 100 m:), and C 
the effective rate for the removal of ci 
rette aerosol (air changes per hour), w 
Ca = 60/r. 

The aerosol sampling described in t 
article was performed from late Ma 
through early June 1978 in the Washi 
ton, D.C., metropolitan area. The MI 
(seasonal average) of the outdoor urt 
aerosol for Washington in 1970 was 
tam, with 90 percent of the aerosol m 
less than 3 tm in aerodynamic diame 
and lognormally distributed (27). 

It is important to note that all of 
RSP measurements we report repres 
time-averaged values. 

Factors other than tobacco smc 
may contribute to indoor RSP. These 
elude infiltration of outdoor RSP, co 
ing, dust raised by indoor traffic, and 
dustry. By restricting the sampling 
nonindustrial indoor locations where 
bacco smoking is absent, the effect of 
remaining variables may be assess 
Table 3 gives the RSP levels for seve 
indoor spaces in which smoking did 
take place: three restaurants, four ! 
vate residences, an office building c 
ference room, two libraries, and 
church during services. The mean 
these measurements is 40 tg/m'. In th 
instances, fans were mixing the air a 
high rate and RSP levels were elevat 
apparently because of dust entrainm 
No correlation between the volumel 
density of people (occupancy) and R 
is evident. Hemperly (28), in samp] 
RSP in Houston, found similar RSP I 
els in two schools, a library, and a mu 
urnm-all nonsmoking areas. 

Table 4 gives the results of RSP sz 
pling in nonsmokers' automobiles tray 
ing along two major commuter highw 
(Route 50 in Maryland and U.S. 1-29' 
Washington) during the rush hour. ' 

samples were taken on different days , 
were measured in different vehicles. 
all cases, the windows were slightly o] 
and the ventilation fans were runni 
The mean of the data, 38 tug/m3, is 
very different from the mean of the 
door readings, 40 ,tg/m3 (Table 3). 

The impact of actual ventilation pr 
tice on ambient RSP levels from smok 
was investigated at eight restaural 
three cocktail lounges, two bingo gam 
a dinner-dance, a bowling alley, a sp( 
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we Table 4. Levels of RSP in nonsmokers' cars The piezobalance and a stopwatch 
during rush-hour traffic on a busy commuter were used to take tabletop-level RSP 
highway in Washington, D.C., measured with 
the vehicles' windows slightly open and the samples for periods ranging from 10 to 50 

(4) ventilation fans running. Each car carried four minutes (mean, 20 minutes). The pi- 
persons and had a volume of 2 m3, so that the ezobalance was equilibrated in advance 

lib- occupancy was equal to 200 persons per 100 to avoid errors due to changes in temper- 
bic m ature or humidity. 
ive Sampling RSP The room dimensions were estimated 
a is Date Time time level and the number of active smokers was 
iga- (min) (g/m3) sampled periodically throughout the 
ith 23 March a.m. 10 40 measurement period and averaged. It 

23 March p.m. 35 20 was usually not possible to sample the 
:his 24 March a.m. '20 54 premises when there was no smoking; in 

28 March a.m. 26 49 rch 31 March a.m. 8 2 most cases, the RSP outside the prem- 31. March a.m. 8 25 
ng- Mean + standard error 38 + 15 ises was sampled for comparison. Table 
vD 5 gives the results of the measurements. 
ban Figure 3 shows the average density of ac- 
0.5 tive smokers (defined as the number of 
ass arena, and a hospital emergency waiting burning cigarettes per 100 m3) plotted 
:ter room. For contrast, one unventilated pri- against the total indoor RSP sampled. As 

vate residence was sampled during a a guide to whether a given datum is 
the cocktail party. With the exception of the "high" or "low," the National Ambient 
ent hospital waiting room and the hotel bar, Air Quality Standards (NAAQS) for total 

each space sampled represented the ma- suspended particulates (TSP) are also 
oke jor part of the building and was subject to shown. Since a specific averaging time is 
in- ventilation requirements specified by incorporated into these standards, viola- 

ok- building codes. Sampling was generally tion of the standard is not demonstrated 
in- performed well after opening time to en- here. However, repeated exposure to 
to sure that an approximately steady-state such elevated levels can lead to "viola- 

to- level of smoking had been reached. tion" of the annual standards, as will be 
the shown later. Note that all the data for fi- 
ed. nite smoker density exceeded the level 
eral 1o00 NAAQS significant harm level for TS of the annual primary (health-related) 
not NAAQS, whereas none of the data for 
pri- 900 -NAAQS air pollution emergency level for TSP zero smoker density exceeded this level. 
on- 800- Ds(estimated) Further, the background RSP measured 

a TcMeasured data outside the smoking premises suggests oRT(calculated) 
of 700 - B *24 hour average that the source of these elevated levels 

tree tAnnual average was not the outdoor air. The mean and 
t a > 600 - C the standard deviation for the outdoor 

:ed, RSP are 46 ? 13 ,tg/m3, and in every 
tnt. 

500 case the outdoor level is less than the in- 
tric 400 E door. In certain cases, indoor controls 
LSP I A are available. In bingo game 2, held in 

ling 300 GAAQS primary level for SP * the nave of a church, the active smoker 
lev- o H. density was 0.47 per 100 m3, the occu- 

NAAQS seconda 200level for TSPJ pancy was 3.6 persons per 100 m3, and e- 
^ 

KS NAAQS secondary lev?el for TSP- 
-M N L- S the RSP density was 279 tag/m3 (Table 5). 

am-AQS primary level for By contrast, during the tobacco smoke- 
vel- --20 Data ponts free religious services, despite an occu- 

ays 0 10 2.0 3.0 pancy of 7.0 persons per 100 m3, 30 burn- 
Observed active smoker density 5 in (burning cigarettes per 100 m3) ing votive candles, and several proces- 

The sions, the RSP density was 30 ,ug/m3. 

nd Fig. 3. Results of a field survey of short-term The eleted RSP lees in the bin 
time-averaged levels of RSP in 38 enclosed The elevated RSP levels in the bngo 

In spaces (see Tables 3, 4 and 5). Levels corre- game clearly appear to be due to smok- 
pen sponding to federal standards for TSP are in- ing. Similarly, measurements taken in 

ing. dicated for comparison only. The micro- the nonsmoking section of a sandwich 
not environments include ten restaurants, three restaurant showed considerably lower 

cocktail lounges, two bingo games, a dinner- i - dance hall, a bowling alley, a sports arena, levels than in the smoking section, in- 
two libraries, a church, a hospital waiting dicating that the contribution of smoking 

rac- room, five vehicles, and five residences. The to RSP was much larger than the effect of 

;ing letters A through S correspond to those given cooking, even at the low cigarette den- 
in Table 5. The effective air change rates for n microenvironments A and S are known from sable 5). Fgure 3 shows 

ies, experiments to be C = 1.5 and 9.2, respec- that, in general, RSP levels increase with 
Drts tively. active smoker density, although there is 
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considerable scatter in the data. The 
question now is whether Eq. 1 is useful 
in explaining this scatter. 

We hypothesize that the levels of RSP 
for finite Ds (Fig. 3) are due to near-equi- 
librium levels of cigarette smoke adding 
to much smaller background levels, and 
that the scatter in the RSP levels for 
fixed cigarette density is due primarily to 
differences in the mean ventilation time 
T. Analyzing the background corrected 
data given in Table 5, we use Eq. 4 to 
calculate a range for Ca between 1.2 and 
10.7 air changes per hour; Ca is used in- 
stead of r to facilitate comparison with 
building code-specified ventilation rates. 
The range determined for Ca is consist- 
ent with two known values of Ca derived 
from the cocktail party and roadside res- 
taurant experiments (Table 5). 

The Ca for tobacco aerosol is affected 
by the rate of mechanical ventilation and 
infiltration, the rate of smoke adsorption, 
and mixing. The range of mechanical 
ventilation and infiltration can be calcu- 
lated from tables of standards deter- 

mined by the American Society of Heat- 
ing, Refrigerating, and Air Conditioning 
Engineers (ASHRAE) (29), the authority 
specified by the local building code (30). 
For each premise listed in Table 5, the 
recommended maximum number of out- 
door air changes per hour (based on the 
estimated floor area, maximum occupan- 
cy, and volume) was calculated from the 
ASHRAE tables; a two-thirds recircula- 
tion of air (the maximum permitted by 
ASHRAE) was assumed. This yielded a 
range of 0.7 to 9.4 air changes per hour. 
Infiltration, resulting mainly from the 
opening of doors, was estimated from 
the actual occupancy during the sam- 
pling (29); we assumed a 100 percent 
turnover of occupants per hour. This 
was added to the calculated mechanical 
ventilation rates, giving a final estimated 
range of 1.3 < Cv ' 13.4 air changes per 
hour, where Cv = 60/r,. 

The practical range of physical decay 
from adsorption for cigarette aerosol can 
be computed from our experiments and 
the literature. Most establishments pos- 

sess simple filters that are relatively inef- 
fective at removing tobacco smoke (22). 
The shortest ideal decay time measured 
(in experiment 1) was equivalent to six 
air changes per hour (Table 2). By con- 
trast, Penkala and DeOliviera (15) mea- 
sured a mean life for tobacco smoke, un- 
der uniform mixing in a chamber with 
unreactive walls, equivalent to one air 
change per hour. These two extremes 
given an estimated range of 1 < Cd < 6 
air changes per hour for RSP from to- 
bacco smoke, where Cd = 60/Ta. 

The range of mixing m appropriate for 
the spaces listed in Table 5 is 1/4 
< m < 1/2, as determined from Table 1. 
By using Eq. 2, a theoretical range of 
mean air change rates, 1/2 < CaTh < 10 
air changes per hour, is calculated from 
the estimated ranges for Cv, Cd, and m. 
This is consistent with the 1 to 11 air 
changes per hour determined with our 
model from the experimental results. In 
other words, the variations in the ob- 
served RSP density for fixed cigarette 
density can be phenomenologically ac- 

Table 5. Field survey of indoor RSP sampled in the presence of smoking. Where the standard 
MiIlUL CIamn1VL,- wnhl.r it is! Ut- +1ivn, uio , dnipn t;ii Li_ de,gin LiT_ T + l 

deviation is given, the value is an average of 2- 
miniuteU; aetllll;pial; , WlllC It 1 11Ut sVi, LI1C Illpllllg tLIIIC 1is lne averaging time. 

Aver- 
Aver- Out- 

Esti- age Indoor Activeut do Occu 

Locale volume ber pling c density RSP dRooP plng smok- Date Time tivolume e pancy RSP pling- 
(m3 

of time 
(per- per (ag/m3) (M3) tiMe ing smok- (min) o) 100 m3 
sons) (mi (%)n) ers 

A. Cocktail party* 268 2 15 14 0.75 351 + 38 14 8 April 9:00p.m. 
B. Lodgehall 3,168 40t 50 350 1.26 697 + 28 60 6 lit 31 March 11:00p.m. 
C. Barandgrill 507 9 18 75 1.78 589 + 28 63 6 12 21 March 8:00p.m. 
D. Firehouse bingo 541 10.5 16 125 2.77 417 + 63 51 15 8.4 27 March 10:00p.m. 
E. Pizzeria 170 5 32 50 2.94 414 + 58 40 5 10 14 April 8:00p.m. 
F. Bar/cocktail lounge 216 7 26 55 3.24 334 + 120 50 5 13 25 March 10:00p.m. 
G. Church 

Bingo game 4,224 20 8 150 0.47 279 + 18 13 31 March 10:00p.m. 
Sunday service 4,224 0 31 300 0 30 0 13 May 11:00a.m. 

H. Inn 338 2.5 12 70 0.74 239 + 9 22 10 3.5 23 March l:00p.m. 
I. Bowling alley 918 14 20 128 1.53 202 + 19 49 5 11 25 March 8:00p.m. 
J. Hospital waiting room 93 2 12 19 2.15 187 + 52 58 6 11 28 March 10:30p.m. 
K. Shopping plaza 

restaurant 
Sample 1 1,369 2.5 18 95 0.18 153 + 8 59 5 2.6 24 March 7:30p.m. 
Sample 2 1,369 2.5 18 50 0.18 163 + 4 36 10 5 24 March 9:30p.m. 

L. Barbeque restaurant 225 2 10 25 0.89 136 + 17 8 24 March 9:00p.m. 
M. Sandwich restaurant A 

Smoking section 781 2.25 20 30 0.29 110+ 36 40 5 7.5 25 March 8:00p.m. 
Nonsmoking section 326 0 20 40 0 55 + 5 40 5 0 25 March 7:30 p.m. 

N. Fast-food restaurant 
Sample 1 360 1.5 40 30 0.42 109 + 38 5 26 March 2:00 p.m. 
Sample 2 360 0 7 30 0 30 0 26 March 1:30 p.m. 

O. Sports arena 823,000 759t 12 6,700t 0.09 94 + 13 24 5 lit 29 March 10:00p.m. 
P. Neighborhood 250 1 12 35 0.40 93 + 17 2.9 25 March 8:30p.m. 

restaurant/bar 
Q. Hotelbar 169 1 12 25 0.59 93 + 2 8 2:30p.m. 
R. Sandwich restaurant B 

Smoking section 781 1 8 30 0.13 86 + 7 55 5 3.3 14 April 1l:00a.m. 
Nonsmoking section 326 0 21 50 0 51 55 5 0 14 April 1:30 p.m. 

S. Roadside restaurant 
Sample 1 90 1 18 5 1.12 107? 20 29 March 3:00p.m. 
Sample 2 90 0 2 3 0 30 0 29 March 3:00 p.m. 

*Only the cocktail party microenvironment was unventilated. tEstimated. See (31). tPaid attendance. ?Calculated, equilibrium value. 
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counted for by ventilation, recirculation, 
infiltration, decay, mixing, and average 
smoking behavior. We conclude that the 
finite Ds RSP levels shown in Fig. 3 are 
indeed generated primarily by cigarette 
smoke and that this is consistent with 
the predictions of our model. 

The Range of Public Exposure 

We can now model the full range of ex- 
posure of the nonsmoking public to ciga- 
rette smoke. Equation 4 may be rewrit- 
ten as 

P 
R = 25.6 a (5) 

Ca 

where Pa is the occupancy (persons per 
1000 square feet). (The volumetric mea- 
sure is implicit, assuming a 10-foot ceil- 
ing.) The Pa is three times the density of 
habitual smokers Dhs and nine times the 
density of active smokers Ds (31). A fam- 
ily of RSP curves is generated from Eq. 5 
by varying Ca and Pa over their ranges. 
Representative samples of this family are 
plotted in Fig. 4. A lower limit for Ca of 
about one-half to one mean air change 
per hour has been determined experi- 
mentally and theoretically for removal of 
cigarette aerosol from private dwellings 
ventilated by infiltration and from com- 
mercial establishments whose mechani- 
cal ventilation is poor. A realistic upper 
bound for Ca may be obtained from the 
well-ventilated environment of the com- 
mercial airliner. A mechanical (design) 
ventilation rate of 15 to 20 air changes 
per hour with no recirculation is typical 
of the Boeing 707 (32). The best ideal 
decay rate measured in the experiments 
was six air changes per hour. Assuming a 
mixing factor of unity, we calculate an 
upper limit for Ca of 26 air changes per 
hour. The practical range for Pa is ob- 
tained from the ASHRAE (29), which 
specifies mechanical ventilation rates for 
typical average occupancies in various 
structures. For commercial structures, 
these densities (in persons per 1000 
square feet) range from 10 for general of- 
fice space to 70 for dining rooms to 150 
for such places as stand-up bars, audito- 
riums, arenas, and commercial aircraft. 
The design ventilation rate Cv is typically 
determined from both the design occu- 
pancy and the intended use of the struc- 
ture. For example, 15 to 25 cubic feet per 
minute per occupant is specified for gen- 
eral office space, 10 to 20 for dining 
rooms, and 30 to 40 for cocktail lounges. 
In 1975, ASHRAE Standard 90-75, "En- 
ergy conservation in new building de- 
sign," decreased these rates by factors 
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of one-half to one-third. ASHRAE Stan- 
dard 62-73 is currently being revised tc 
specify higher rates of ventilation foi 
premises in which smoking is permitted 
How effective would increases in Cv be 
in lowering the levels of RSP from to- 
bacco smoke? Equation 5 shows thai 
such levels decrease only exponentially 
with increasing Ca. Furthermore, as Ka- 
lika et al. (33) observed, "the current 
practice of recirculation or reuse of air is 
largely dictated by the economics ol 
heating and cooling, with little regard for 
changes in indoor air quality." That is. 
ventilation may be subject to arbitrary 
reduction by building management or by 
legislative or bureaucratic fiat; in many 
nonurbanized areas, it may not even be 
regulated by building codes (34). 

Figure 4 illustrates the estimated range 

1000 

00 8o E 

a) 

~20 

0 600 
>1 

-cc 
0~40 
E 
(n 

lw 

m200 

0 

Volume density of habitual smokers 
(smokers per 100 m3) 

6 12 18 

40 80 120 160 

Occupancy (persons per 1000 ft2) 

Fig. 4. Theoretical steady-state density of res 
pirable particulates from environmental ciga 
rette smoke in habitable indoor spaces, as re 
lated to the design occupancy Pa. On the aver 
age, one-third of adults are habitual smokers 
for every three such smokers, we calculate 
that an average of one cigarette burns con 
stantly throughout a 16-hour day. According 
to standard engineering criteria (29), occupan 
cy and the type of microenvironment deter 
mine the design rate of mechanical ventilatior 
Cv. The effective air change rate (Ca) for the 
removal of tobacco aerosol from room interi 
ors is determined by Cv, by mixing, and by the 
rate of adsorption of tobacco particles or 
room surfaces. Generally Cv and hence Ca in 
crease with Pa. [Typical Pa (in persons pei 
1000 square feet) ranges from 10 for office 
buildings to 70 for restaurants to 150 for bars 
sports arenas, and aircraft (29, 32).] We esti 
mate the practical range of Ca to be from 1 tc 
12 air changes per hour. It appears that ove 
the combined practical ranges of Pa and Ca 
repeated exposure to tobacco smoke can leas 
to annual RSP burdens that violate the prima 
ry annual NAAQS. 

-of exposure of the nonsmoking public to 
RSP from cigarette smoke. The actual 

r dose of RSP is clearly a function of per- 
sonal activity patterns; differences in 
respiration rate also affect the dose. 
Many different scenarios can be imag- 

t ined. In the following, we express a 
range of RSP burdens from the cigarette 

-aerosol relative to a typical RSP ambient 
t background level. For an air shed (air 
s quality control region) that is in com- 
F pliance with the annual secondary (pub- 

lic welfare) NAAQS for TSP of 60 ,tg/m3, 
the RSP fraction of the ambient aerosol 
is conservatively estimated at 50 ,g/m: 
and is likely to be composed largely of 
combustion-produced sulfates (35). 
Since the particle size distributions of 
this fraction and the cigarette aerosol are 
both in the respirable range, we first 
compare them on a mass basis, without 
regard for differences in the chemical 
composition of each. 

Let A, B, C, and D be nonsmokers 
who dwell in the same air shed and who 
breathe at the average rate of 20 m3/day. 
All have different occupations and life- 
styles that lead, as we shall see, to 
dramatically different RSP burdens. 

Nonsmoker A is a mailman who walks 
a regular route and is able to live in a 
compleely tobacco smoke-free environ- 
ment. He is exposed only to the back- 
ground ambient and therefore inhales 
365 mg of RSP annually. 

Nonsmoker B is an office worker who 
works a 40-hour week 50 weeks per year 
in a 40-m3 office with two other persons, 
one of whom is a habitual smoker. Re- 
placing Ds in Eq. 4 with Dhs3, we find 
that B's mass RSP exposure is more than 
three times that of A (we calculate an ex- 
pected Ca of 1.1 for office buildings). 

Nonsmoker C is a musician who enter- 
tains in a popular, poorly ventilated 
nightclub 8 hours nightly, 5 nights per 

-week, 50 weeks per year. The average Pa 
in the club is 100 persons per 1000 square 
feet (about 33 smokers). Further, C 
shares a 100-mi apartment with a room- 
mate who is a chain smoker. C is ex- 

-posed to the roommate's smoke 5 hours 
n per day, 7 days per week, annually. By 

using Eqs. 4 and 5 and a Ca of one air 
change per hour, we find that C's mass 

n RSP burden is more than 15 times that of 
-A. 

r An alternative way of approaching the 
e excess RSP exposure is in terms of ciga- 

rette equivalents. The cigarette with the 
least tar in the May 1978 FTC scale has 

r 0.55 mg of TPM. In these terms, B's ex- 
d cess RSP burden is equivalent to 5 ciga- 

rettes per day and C's burden to 27 ciga- 
rettes per day. However, this may un- 
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derestimate the true impact, since many 
nonsmokers have greater sensitivity to 
smoke than smokers (7). 

Nonsmoker D is a flight attendant who 
spends 40 hours per week, 50 weeks per 
year on board a commercial airliner with 
a Ca of 23 air changes per hour. The av- 
erage Pa on the plane is 150 persons per 
1000 square feet. D's RSP burden is 
nearly twice that of A. Even with one of 
the best ventilation systems in use, the 
high density of smokers causes a sub- 
stantial increase in mass RSP inhaled by 
D. 

The following three considerations 
may help to place these scenarios into 
perspective. First, an annual exposure 
1.5 times that of A is sufficient to exceed 
the primary annual NAAQS; the ex- 
posure of D, B, and C to RSP all violate 
the standard by factors of 1.2, 2, and 10, 
respectively. Second, pulmonary clear- 
ance studies show that the half-life of in- 
ert respirable particles (2.8 /am in MMD) 
in the lungs of nonsmokers is - 70 days 
(36): residence of RSP in the lungs is pro- 
longed. Third, in a series of pulmonary 
lavage studies on 400 nonrandomly se- 
lected volunteers (250 nonsmokers and 
150 smokers) (37), two of the non- 
smokers had tarry lavage fluids with pig- 
mented pulmonary alveolar macro- 
phages strikingly similar to those found 
in smokers. In these two volunteers, the 
levels of aryl hydrocarbon hydroxylase, 
an inducible carcinogen-detoxifying pul- 
monary enzyme, were intermediate in 
value between the levels found in 
smokers and most nonsmokers. These 
findings were attributed to the effects of 
exposure to tobacco smoke (38). 

Health Policy Implications 

There is good toxicologic evidence 
that elevated levels of particulates in out- 
door air, perhaps in combination with 
other pollutants, cause illness and death 
during air pollution episodes (particulate 
levels in excess of 1000 ,xg/m3 per 24 
hours). There is much epidemiologic evi- 
dence, some of it conflicting, that lower 
levels of particulates, perhaps in combi- 
nation with other pollutants, affect res- 
piratory health adversely when exposure 
to them is sustained (39). (This evidence 
has been used to establish the thresholds 
for harm on which the primary annual 
NAAQS for TSP is based.) There is ex- 
cellent toxicologic evidence that main- 
stream cigarette smoke causes chronic 
obstructive pulmonary disease (7, 40). 
Epidemiological evidence, some of it 
conflicting, indicates that exposure to to- 
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bacco smoke in the home affects respira- 
tory health adversely (7, 41). Finally, 
there is excellent evidence that main- 
stream cigarette smoke causes cancer in 
many organs (7). Sidestream smoke is 
chemically identical to mainstream 
smoke, and typically is more concen- 
trated (2). Coke-oven emissions, which 
chemically are similar to tobacco smoke, 
are associated with increased rates of 
many forms of cancer in coke-oven 
workers (42). Animal studies demon- 
strate that the particulate phase of to- 
bacco smoke contains numerous potent 
carcinogens and tumor promoters, initia- 
tors, and accelerators (7). One of these, 
benzo[a]pyrene, was detected at a con- 
centration of 40 parts per million in am- 
bient tobacco smoke (13). Strong evi- 
dence supports a correlation between the 
magnitude of long-term exposure to car- 
cinogens and the incidence of cancer 
(43). Therefore, given the efforts by pub- 
lic health authorities to eliminate in- 
voluntary public exposure to saccharin 
and the fire retardant Tris-which have, 
respectively, one fifty-thousandth and 
one-tenth the experimental carcinogenic 
potency of benzo[a]pyrene alone (44, 
45)-similar efforts to prevent in- 
voluntary exposure to ambient tobacco 
smoke (46) appear justified. 

Conclusions 

We have defined the probable range of 
exposure of the nonsmoking public to a 
common pathological aerosol, cigarette 
smoke. We showed, both experimentally 
and theoretically, that under the practi- 
cal range of ventilation conditions and 
building occupation densities, the RSP 
levels generated by smokers overwhelm 
the effects of ventilation and inflict sig- 
nificant air pollution burdens on the pub- 
lic. Our observations show that levels of 
RSP in places where tobacco is smoked 
greatly exceed levels found in smoke- 
free environments, outdoors, and vehi- 
cles on busy commuter highways. Our 
experimental results are consistent with 
the large differences in 24-hour average 
RSP levels reported for smoking and 
nonsmoking homes in the Harvard Six- 
City Study (47), with a survey of short- 
term RSP levels in commercial and pub- 
lic buildings in Houston (28), and with 
other studies of tobacco-generated TSP 
(7, 11-13). 

Attempts to reduce RSP levels from 
smoking by increasing the rate of me- 
chanical ventilation or the efficiency of 
filtration yield exponentially diminishing 
returns for linear increases in ventilation 

energy (and cost). Moreover, efforts to 
conserve energy in buildings will de- 
crease ventilation rates (48). Therefore, 
increased ventilation does not appear to 
be a solution to the problem. Indoor air 
is a resource whose quality should be 
maintained at a high level. Smoking in- 
doors may be incompatible with this goal 
(33, 49). 

Further research is necessary to define 
the integrated particulate exposure of 
various segments of the population; 
compliance with the NAAQS, as in- 
dicated by the establishment of outdoor 
TSP sampling stations, does not imply 
protection of the public from excessive 
RSP burdens. Repeated exposure to am- 
bient cigarette smoke imposes air pollu- 
tion burdens on nonsmokers that exceed 
the primary annual NAAQS. It appears 
that the RSP burdens from ambient to- 
bacco smoke are so large that they must 
be incorporated explicitly in future epi- 
demiological assessments (50, 51) of the 
relation between particulate levels and 
morbidity or mortality. 

The Clean Air Act of 1970 and its 
amendments mandate the control of pub- 
lic exposure to outdoor TSP. However, 
little legislative attention has been de- 
voted to the quality of indoor air-other 
than the passage of the Public Health 
Service Act of 1978, which provides for 
an ongoing study of the health costs of 
indoor air pollution. Clearly, indoor air 
pollution from tobacco smoke presents a 
serious risk to the health of nonsmokers. 
Since this risk is involuntary, it deserves 
as much attention as outdoor air pollu- 
tion. 

Note added in proof: A very recent ep- 
idemiological study concluded that long- 
term exposure to tobacco smoke, limited 
to the work environment only, is dele- 
terious to the nonsmoker and significant- 
ly reduces small-airway function to the 
same extent as smoking one to ten ciga- 
rettes per day. This is consistent with 
scenario B (52). ASHRAE Standard 62- 
73R, a proposed standard for ventilation 
required for minimum acceptable indoor 
air quality, has been published (see 29). 
Using data supplied in the standard, we 
calculate a Ca of < 1.28 for office build- 
ings where smoking is permitted. 
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Materials Science 

On 23 May Science will publish an issue containing 20 articles devoted to Advanced Technology Materials. The issue 
will provide a sample of some of the more significant work being conducted in the major industrial research laboratories. 
The manuscripts have been prepared by leading industrial scientists who have delivered texts that are not only authorita- 
tive but also readable and interesting. Upper-division undergraduates, graduate students, and mature scientists will find 
the issue a valuable sample of applications of fundamental knowledge. 

The topics covered include: New Polymers; Conductive Polymers; Multipolymer Systems; Fiber Reinforced Com- 
posite Materials; Heterogeneous Catalysts; Glassy Metals; High Strength Low Alloy Steels; Superconductors for High 
Current, High Fields; New Magnetic Alloys; High Temperature Ceramics; Gas Turbine Materials and Processes; Dia- 
mond Technology; New 3-5 Compounds and Alloys; Molecular Beam Epitaxy; New Methods of Processing Semiconduc- 
tor Wafers; Materials in Relation to Display Technology; Photovoltaic Materials; Magnetic Bubble Materials; Josephson 
Device Materials; and Biomedical Materials. 
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