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INDOOR AIR POLLUTION 

Indoor air pollution is now recognized as a potentially signficant public health 
problem. This recognition comes from evidence that human exposure to 
indoor air pollutants is often substantially greater than to outdoor air pollut­
ants (1). The greater time period individuals spend indoors and the higher 
concentration and frequency of exposures to indoor pollutants account for this 
exposure. Studies of time activity patterns of individuals show that typically 

22 hr out of 24 per day are spent in an indoor environment (2, 3). Although 
there are many different indoor microenvironments (e.g. offices, schools, 
public buildings, vehicles), approximately 73% of the time spent indoors is 
spent in the home. The much smaller dilution volume of indoor compared to 
the outdoor air results in higher concentrations of pollutants when the pollut­
ant source is inside the home. As a consequence attention is now drawn to the 
toxicology and potential public health risk from indoor air pollutants. 

Indoor pollutants originate either directly from indoor emission sources or 
from outdoor sources by infiltration. If the pollutant source is the outdoor air, 
the resulting concentrations indoors will usually be equal to or less than the 
concentrations found outdoors. Radon is an exception in that although it 
originates outdoors, primarily from soil gas, it operates like an indoor source 
in the basement, slab, or crawl space under the house. Many individual 
pollutants (e.g. carbon monoxide, nitrogen dioxide, formaldehyde, pesti­
cides) found in indoor air are also found outdoors. The indoor air pollutants of 
most concern, however, are those that originate indoors. In these cases, since 

IThe us Government has the right to retain a nonexclusive, royalty-fee license in and to any 
copyright covering this paper. 
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416 LEWTAS 

the indoor dilution air is small and ventilation in homes is generally less than 
one air change per hour (ACH) (4), the concentrations are higher than would 
be found outdoors. Toxicology studies of indoor air pollution are therefore 
focused on indoor sources. 

Human exposure to complex mixtures of pollutants from indoor sources 
presents a potential public health problem for which we have the least 
knowledge. Although indoor air pollution began when man first built fires in 
caves, little is known about the toxicology of complex mixtures of indoor 
pollutants. International conferences on indoor air quality began with experts 
in air monitoring, odor, ventilation, and epidemiology (5). Later conferences 
included clinical researchers (e.g. allergists) (6). Recently, the preseqce of 
toxicologists marked a transition in the approach to assessing the potential 
hazard of indoor air pollutants(7). Very few chemical characterization data 
are available on indoor air pollution that indentify the most hazardous pollut­
ants present. Chemical, physical, and toxicological interactions among the 
various chemical and biological pollutants in indoor air are also not characte­
rized. Toxicology and clinical studies of these complex mixtures provide the 
most direct approach to elucidating any potentially adverse health effects. 
Increasingly, the importance is recognized of studying these pollutants as 
complex mixtures, rather than approaching each component as a separate 
toxicology problem. This review focuses initially on strategies for assessing 
the toxicology of indoor air pollutant mixtures. These strategies are illustrated 
by reviewing the current problems and approaches to the toxicology of indoor 
air pollutants from three indoor source categories which make a major con­
tribution to human exposure: (a) environmental tobacco smoke, (b) combus­
tion appliances, and (c) materials and products. 

TOXICOLOGY STRATEGIES FOR COMPLEX 
MIXTURES: APPLICATION TO INDOOR AIR 
POLLUTANTS . 

Toxicology has traditionally involved the study of individual chemical com­
pounds, even though most human exposures in environmental and occupa­
tional settings are to mixtures of chemicals. Complex mixtures present special 
problems for the toxicologist in exposure assessment, study design, pharma­
cokinetics, and data interpretation. The National Research Council recently 
published the evaluating and recommendations from the Committee on 
Methods for the In Vivo Toxicity Testing of Complex Mixtures (8). Although 
the committee was originally charged with evaluating and recommending new 
toxicology methods for complex mixtures, the committee concluded that: 
" .. .. a new approach, rather than new methods, is the primary need." 
Toxicologic test methods are developed to detect a biological change or 
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INDOOR AIR POLLUTANTS 417 

effect , rath er tha n a sp ecific ag ent , altho ugh sp ecific eff ect s may b e  diag no s­
tic for a cla ss of ag ents. Th e toxic ology m etho d s  applicabl e to c ompl ex 
mixt ur es ar e, th er ef or e, th e sam e  a s  tho se d ev elop ed a nd vali dat ed usi ng 
si ngl e  ag ent s. Whil e new or imp rov ed toxic ol ogic m eth od s a nd m od el s  ar e 
need ed to d et ec t  or b etter a ssess c ertai n eff ec ts a nd di sea ses, such need s ar e 
not g ener ally driv en by compl ex mix tur e probl em s. 

Th e foc us of th e NRC r ep or t  o n  c ompl ex mixt ur es (8) wa s o n  th e d ev elop ­
m ent of stra tegi es a nd exp erim ental app roach es for eval ua ti ng th e toxicity of 
mixt ur es. Th e strat egi es d escrib ed i n  th e NRC r ep ort i ncl ud e strat egi es f or 
d etermi ni ng :  (a) eff ec ts of mix tur es, (b) ca usa tiv e ag ents i n  mixt ur es, a nd (c) 
pr edic tabili ty of mixt ur es t oxic ol ogy. Thi s r evi ew a d dr esses th e applicati on of 
th ese stra tegi es to th e eval uatio n of c ompl ex mix tur es of i nd oor air poll uta nt s. 

Exposure and Dosimetry 

Charact eriza tio n of po tential expo sur es i s  a critical fir st st ep i n  a ny study 
d esig n, i ncl udi ng th e sel ec ti on of p oll uta nt mix tur es a nd exp osur e sc enari os. 
T otal h uma n exp osur e a ssessm ent m eth od s, d ev el op ed to m ea sur e exp osur e 
to poll uta nt s  by all ro utes (9), show that for ma ny poll uta nts, th e air pathway 
i s  th e mo st imp orta nt. Sext on & Rya n ( 10), i n  a r ec ent r evi ew of h uma n 
expo sur e to air p oll uti on, d emo nstrat e th e major c ontrib utio n of i nd oor ex­
p osur es to th e total exp osur e to r espirab l e  pa rtic ulate ma tt er (R SP )  f or a n  
i ndivi d ual ( Fig ur e  1). Thi s a ppr oach r eq uir es charact eri zi ng th e exp osur e  i n  
sp ecific mic roenvi ronm ents a s  w ell a s  th e frac ti on of tim e sp ent i n  each 
micro enviro nm ent. Two oth er appr oach es hav e b een used : p er so nal expo sur e 
mo nitori ng ( 11) a nd biolo gical mo nitori ng usi ng bo dy fl ui d s, or ti ssues ( 12 ). 

A r ec ent a ssessm ent of vari ous i nd oor air sourc es wa s r ep orted by th e U S  
EPA (13) wi th r esp ec t  to th e numb er of i ndivi d ual s exp osed , p oll uta nts 
emi tt ed ,  a nd d ura ti on of exp osur e. Thr ee of th e m ost impor ta nt sourc es 
i d entifi ed w er e: (a) enviro nm ental tobacc o sm ok e (ET S), (b) c omb usti on 
applia nc es, a nd (c) mat erial s a nd pro d uc ts tha t  r el ea se mixt ur es of vola til e 
orga nic compo und s (V OC mix tur es). Oth er importa nt i ndoor air poll uta nts 
not di sc ussed h er e, which ar e r evi ew ed el sewh er e  ( 13, 14), i ncl ud e ra d on, 
bi ol ogica l c ontami na nt s, a sb estos, p estici d es, a nd b uil di ng v entilati on sy s­
tem s. Th e thr ee i nd oor sourc e ca teg ori es di sc ussed h er e  (ET S, c omb usti on 
applia nc es, a nd V OC mixt ur es) hav e b een only g enerally charact eriz ed wi th 
r esp ect to th e mag nit ud e of h uma n expo sur e. Th e exac t charac ter a nd uni­
f ormity of th e expo sur e to th ese thr ee typ es of mix tur es vary from r ela tiv ely 
unif orm a nd r ep rod ucibl e exp osur es f or ET S to ex tr em el y va riabl e f or th e 
V OC mix tur es, d ep endi ng on th e ma terial s a nd p rod uc ts. Sel ec ti on of exp o­
sur e  c ondi ti ons a nd ma terial s f or toxic ol ogy studi es of th ese mix tur es i s  a 
c ri tical st ep i n  th e toxic ol ogy stra tegy a nd study d esig n. 

Expo sur e  to i ndoor air poll uta nt mix tur es ca n b e  accompli sh ed thro ugh o ne 
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418 LEWTAS 

Microenvironment 
Type 

Indoors at Home 
Indoors at Work 
Indoors, Other 
In Transit (vehicle) 
Outdoors 

• Outdoors 
121 Other 
� Vehicle 

RSP Concentration 
(C)(�g/m') 

15 
50 
25 
90 
40 

[J Wor1</Schoollndoors 
D Home Indoors 

Time Cxt 
Fraction (t) (�g/m') 

0.75 11.25 
0.15 7.50 
0.04 1.00 
0.04 3.60 
0.02 0.80 

Contribution of Microenvironmenls 
To TOlal Exposure 

Microenvironment 
Contribution (%) 

47 
31 

4 
15 

3 

1/ 

Figure I Example of the relative contributions of various microenvironments to total human 
exposure to respirable particles (RSP). Adapted from Sexton & Ryan (10). 

of several approaches: (a) direct exposure to emissions as they occur, in either 
controlled laboratory conditions or in field studies, (b) exposure to mixtures 
collected or prepared from collected emissions (e.g., particle extracts from air 

filtration), and (c) exposure to constructed synthetic mixtures of individual 
chemicals. The NRC Commitee on Complex Mixtures (8) emphasized the 
importance of two key steps in designing a toxicology program on complex 
mixtures: (a) characterization of potential exposures and (b) definition of the 
problem so that specific questions may be addressed. The approach taken to 
select exposure materials and methods depends on both of these steps. 

Dosimetry studies with complex mixtures present a challenge beyond the 
problems normally encountered with pure chemical exposures. Dose is con­
sidered to be the biologically effective quantity that interacts with the receptor 
(e.g. DNA) responsible for a particular effect (e.g. mutation). This implies 
that you need to know which agents in the mixture will interact with which 
receptors through understanding the mechanisms of action. Generally neither 
the active agents nor the receptors are known for complex mixtures of either 
indoor or outdoor air pollutants. Recent advances in the use of biological 
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INDOOR AIR POLLUTANTS 419 

markers for expos ure, dosime try, and effec ts have been reviewed (12-14) 

e lsewhere. These advances have made severa l new me thods avai lab le to 
es tima te the bio logica lly ef fec tive do se for comp lex mix tures as described 
here for one indoor air po llutan t mix ture ( ET S). 

Toxic Effects 
In the ini tia l s tages of defining a comp lex mix ture prob lem, wha t is known 
abo ut the mix ture i tse lf and po ten tia l expos ures sho uld be assessed. Know l­
edge abo ut the mix ture inc ludes informa tion on bo th composi tion and effec ts . 
A ltho ugh effec ts on tha t  specific mix ture may no t be known, the composi tion 
of these emissions s ugges ts which effec ts wo uld be of conce rn. Before any 
toxico logy s tudies were cond uc ted on kerosene hea ter emissions, for ex­
amp le ,  the composi tion of the emissions s ugges ted tha t  gene tic toxici ty ,  
cancer, and respira tory e ffec ts wo uld be of conce rn. The fac t tha t  kerosene 
hea ter emissions con tain soo t and o ther incomp le te comb us tion organics is 
s uf ficien t to s ugges t eva lua tion of the gene tic toxici ty and carcinogenici ty of 
the emissions . Respira tory effec ts w ould be s ugges ted by the emission of 
carbon monoxide (C O),  ni trogen oxides, s ulf ur oxides, and par tic ula te ma t­
ter. 

The me thods and s tra tegies avai lab le for de termining toxic effec ts of 
mix tures in ce llular, organ, anima l, and h uman sys tems are the same as those 
avai lab le for eva lua ting sing le chemica ls (8,  15). If a mix ture con tains a large 
n umber of po ten tia lly toxic chemica ls and there is no specific informa tion to 
form ula te an hypo thesis regarding the expec ted e ffec ts ,  then a s tepwise 
toxico logica l s tra tegy sho uld bc use d  to de termine which targe t organs or 
sys tems may be affec ted (15). In the app lica tion of this s tra tegy, the mix ture 
is firs t eva lua ted in toxico logy screening s tudies or firs t-tier tes ts using in vi tro 
and ac ute in vivo expos ures. As toxici ty is iden tified in specific sys tems (e.g .  
gene tic , sys temic, reprod uc tion) or organs (e .g.  liver, kidney ) then more 
defini tive toxico logy s tudies are cond uc ted using repea ted low -dose ex­
pos ures and more ex tensive toxico logica l meas uremen ts . 

Q ues tions re la ted to the e ffec ts of comp lex mix tures are of two types : ( a) 
na ture of the toxici ty (e.g. Wha t  are the impor tan t. toxico logica l effec ts ?) as 
disc ussed above or (b) magni tude of the toxici ty (e.g . How does the toxici ty 
of one comp lex mix ture compare to ano ther ?). Beca use of the po ten tia l 
diversi ty of individ ua l  comp lex mix tures , even wi thin one ca tegory (e.g. 
comb us tion app liances ), comparison of the po tency (magni tude of effec t per 
uni t expos ure ) of the toxici ty is a major foc us of comp lex mix ture research 
(8). Specia l considera tions are req uired when designing compara tive po tency 
s tudies wi th comp lex mix tures , so tha t  the res ults may be ex trapo la ted to o ther 
simi lar mix tures (8,  16-18) . The NRC high ligh ts two re la ted approaches, 
ma trix tes ting and compara tive po tency approach, which have been used to 
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420 LEWTAS 

eval ua te the toxi col ogy of a ca te gory of rela te d  mix tures (e .g. f uels, diese l  
e missi ons ) by eval ua ting the toxi colog y of a few me mbers represen ting the 
ran ge of p ossible mix tures. An exa m ple of how these tw o appr oa ches have 
been combine d in a s tudy of the m utageni ci ty an d comp osi ti on of ETS as a 
f un cti on of two variables , ni cotine an d tar con ten t (19) is s hown in Fi gure 2. 

Causative Agents 

When complex mix tures a re de m ons tra te d to in duce a spe cifi c toxi c effe ct, 
q ues ti ons a re then raise d as to w hi ch che mi cals in tha t mix ture are ca using the 
toxi ci ty ( ca usa tive agen ts ). In or der to un ders tan d the me chanis m of toxi ci ty 
or the dos ime tr y  of the a ctive agen ts in the m ix ture, these che m ica l  agen ts 
have to be i den tifie d. Fr om a p ubli c heal th perspe ctive, i den tifyin g the a ctive 
agen ts pr ovi des cri ti cal inf orma ti on nee de d  to devel op me thods to m oni tor 
ei ther e missi ons , a mbien t con cen tra ti ons or pers onal exp os ures . T he desi gn of 
p oll uti on con tr ol devi ces or other me thods to re duce human exp os ure to toxi c 
a gen ts in mix tures is fa cili ta te d  b y  an y inf or ma ti on on the che mi cal or 
p hysi cal pr ope rties of those a gen ts .  

T he NRC (8) reviewe d an d expan de d  on the s tra te gies des cribe d by Cl ax ton 

Matrix Testing 
• Critical Variables 
• Series of Mixtures 
• Boundary Conditions 

Sample Matrix of Critical Variables 

Nicotine - - - - ... 

� 
Mixture 

1 2 3 4 
I 5 I 
I 
I 9 
I 
t 

Selected Toxicologic Test(s) 

+ 
Interpretation 

• Predictability within the Matrix 

Figure 2 Example of matrix testing where a sample matrix is developed in which critical 
variables for a series of mixtures selected to define boundary conditions such that toxicologic 
testing of selected variables will result in predictability of effects within the matrix. Adapted from 

NRC (8) and Lewtas et al ( 1 9). 
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INDOOR AIR POLLUTANTS 421 

(20 ) for ide ntifyi ng bio logica lly ac tive age nts i n  comp lex mix tures. Bioassay­
direc ted frac tio na tio n combi ned wi th chemica l charac teriza tio n as i llus tra ted 
i n  Fig ure 3 is the mos t efficie nt me thod fo r readi ly ide ntifyi ng bio logica lly 
a ctive f ra ctio ns a nd compo ne nts i n  ve ry comp lex mix tures (20 , 2 1). 

The ear lies t app li ca tio n of this app roa ch was a se ries of s tudies co nd ucted 
i n  the 1920s tha t  res ulted i n  the ide ntifi ca tio n  of po ly cy cli c a roma tic hyd ro­
carbo ns (PAH) i n  ge nera l a nd be nzo( a)py re ne (BaP), specifica lly, as ca usa­
tive age nts i n  ca ncers observed i n  a nima ls trea ted wi th coa l ta r frac tio ns (22 ). 
La ter app lica tio ns of this s tra tegy have led to the ide ntifica tio n of m utage ns , 
ca rci noge ns ,  a nd tumo r p romo te rs i n  ciga re tte smoke co nde nsa te (22), urba n 
ai r par ti cles ( 18), a nd diese l pa rti cula te emissio ns (21). A ltho ug h this ap­
proach has bee n  wide ly used i n  m utage nesis a nd carci noge nesis, i n  pri ncip le, 
i t  is app licable to ide ntifica tio n of a ny ca usa tive age nt tha t  prod uces a 
meas urable e ffec t i n  the who le mix ture (8) or a fra ctio n of the mix ture (e.g.  
p ar tic ula te f rac tio n of a combustio n emi ssio n) .  

Fractionate: 

Bioassay: 

Fractionate: 

Bioassay: 

Mass: 
Activity: 

Mass: 
Activity: 

0200 
-; 180 
� 160 
8. 140 
� 120 
� 100 
.. 
i; aD 0:: !i 60 

Complex Mixture 
I 

Fraction A 

20% 
5% 

, 

I 
B1 

.70% 
0% 

I 
Fraction B 

80% 
95% 

B2 

5% 
25% 

I 
B3 

25% 
75% 

I 

i 40������������� 
iii 

5 10 15 20 25 30 35 40 45 50 
Fraction Number 

Identify Components 

Figure 3 Diagramatic example of bioassay-directed fractionation designed to separ!lte biologi­
cally active components from nonactive fractions conserving total mass and biological activity. 
Separation is sequentially performed until a fraction is obtained that is amenable to chemical 
characterization. Adapted from Lewtas ( 18). 
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422 LEWTAS 

Predictability 

On e of the m ost di ffic ult pr ob lem s to a ddr ess in toxic olog y studi es of c om plex 
envir on m en ta l  mix tur es i s  the q uesti on of pr edic tabi li ty of ef fec ts or ag en ts 
fr om on e mix tur e to an other or fr om kn ow ledg e  of the c hemica l c on sti tuen ts 
in the m ixture (8) . To xicolog ic st ud ie s to e xamine the mechan ism s  of in terac­
ti on b etw een c hemica ls in a mix tur e hav e  a lm ost en tir ely b een li mi ted to tw o 
or thr ee c om pon en t mix tur es a s  r evi ew ed elsew her e  (23, 24). The pr inci ples 

eluci da ted fr om these studi es hav e li ttle uti li ty in pr edic ting the toxici ty of 
comple x mix tur es c on taining thousan ds of component s of unkn own compo si­
ti on. 

Ma trix toxic ologica l testing i s  an a ppr oac h tha t ma y provi de pr edic tabi li ty 
of to xic eff ec ts wi thin c er tain bo undar ies. I t  involv es the sy st ema tic man ip u­
la ti on of variab les wi thin a mix tur e to r esult in a ma trix of mix tur es f or 
toxic olog y s tud ies (8) .  Sca la (25) ha s r evi ew ed the a pplica ti on of thi s 
a ppr oac h to the eva lua ti on of the toxici ty of diff er en t ga solin es w her e the 
variable s inc luded ar oma tici ty and boiling range . T he principle s of thi s 
a ppr oac h hav e  poten tia l  a pplica ti on t o  man y comple x mix tur e pr ob lem s, 
in cl uding in dooor air polluti on . St udie s in progre ss to eval uate the effect of 
tobacco produc t  va riab les ( e.g .  tar and n icot ine con tent) on the geno to xic ity 
of ETS i s  on e exa m ple shown in Figure 2 .  

Integration of Strategies of Indoor Air Pollutants 

Wha t is kno wn abo ut t he e xpo sure , compo sition , and to xicology of mi xt ure s 
of in door air pollutan ts va ri es f rom s our ce to s our ce. T he thr ee exa m ples 
r evi ew ed her e (ETS , c omb usti on a pplianc es, an d V OC mix tur es) w er e  c hosen 
to ill ustra te the c urren t stat us of the to xicology of indoor a ir poll utan ts and 
a pplica ti on of the stra tegi es di sc ussed ab ov e. T hese exa m ples rang e fr om on e 
where the to xic effect s are not wel l  e stabli shed (VOC mi xt ure s from material s 
an d pr oduc ts) to an exa m ple w her e sev era l  eff ec ts an d ca usa tiv e  ag en ts ar e 
kn own (ETS) . A lthoug h an y on e of these pr ob lem s can b e  a ppr oac hed fr om 
sev era l  differ en t  per spec tiv es or hypotheses, the g en era l princi ples i den tifi ed 
b y  the NR C Comple x Mi xt ure Committee (8) sugge st tha t a ste pwi se se­
q uence in the ap pl ica tion o f  the se strategie s will more effectively increa se 
kn ow ledg e of the toxic effec ts, ag en ts, an d pr edic tabi li ty. Fig ur e  4 i llustra tes 
thi s stepwi se seq uenc e. 

ENVIRONMENTAL TOBACCO SMOKE: A PROBLEM IN 
EXPOSURE AND DOSIMETRY 

A large propor tion o f  the US pop ulation i s  e xpo sed to ETS.  Forty (4 0%) 
percent of home s in t he United State s have one or more smoker s and 5�5% 
of c hi ldr en hav e b een ex posed to ETS in their home over t he pa st 2 0  year s 
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1 Problem Definition--Questions?----Stralegy 

Exposure?- Chemical and 
Biological Tracers 

Dosimetry? -- Biological Monitoring 

Effects?- Toxicologic Evaluation 
of Mixtures 

Agents? --- Bioassay·directed 
Fractionation 

Predictability?- Evaluation of Critical 
Variables 

Figure 4 Diagramatic representation of complex mixture problem definition, stepwise selec­
tion, and integration of testing strategies as described by NRC (8). 

(27). T he exp osures and hea lth ri sk s a ssoc iat ed w it h  ETS ha ve b een ex­
t en sive ly rev iew ed b y  t he Int ernat iona l Ag enc y f or Resea rc h on Canc er 
(lA RC )  (28), t he Nat iona l Re searc h C ounc il (NRC) (27) and t he US Pub lic 
Hea lt h  Se rv ice (Re por t of the Su rge on Gene ra l) (29). ETS or ig in ate s pr imar i­
ly from side st ream sm oke (SS )  em itted from t he bu rning end of a c igare tte or 
ot he r t obacc o product. Exha led ma in st ream sm ok e (MS ) make s a m in or 
c on trib ut ion t o  ETS . M ost of t he t oxic olog ica l  data on t obacc o sm ok e in 
human s is fr om sm ok ers w ho a re e xp osed t o  b ot h  MS and S S; how ev er, 
inc rea sing numbe rs of e pidem iolog ica l  stud ie s  have been re ported in pa ssive 
sm oke rs e xposed t o  ETS (27, 29). 

A lt houg h  t he re a re qua lit iat iv e sim ila rit ie s between SS and MS t obacc o 
sm ok e, t here a re sign ificant quant itat iv e  d ifferenc es in t he c onc ent rat ion s  of 
c on st itu ent s d ue t o  t he low er t emp eratu re in t he b urning c on e  b etw een puff s 
(w hen SS is gene rated ). ETS a lso d iffe rs from b ot h  MS and SS in t hat 
oxidat ion , n it ro sat ion ,  and ot he r c hem ica l and phy sica l c ha nge s take place a s  
SS is re lea sed t o  and d iluted in t he env ironment (28 ) .  SS , f or e xam ple ,  
c on ta in s  6-100 t ime s hig her c oncent rat ion s  of hig hly carc in og en ic v olat ile 
N-n it rosam in es t han MS (30) and c onta in s  hig her c onc ent rat ion s  of a romat ic 
am ine s, a lde hyde s, PAH , CO , amm on ia ,  n itrogen oxide s, and man y ot he r 
n itrogen -c onta in ing ar omat ic s. The IA RC w ork ing g rou p c onc luded t hat . .. 
"it is un like ly t hat an y e ffect s w ill b e  pr oduc ed in pa ssiv e sm okers t hat are n ot 
p rod uc ed t o  a g reat er extent in sm ok ers and t hat effect s  n ot se en in sm oke rs 
w ill n ot b e  seen in pa ssiv e  sm oke rs" (28). T he re is inc rea sing ev id enc e, 
how eve r, that t he re a re sign ificant qua litat iv e and quant itat ive d iffe rence s in 
e xposu re , u ptak e, metab olism ,  and t oxic it y between e xposu re t o  ETS and 
act ive sm ok ing . One an ima l st ud y ind icate s t hat SS is m ore tum orig en ic t han 
MS (31). In t his stud y, Sw iss- IC R fema le m ice we re t reated b y  sk in ap plica­
t ion w it h  a c om parab le d ose of tar from SS and c iga rette sm oke c onden sate 
(CSC ) sim ilar t o  MS . Tw ice a s  man y m ice t reated w it h  SS deve loped ben ign 
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424 LEWTAS 

tumors (4 7% for SS compared to 24 % for esC) and 1.7x as many mice 
developed carcinomas ( 10% for SS compared to 6 %  for esC). An inhala tion 
s tudy wi th Syrian golden hams ters is cur ren tly in progress to compare the 
carcinogenici ty of SS to MS smoke f rom the same cigare ttes (32). A repo rt on 
the survival of animals af ter 15 -18 mon ths of the bioassay indica tes a higher 
mor tali ty for the SS -expo sed hams ters compared to the MS -exposed ( 32 ). 
Al though we know more abou t the po ten tial toxicology of ETS than o ther 
indoor air pol lu tan ts ,  based on s tud ies of MS and ese, cle ar ly more toxicolo­
gy da ta a re needed to unders tand the toxic e ffec ts of E TS i tself, and dose ­
response rela tionships for these effec ts. The h ighes t priori ty research recom­
mended by bo th the NRe (27) and Surgeon General 's repor t (29) is in the area 
of imp roving our unders tanding of E TS exposure and dos ime try. 

The me thod mos t frequen tly used to assess human exposure to ETS has 
been a simple ques tionnaire to ask if individuals live wi th ,  work wi th ,  or have 
regular con tac t wi th persons who are smokers . Al though this me thod h as 
provided a simple means of classifying individuals in to b road ca tegories, i t  
does no t prov ide a quan ti ta tive measure of exposure and has problems associ ­
a ted wi th misclassifica tion of exposures (27). The ideal me thod for assessing 
exposure to ETS ,  or o ther indoor air pollu tan ts ,  would be to charac ter ize and 
moni to r  exposure using a combina tio n of physical/chemical and biological 
moni toring . 

One app roach to assessing exposu re to a complex mix tu re such as E TS ,  is 
to mon itor one of the em iss ion produc ts as a tracer . Of the emiss ion produc ts 
tha t  have been measured as su rroga te indica tors of ETS exposure , nico tine 
and respirable par ticula te ma tter (RS P) are .t.he mos t useful (27) .  Table 1 
summari zes typical ETS exposure concen tra ti ons . An . ideal exposure tracer 
for ETS would be unique to tobacco smoke (e.g. nico tine, tobacco -specific 
ni trosamines, solanesol ), be p resen t in adequa te concen tra tions to measure a t 
low exposures , and would exhibi t s imilar emission ra tes for all tobacco 
p roduc ts .  Nico tine mee ts these th ree requiremen ts , while RSP is no t unique 
since i t  is emi tted from all combus tion sources . An addi tion al importan t fac tor 
is tha t  the tracer should be presen t in a cons tan t ra tio to the toxic o r  
carcinogenic componen ts (causa tive agen ts )  regardless of the environmen tal 
condi tions th at could e ffec t physic al ch anges (e .g. gas to p ar ticle ph ase 
dis tribu tion), su rface deposi tion, and chemical transforma tion (27) . Nico tine 
has the limi ta tion tha t  i t  is found pr im arily in the gas phase in ETS (33) and , 
because i t  is a strong base and po ten ti ally reac tive wi th acidic m ate ri als ,  may 
be removed from the env ironmen t a t  a fas ter ra te than par tic le -assoc ia ted tars 
(34). Th ese fea tu res may make gaseous nico tine a good tracer fo r vola tile 
carcinogenic ni trosamines in ETS b ut may underes tima te exposure to the 
par ticle -associa ted carcinogens and to the nonreac tive alkenes and o ther 
organic gases (e .g .  ben zene , e thene, 1, 3 bu tadiene ) .  Ea tough ( 34 )  has 
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INDOOR AIR POLLUTANTS 42 5 

Table 1 Environmental tobacco smoke (ETS): Exposure characterization 

using chemical and biological assays 

Chamber Indoor Environments 

Measurement Concentrationa Rangeb 

Carbon monoxide 2.48 mg/m3 <1-17 mg/m3 

Nitric oxide 68.0 /Lg/m3 

Nitrogen oxides 72.8 /Lg/m3 

Ethene 98 /Lg/m' 

Ethane 138 /Lg/m' 

Propene 1 05 /Lg/m3 

1 ,3-Butadiene 19  /Lg/m3 

Isoprene 225 /Lg/m3 

Benzene 37 /Lg/m3 20-317 /Lg/m3 

Formaldehyde 68 /Lg/m3 

Acetaldehyde 77 /Lg/m3 

Acrolein 19 /Lg/m3 20-120 /Lg/m3 

Particulate matter (TSP) 349 /Lg/m3 1 0-1900 /Lg/m3 

Mutagenicity 628 rev/m3 <100-3500 rev/m3 
Nicotine 29 /Lg/m3 <1-1010 /Lg/m3 

Human dose nicotine (4 hr)C 23.6 /Lg 2.4 - 1 20 /Lg 
Human urinary cotinineC 
(ng/mg creatinine) 

Baseline before exposure 
(not exposed to ETS) 37 ng/mg 0-145 ng/mg 
Peak (ETS exposed) 394 ng/mg 41-1885 ng/mg 

a Average concentrations in 13.6 m' chamber used for human exposure studies where 1 
cigarette is smoked every 30 min for a 4 hr period (43. 45). 

b The range of indoor concentrations is taken from several reviews (27. 29) except for 
the mutagenicity taken from Lofroth et al (47). 

C Nicotine dose and urinary cotinine were determined in children with smoking parents 
under controlled chamber exposure conditions (43. 45). 

proposed that the much lower quantities of nicotine measurable in the parti­
cles could serve as a tracer for the particles. Although research is clearly 
needed to develop additional tracers for ETS , nicotine is the best currently 
available tracer of ETS exposure. Recent data suggest that environmental 
conditions indoors (humidity, surface areas, and other particle sources) may 
alter the phase distribution of nicotine in ETS ; this would certainly alter the 
human dosimetry (unpublished data). 

Personal exposure and dosimetry of ETS is dependent upon many factors, 
including uptake and metabolism. Nicotine and its metabolite, cotinine, 
measured in saliva, blood, or urine, are the most useful biological markers of 
ETS exposure since they are derived exclusively from tobacco (27-2 9). 
Nicotine uptake, metabolism, and clearance have been better characterized 
for smokers than nonsmokers (35-37 ), however there is some evidence that 
nicotine is metabolized slower by nonsmokers (38). Cotinine, the major 
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426 LEWTAS 

metabolite of nicotine, is readily detected by chemical or immunoassay 
methods (39) in saliva, serum, or urine of individuals exposed to nicotine in 
ETS (40, 41). The relatively long half-life of cotinine, 10--37 hr (35 ), results 
in relatively stable concentrations of urinary cotinine in individuals in­
termittently exposed to ETS. In a recent study of preschool children who are 
exposed to ETS in their homes before and after day care, urinary cotinine 
concentrations were remarkably stable regardless of sampling ti m e  during the 
day and over a one month observation period (42). This study also observed a 
significant correlation between the nicotine concentrations in the home and 
the children's urinary cotinine concentrations (42). These observations are 
consistent with our recent findings that the half-life of cotinine in preschool 
children (29 hr) is similar to that of adults (20 hr) (35) and ranges from 15 
to 5 5  hr (43). The relationship between nicotine exposure concentrations 
(29 J-Ly/m3) and urinary cotinine concentrations for this study are shown in 
Table 1. 

Microsuspension mutagenesis assays in Salmonella typhimurium have re­
cently been used to measure exposure to mutagens from ETS (44-47). The 
application of bioassays to personal exposure or microenvironmental samples 
provides an integrated measure of biological response to many chemicals in 
the mixture. Mutagenesis studies on the extractable organic (tar) f rom ETS 
particles have been used to compare ETS to other combustion sources (18) 
and to co mp are th e eff ec t of tar and nico ti ne co ntent of the tobacco to 
mutagenic emission rates for a series of different cigarettes (19). The concen­
tration of airborne mutagens in indoor env iro nm ents containing ETS is 
summarized in Table 1. 

Urinary mutagenicity has been suggested as a biological marker of expo­
sure to ETS. Smokers consistently exhibit increased concentrations of urinary 
m utag enici ty that has been found to be related to the number of cigarettes 
smoked (48), even though the half-life of urinary mutagenicity is relatively 
short (49). Investigations of the use of urinary mutagenicity as a biological 
marker of ETS exposure in nonsmokers (46), even under controlled exposure 
conditions, have not resulted in reproducible increases in urinary mutagenic­
ity related to the exposure (L. Claxton, and J .  Lewtas, unpublished results). 

Highly sensi tiv e  m etho d s  ar e now b ei ng used to m easur e  pro tei n  and DNA 
adducts that may result from exposure to environmental pollutants. Several 
ETS constituents including benzo(a)pyrene, tobacco specific nitrosamines, 
and 4-aminobiphyenyl can be detected either as protein or DNA adducts 
(5 0-52 ) .  It is not yet known whether these methods are sufficiently sensitive 
to d etec t expo sure to ETS i n  no nsmo ker s. Th e po stl ab eli ng assay for DNA 
adducts is particularly appl ic ab le to complex mixtures, since it does not 
d ep end upo n  prior i d entific atio n of th e sp eci fic ch emic al in the mixture that 
may form adducts (53). Randerath et al (54,55) have shown tobacco-smoking 
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INDOOR AIR POLLUTANTS 427 

re lated DNA adducts in human p lacenta , b ronc hus , and la rynx t issue . We 
hav e rec ent ly det ect ed a dducts us ing t his met hod in a lve ola r mac rop hag es 
obta ined f rom sm ok ers b y  b ronc hio-a lv eola r lavag e (Ga llag her et a I, un­
pub lis hed resu lts) . Alt houg h t he p ost lab eling m et hod can d et ect 1 adduct in 
10 9_10 10 nuc leot id es , n o  d irect ev id enc e  of adducts resu lt ing from exp osu re t o  
ETS has b een rep orted . 

COMBUSTION SOURCES INDOORS: FINDING THE 
CAUSATIVE AGENTS 

All t yp es of c ombust ion s ou rc es bu rning eit her f oss il fu els (e.g . k eros en e, oil, 
c oa l) or vegetat iv e  s ou rc es (e.g . w ood , p lants , f ood ,  pape r, t obacc o) resu lt in 
t he p roduct ion and usua lly t he em iss ion of a ve ry c omp lex m ixtu re of organ ic 
gase ous and pa rt icu lat e p ollutants as w ell as s om e  in organ ic mat eria ls .  T he 
c omp lex em iss ion p roducts of inc omp lete c ombust ion a re mutagen ic and 
ca rc in ogen ic (56) . T he maj or gase ous p ollutants CO , NO x, and SO x a re 
kn own t o  p roduc e a va riet y of acute and c hron ic n onca rc in og en ic hea lt h 
effects ass oc iat ed w it h  t he resp irat ory s yst em .  T hes e and ot he r gas eous 
em iss ions suc h as n it rous ac id (HO NO) a re kn own t o  react w it h  man y of t he 
organ ic em iss ions t o  f orm ox idized an d n it rat ed c omp oun ds suc h as ep ox id es , 
lact on es ,  an d n itroa ren es (5 7) . C ombust ion a ls o  resu lts in t he em iss ion of 
v olat ile organ ic c omp ounds (VOC) t hat have been s hown t o  induce tum ors in 
an ima ls or hav e  b een imp licat ed as ca rc in ogens in human ep id em iolog ica l  
stu dies , inc lu ding a ld ehydes (e.g . f orma ldehyde, ac eta ld ehyd e) , a romat ic 
hyd roca rb ons (e.g.  b en zen e) , a lk en es (e.g.  et hylene , 1, 3-butad iene) (13) . 

V irt ua lly ev ery c ombust ion p roc ess in w hic h ca rb onac eous fue ls a re bu rned 
resu lts in t he p roduct ion of s oot pa rt ic les .  T hes e f in e  «2.5 m ic rons) s oot 
pa rt ic les c onta in an organ ic f ract ion (s olvent- ext ractab le) and an e lem enta l 
ca rb on f ract ion .  T he c ombust ion of c oa l, w ood , gas oline , and No. 2 d iese l 
an d res ident ia l  fu el oil hav e a ll b een s hown t o  p roduc e s oot p art ic les w ith 
ext ractab le organ ic matt er t hat is mutag en ic in s hort -t erm b ioassa ys and 
tum origen ic in an ima ls (56) . C hem ica l c ha racte rizat ion of t hese organ ics 
s hows t hat t hey c onta in ca rc in og en ic P AHs as w ell as mutagen ic n it rat ed 
P AHs (e .g . n itrop yrene), ox idized P AHs (e .g . c yc lop en ta(c ,d)p yrene d i­
ca rb ox ylic ac id an hyd ride) , and a va riet y of ot he r ox ygenated and n it rated 
p olyc yc lic organ ic c omp ounds . 

Bioass y-direct ed fract ionat ion c los ely c oup led t o  c hem ica l c ha ract erizat ion 
has b een s hown t o  b e  t he m ost effic ient an d eff ect iv e  app roac h t o  id ent if ying 
t he b iolog ica lly act iv e  c omp oun ds in a c omp lex m ixtu re (18 , 20 , 2 1) .  T his 
app roac h has b een us ed t o  ident if y  tum or in it iat ors an d tum or p rom ot ers in 
c iga rett e-sm oke c ondensates (58) , aut om ot ive-ex haust em iss ions (5 9) , and 
u rban-a ir pa rt ic les (60) . M ore recent ly, t his app roac h has b een c oup led w it h  
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428 LEWTAS 

s hort-term genet ic b ioassa ys ,  inc lud ing m ic rob ia l m utagenes is assa ys ,  t o  
ident ify m utagens and p otent ia l  carc in ogens in c omp lex m ixt ures (21) . We 
fir st emp loyed t his met hod t o  ident ify t he c hem ica l c lasses and spec ific 
c omp onents ass oc iated w it h  d iese l pa rt ic ulate em iss ions t hat were mutagen ic 
in t he Am es Salmonella typhimurium m utagenes is assay (6 1). Bioassay­
d irected fract ionat ion of d iese l em iss ions s howed t hat ver y litt le of t he 
m utagen ic a ct iv ity was in t he t he ar omat ic fract ion t hat c onta ins P AH. M ost 
of t he m utagen ic act iv ity was in m od erate ly and hig hly p olar neut ra l  fract ions . 
C onvent iona l gas c hr omat ograp hy /mass spect rosc op y  ident ified many n on­
mutagen ic flu oren ones and met hy lated flu oren ones as maj or c onst it uents of 
t hese fract ions .  None of t hese or ot her ident if ied c onst ituents acc ounted f or 
t he d irect -act ing frame s hift mutagen ic act iv ity observed . Stud ies w it h  n itr ore­
d uctase-de fic ient st ra ins of Salmonella typhimurium s howed a red uct ion in t he 
m utagen ic ity of t hese organ ics, w hic h suggested t hat n itrated c omp ounds 
were present (62). Nitrated p olycyc lic ar omat ic hydr oc arb ons (N02-P AHs ) 
are p otent d irect -act ing frames hift mutagens or ig ina lly de tected in xer ograp h­
ic t oners (63). A ser ies of NO z-P AHs in d iese l extracts were t hen ident if ied 
and quant itated in order t o  est imate t he ir c ontr ibut ion t o  t he mutagen ic 
act iv it y  of d iese l pa rtic ulate e miss ions (21). T hese st ud ies s how t hat , a lt houg h 
present in low c oncentrat ions , NO rP AHs,  d i-N02-P AHs,  and hydr oxy -NO r 
P AHs t oget her acc ou nt f or muc h of t he mutage nic ity observed in Salmonella 

typhimurium (21) . 
Unvented space heaters and ot her ind oor c ombust ion app liances (e .g . 

c ook ing st oves ) are a maj or p ollut ion s ource of organ ic and in organ ic gases, 
sem iv olat ile organ ics , and s oot part ic les (13) . Ker osene heaters, w hic h are 
one of t he m ost w ide ly used unven ted c omb us tion s ources , have been s tud ied 
in lab orat ory c hamber and f ie ld stud ies . O hn is hi et a l  (64) rep or ted t hat t he 
in it ia l start-up and bu rning of a rad iant ker osene heater resu lted in ve ry hig h  
c oncent rat ions of mutagens ind oors. Severa l ot her st ud ies c onf irmed t hat 
severa l t ypes of ker osene heaters under ce rta in operat ing c ond it ion s res ult in a 
hig h em iss ion of mutagens (65-67). T hese stud ies a ll s how t hat ker osene­
heater em iss ions are m utagen ic in t he Salmonella typhimurium T A98 rever­
s ion assay in t he absence of metab olic act ivat ion and t hat t he mutagen ic ity in 
n itr ored uctase-def ic ient stra ins is s ign if icant ly reduced . T his ev idence 
t oget her w it h  c hem ica l ana lys is suggests t hat n itrated p olycy clic aromat ic 
hydr ocarb ons and ot her n itr oarenes may be resp ons ib le f or a s ign if icant 
p ort ion of t he mutagen ic ity em itted fr om ker osene heaters . Recent stud ies of 
t he c omparat ive m utagen ic em iss ion rates s howed t hat older and ma lt uned 
ker osene heaters have muc h hig her mutagen ic em iss ion rates (M umf ord et a I, 
pers ona l c omm un icat ion ) . We have a ls o  observed s ign if icant mutagen ic ity in 
t he sem iv olat ile or gan ics c ollected on XAD-2 as we ll as t he s oot part ic le 
extracts (67). 
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Bioassay-directed fractionation and chemical analysis of the extractable 
organics from soot-particle emissions from a radiant kerosene heater has been 
recently reported by Kinouchi et al (68). These samples were fractionated into 
neutral, acidic, and basic fractions and the mutagenicity was measured with 
strains TA98, TA98NR, and TA98/1,8-DNP6. The nitroreductase deficient 
strains (TA98NR and TA98/1 ,8-DNP6) lack enzymes required to metabolize 
nitropyrenes (NR), dinitropyrenes ( l ,8-DNP6) and other nitrated PAH (69). 
Most of the mutagenicity was recovered in the neutral fraction, as shown in 
Figure 5 .  Furthermore, the mutagenicity of the neutral fraction decreased in 
the nitroreductase-deficient studies in the order T A98> T A98NR> T A98/ 1,8-
DNP6, which suggested that this fraction contained nitropyrenes, especially 
dinitropyrenes. Chemical analysis confirmed the presence of both I-nitro­
pyrene and 1,6-dinitropyrene that can account for approximately 1 % and 
20%, respectively, of the mutagenicity (67). Mutagenicity assays on HPLC 
fractions showed that most of the mutagenicity eluted in the same fractions 
that contain dinitropyrenes (Figure 5 ) . Dinitropyrenes are highly mutagenic in 
Salmonella typhimurium TA98 (63, 69) and are carcinogenic in animals (70). 

VOLATILE ORGANIC COMPOUND (VOC) MIXTURES 
FROM MATERIALS AND PRODUCTS: WHAT ARE THE 
TOXIC EFFECTS? 

Building materials and other products (e.g. adhesives, carpet, wall coverings, 
etc.) emit volatile organic chemicals (VOC) by outgassing. It has been 
postulated that these mixtures of VOC cause the acute, nonspecific sensory 
irritation and other sensory effect referred to as sick building syndrome 
(SBS). The World Health Organization (71) had described the SBS symptoms 
as generally including: Ca) eye, nose, and throat irritation; (b) sensation of dry 
mucous mcmbranes and skin; (e) erythema (skin irritation, redness); (d) 
mental fatigue and headaches; (e) high frequency of airway infections and 
cough; (j) hoarseness and wheezing; (g) itching and unspecific hypersensitiv­
ity; and (h) nausea and dizziness. These effects are based on a large number of 
case reports describing similar symptoms. Since the frequency of such 
nonspecific complaints is high in any population, it is difficult to establish a 
cause-effect relationship with one specific aspect of indoor air pollution. SBS 
has been costly in terms of lost work time and productivity and, in severe 
cases, abandonment of buildings (72, 73). Investigations of these "sick" 
buildings have not readily, or often, found a single cause (74, 75) , due 
possibly to the psychological factors that may be involved (71) and the 
multiple factors, including ventilation, materials, products, and other sources, 
that add complexity to thc problem. 

One category of sick buildings is described (71) as temporarily "sick" 
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Figure 5 Bioassay-directed fractionation and identification of mutagens in kerosene heater 

emissions adapted from data reported by Kinouchi et al (68). 

because the SBS symptoms occur when the building is either newly con­
structed or remodeled, and decrease with time, nearly disappearing after 6 
months. A recent stu dy in both a new office b uilding and a new nursing home 
showed that VOC concentrations dramatically decreased (e.g. as much as 
lO-fold) between completion of construction and 5-7 months later (76). In a 
review of VOC concentrations in new b uilding s (0 .5 -19 mg/cubic meter), 
Molhave (77) found the total concentration to be about 10 times higher than 
the range found in old buildings ( 0.01-1.7 mg/cubic meter), and that 8 2% of 
these comp oun ds are either known or susp ected mucous membrane irritants, 

25 % were known or suspected carcinogens, and 30 % have known or sus­
pected odor thresholds below the average concentrations measured indoors 
(78). 

Molhave et al developed a working hypothesis that these VOCs may be an 
important factor in causing the SBS symptoms related to mucous membrane 
irritation (79). To investigate this hypothesis, they conducted a controlled 
exposure to 22 VOCs of 62 healthy individuals (in cluding 40 % smokers) who 
had previously complained about typical SBS symptoms and who suffered 
from dry mucous membranes (7 9, 80 ). T he m ix ture of 22 chem ica ls, shown 
in Table 2, was selected based on their frequent occurrence indoors, and that 
they were known or suspected mucous membrane irritants (79). Compounds 
known or suspected to be carcinogens were not included in the m ix ture. T he 
con cen tra tion s w ere selected to represent clear air (zero mg/cubic meter), the 
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Table 2 Composition of VOC mixtures for human and animal toxicology 

Indoor Air Water 
Human Animal Animal 

Chamber" Inhalationb Orale 
Compounds fLg/m3 fLglm3 ppm 

ALIPHATIC HYDROCARBONS 
Alkanes 

n-Hexane 825 590 
n-Decane 825 1100 
n-Undeeane 75 950 
n-Nonane 825 

Alkenes & Cycloalkanes 
I -Oetene 8 
I -Decene 825 
Cyclohexane 75 

Terpenes 
a-Pinene 825 605 
Limonene 480 

AROMATIC HYDROCARBONS 
Benzene 204 5000 
Toluene 378 5180 
1 ,3-Xylene 8250 
Xylenes (1,3+ 1 ,4) 390 4070 
Ethylbenzene 825 109 650 
1.2.4-Trimethylbenzene 75 ISO 
n-Propylbenzene 75 
Naphthalene 70 

OXYGENATED HYDROCARBONS 
Alcohols 

Iso-propanol 75 
n-Butanol 825 
Phenol 3000 

Ketones 
Acetone 157 6900 
2-Butanone (MEK) 75 
3-Methyl-3-Butanone 75 
4-Methyl-2-Pentanone 75 

Aldehydes 
Fonnaldehyde 87 
Acetaldehyde 48 
n-Pentanal 75 
n-Hexanal 825 20 

Acid Derivatives 
n-Butylaeetate 8250 
Ethox.yethylaeetate 825 

HALOGENATES 
Chlorinated Aliphatic 

Chlorofonn (trichloromethane) 1460 
Dichloromethane 5000 1670 
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Table 2 (continued) 

Compounds 

I,l-Dichloroethane 

1,2-Dichloroethane 

l,l-Dichloroethylene 

1,2-trans-Dichloroethylene 

Trichloroethylene 

1, I ,1 Trichloroethane 
Carbon tetrachloride 
Tetrachloroethyle!}e 

CHLORINATED AROMATICS 
Chi oro benzene 
1 ,4-Dichlorobenzene 

Indoor Air 
Human 

Chamber" 

Ikg/m3 

825 

(825)a 

Animal 
Inhalationb 

Ikg/m3 

60 

230 

Water 
Animal 
Oral" 
ppm 

310 

6330 

240 

730 

3820 
1250 

540 
9680 

100 

a Chamber exposure concentrations for the 25 mg/m3 total mixture concentration. Molhave et 
aI (80) used 1,2-dichloroethane shown in parenthesis whereas OUo et al (84) are using 1,1-
dichloroethane. 

bMaximum concentrations found indoors by DeBortoli et al (86) and mixed to produce 8.5 
mg/m3 total mixture for animal exposures by Glaser et al (85). 

C Highest concentration of VOCs ( 1 000x) in drinking water for NTP subchronic toxicity 
studies in rats and mice (87). Other organics and inorganics included in this mixture are: 
Arochlor 1260 (210 ppm), arsenic trioxide (200 ppm), cadmium chloride (880 ppm), chromium 
trioxide (900 ppm), di(2-ethylhexyl)phthalate (130 ppm), lead acetate (1200 ppm), mercuric 
chloride (10 ppm), nickel sulfate (2 1 0  ppm). The total concentration of all chemicals at the 
highest dose was 54,670 ppm. Lower doses include O. h., lx, lOx, and lOOx. 

average c oncentrat ion for new hou se s (5 mg/cub ic meter) , a nd t he hig he st 
c oncentrati on mea sured in new Dan ish house s (25 mg /c ub ic meter) (81) , 
A fter 2,75 hr ex pos ure in a c limate c ha mber a wide va rie ty of var iab les were 
mea sured , inc lud ing sen sory , be hav iora l, phy siolog ica l, a ffect ive , and c og ni­
t ive m ot or per for ma nce . T he pr inc ipa l find ing s re ported by M olhave (79, 80) 
were t hat t he VOC m ixt ure cau sed an increa sed perce pt ion of sen sory irr ita­
tion and d is com fort and affec ted pe rforma nce on a d ig it-s pan tes t  s ugges ting 
i m pa irment of short-te rm me m ory, T he re sult s  of t his st udy have rece ived 
c on siderab le at tent ion beca use t he c oncentrat ion s  of eac h ind iv idua l  c hem ica l 
in t he m ixt ure were we ll .be low t he t hre shold lim it va lue (TL V )  for adver se 
hea lth e ffect s for 8 hr of c ont inu ou s occu pat iona l  e xposu re , a s  de fined by 
OSHA (82) . M olhave ha s pr oposed t hat t he re sponse s  ob served are t o  t he t ota l 
c he m ica l m ixt ure rat her t han t o  any sing le c onst itue nt a nd t hat t he e ffect s are 
med iated by tr ige m ina l nerve funct ion (83) . 

T he im por tance of t he se find ing s and q ue st ion s ra ised by t he ex per imen ta l  
de sign of t he fir st st udy (7 9, 80) led t he US Env ir onmenta l Pr otect ion Age ncy 
t o  c onduct a sec ond hu ma n ex posure study u sing the same m ixtu re of 22 
c hem ica ls, w it h  one c hem ica l tha t ha s bec ome a su spect ca rc in oge n (1,2-
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dichloroethane) replaced by 1, I-dichloroethane (84). There are several impor­
tant differences in the EPA study design: (a) normal healthy, nonsmoking 
adults will be tested rather than subjects self-selected as sensitive to indoor air 
quality; (b) exposure and control conditions will be separated by a one week 
interval, rather than performing them on the same day, to avoid possible 
confounding effects; and (c) only one exposure concentration (25 mg/cubic 
meter) will be used. Its purpose is to confirm the major findings in the original 
Molhave study (79) of increased sensory irritation and possible neurobehav­
ioral impairment (short-term memory) and to use a battery of tests to clarify 
the nature of the neurobehavioral response (84). 

Controlled animal exposures to mixtures of 20 VOCs plus other indoor air 
pollutants were recently reported by Glaser et al (85) . The 2 0  VOCs shown in 
Table 2 were selected to be those typically found indoors and were mixed 
proportional to the concentrations found as maximum values in homes (86) to 
give a final total exposure concentration of 8 .5  mg/cubic meter for an initial 
28 day continuous exposure . Although 7 of the chemicals were the same as 
used in the human exposure studies, the other 13 included a number of known 
or suspected carcinogens . These studies reported several significant bioche­
mical effects and suggest that these mixtures caused hepatotoxicity as well as 
genotoxicity in lung cells. 

These two cases both used a synthetic VOC mixture to provide a controlled 
exposure to simulate the indoor environment . In the case of human exposures , 
carcinogens that may produce irreversible damage were deleted from the 
mixture and emphasis was placed on selecting components that may be 
irritating. In the case of the animal study, the exposures included known and 
suspected carcinogens and hepatotoxins at maximal concentrations found 
indoor. In the past, complex mixture exposures have been generated using the 
actual source that generates the mixture in the environment, such as a diesel 
engine (16) . VOC mixtures from building materials and products used in the 
homes (e.g. cleaning products) present a more heterogeneous and unpredict­
able mixture. Evaluation of exposures from hazardous waste sites has pre­
sented a similar problem and current toxicological studies of mixtures of the 
most prevalent contaminants in drinking water are being conducted using an 
approach similar to that described here, where a synthetic mixture is used to 
conduct animal toxicology studies (87) (Table 2) . 

SUMMARY AND FUTURE DIRECTIONS 

Indoor air pollution is now recognized as an important public health problem. 
Pollutant concentrations indoors can exceed both US EPA's Ambient Air 
Quality Standards for outdoor air and the TL V s defined for occupational 
exposure limits by OSHA for healthy workers . In addition to long exposure 
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times and hig h con cent rations, indoo r ai r poll utants present a potential publi c 
healt h problem to sensitive po pulations suc h as infants , t he elde rl y, and 
po pulati ons s us ce ptible d ue to preexisting illnesses . T hese factors taken 

t oget her have resulted in inc reased funding and inte rest in t oxicolog y resea rc h  
on ind oor ai r pollutants ( 13) . 

Human ex posu re to c om plex mixtures of ind oo r ai r pollutants presents a 
challenge to toxicol ogists to develo p  testable hypot heses based on clea rl y  
defined problems and objectives. T he NRC (8) has rec ommended a series of 
st rategies t hat ma y be a pplied in a ste pwise a pproac h t o  t oxic ological studies 
of complex mixtures. This review has focused on the a pplication of t hese 
strategies t o  several indoor ai r pollution pr oblems. After defining t he problem 

and potential human ex pos ures, t he fi rst ste p is to dete rmine if t he re a re an y 
toxic effects f rom ex posu re to t he mixtu re .  In t he case of VOC mixtu res 
emitted f rom mate rials and prod ucts , cont rolled c hambe r ex posu re studies a re 
being c onducted wit h both humans and animals to test for neurotoxic , respira­
to ry, and genot oxic effects . When an effect is defined , as in t he case of 
m utagenic and ca rcinogenic effe cts f rom soot emitted f rom unvented comb us­
tion a pplian ces , resea rch is f ocusing on determinin g the causative agents . In 
t he case of ker osene heate rs , f or exam ple, it a ppea rs t hat t he nit rated pol yc y­
clic a romatic hyd roca rbons ma y ac co unt fo r a maj or po rtion of t he m utageni c 
and potentiall y carcinogenic activity emitted indoors . Environmental tobacco 
smoke (ETS) is one of t he maj or indoo r ai r pollutants w he re t he re is a 
substantial data base on the human and animal toxicology of a related, but not 
identical , mixtu re-mainst ream tobacco sm oke . ETS resea rc h  is focusing on 
develo ping chemi cal and bi ol ogical ma rke rs of human ex posu re and bi ologi­
call y effective d ose. New molecula r met hods f or measuring protein and DNA 
adducts are being devel oped and a pplied in toxicol ogical research on ETS . 

The major emphasis in indoor air pollution research has been on chemical 
characte rizati on and quantitati on of ind oo r  ex posu res as well as c haracter iza­
ti on of sou rce emissions and t he infl uen ce of ventilati on s ystems ( 13, 87 ). 
C hemists and enginee rs conducting t hese studies a re using a combination of 
studies in c ont rolled lab orat or y  c hambe rs , test homes, and indoo r field studies 
(13 ). Ra rel y d o  toxicologists participate in the design or im plementati on of 
these studies. New bioassay methods applied to indoor air exposures to 
meas ure t he magnitude of biological res ponse to a com plex mixtu re of ind oor 
ai r pollutants wiII facilitate unde rstanding t he potential healt h effects of 
ind oo r  ai r polluti on (8 9, 90 ). New m olecula r tox ic olog y met hods to detect 
and q uantitate human ex posu re ,  dose , or effects f rom indoo r ai r poll utants 
should be combined, wherever possible, in both controlled lab orat or y  or field 
studies w he re micr oenvi ronmental and pe rsonal ex posu re measu rements are 
being made. Major advances in our understanding of the toxicological effects 
of com plex mixtu res of ind oor a ir pol lutants will be brought about by inte-
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grated multidisciplinary studies involving chemists , engineers , and toxicolog­
ists. Indoor air pollution presents a challenge to scientists to work toward 
initiating and fostering such interdisciplinary collaborations that will result in 
a better understanding of both human exposure and health effects from 
complex mixtures of these pollutants . 
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