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Objectives The purpose of this study was to compare different methods for calculating maximal allowable 
concentrations of potentially carcinogenic substances in indoor air. Benzene, tetrachloroethylene, trichloroeth- 
ylene, and vinyl chloride were selected as the model substances. 
Methods Estimates were used of carcinogenic potency from quantitative risk assessment, lowest observable 
effect levels (LOEL) from animal experiments and epidemiologic studies combined with safety factors, and 
estimation from occupational exposure limits with safety factors. The estimates were compared with actual 
concentrations in buildings in Denmark. 
Results Concentrations of benzene, tetrachloroethylene, trichloroethylene, and vinyl chloride of the order of 
10,20,200, and 40 ppb, respectively, in indoor air were found to conespond to a 1Wlifetime risk of cancer. 
C O ~ C ~ U S ~ O ~ S  The estimated maximal allowable concentrations of carcinogenic compounds obtained from 
indoor air by quantitative risk assessment using a lifetime risk of 1V4 or using LOEL values and suitable safety 
factors appear to be comparable and reasonable. Calculations based on occupational exposure limits and safety 
factors generally give comparable or somewhat higher values. Using a lifetime risk of for quantitative risk 
assessment does not seem reasonable considering the risks associated with the activities of everyday life. 
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Some chemicals can cause cancer. Of that we are sure. 
The fundamental questions of risk assessment are "How 
much of a given chemical does it take, and what percent- 
age of the exposed population will be afflicted?'More- 
over, if we cannot reduce the risk to zero, what is then an 
acceptable incidence of disease? 

The sorry truth is that there are no scientifically satis- 
factory answers. The results presented are therefore not 
strict scientific truths, but rather attempts to apply what 
seems to be reasonable approaches. 

The main problem is that cancer risk assessment is 
based on experiments with animals or on epidemiologic 
data which are then applied to situations that themselves 
are not experimentally accessible. It is thus necessary to 
make extrapolations, the validity of which cannot be 
established. 

This paper deals with an evaluation of the risks asso- 
ciated with the presence of chemical substances in in- 
door air. Specifically, I have concerned myself with three 
substances that frequently occur as pollution on building 
grounds, namely, benzene, tetrachloroethylene and 
trichloroethylene. To  complement these, I have also in- 
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cluded vinyl chloride. Benzene and vinyl chloride have 
been classified by the International Agency for Research 
on Cancer as belonging to group 1 (ie, they are carcino- 
genic to humans). Tetrachloroethylene has been classi- 
fied as belonging to group 2B (ie, it is possibly carcino- 
genic to humans), while trichloroethylene has been clas- 
sified as belonging to group 3 (ie, it is not classifiable as 
to its carcinogenicity to humans) (1). 

The present problem is closely analogous to the eval- 
uation of chemical risks at the workplace. There are 
some differences however. One is that people spend more 
time at home than at work. In addition, many people are 
likely to feel that home should be a safer place than 
work. 

Quantitative risk assessment 

Sometimes available epidemiologic data clearly show 
that a chemical can cause human cancer. To  be truly 
useful, the data should also provide (i) accurate estimates 
of which concentrations of the chemical the population 
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in question has been exposed to and for how long and (ii) 
a quantitative relation between exposure and risk. 

Such information is only available for a few sub- 
stances. But even when it exists, an important problem 
remains. Epidemiologic investigations are mostly made 
in a setting in which exposure is high, and consequently 
the cancer risk is relatively large, typically in selected 
workplaces. For use with indoor climate, the exposure 
time must be corrected. People normally spend approxi- 
mately 40 h a week at work, but may spend close to 
168 h a week indoors. In addition, the results must, in 
general, be extrapolated to "normal" doses of the chemi- 
cal. How this should be done is controversial. 

Extrapolation of dose 

It is commonly assumed that no lower limit for the car- 
cinogenicity of substances exists (ie, at low doses there 
is a linear relation between dose and risk). This assump- 
tion is based on the understanding that carcinogenic com- 
pounds act by damaging genetic material and that there 
is, in principle, no lower limit for when genetic damage 
can cause cancer. The model does not take the detoxifi- 
cation and repair mechanisms of the body into account, 
but it is probably the best that can be proposed for use at 
present. More realistic models will require information 
that is not available. A theoretical extension of the 
linearity at low doses leads to cancer-free subjects being 
an exponential function of a polynomium of the dose, so 
that in the simplest case 

in which P(d) is the risk for cancer at dose d and q, and q, 
are positive constants. This formula leads to linearity in 
the low-dose region and to saturation at high doses, but 
has perhaps a tendency to overestimate cancer risk at low 
doses (2). 

It is commonly assumed that the risk due to exposure 
to carcinogenic compounds is determined by the accu- 
mulated dose because the lasting outcome of genotoxic 
damage is somatic mutations and, once formed, they are 
not likely to disappear. I have also made this assumption 
when calculating the risk. 

Some carcinogenic compounds may not act by dam- 
aging the genetic material. Rather, they induce growth in 
the target tissues, possibly in a way that especially favors 
cells that have already started to develop into cancer 
cells. For these so-called promoters one can expect a 
threshold value, a concentration under which the com- 
pound has no effect. However, it is difficult to establish 
whether a compound has a clean promoter effect. It is 
also difficult or impossible to calculate the threshold. 
Therefore, I have chosen to use the dose extrapolation in 
the preceding equation in all cases. The method will 
overestimate the risk at low doses if the compound is a 

promoter. Finally, the theoretical argument for using ac- 
cumulated dose as the determinant of risk is weaker for 
promoters. However, there is good experimental evi- 
dence that promoters must be present for extended peri- 
ods to exert their effect, and accumulated dose may thus 
be a reasonable measure to use after all. 

Of the four compounds studied, benzene and vinyl 
chloride are genotoxic carcinogens, while tri- and tetra- 
chloroethylene are probably mainly promoters. 

Extrapolation from animals to humans 

An additional problem arises in the common cases where 
only animal data are available for evaluating the risk of a 
compound. In these instances it is necessary to transform 
animal data to the human situation. This process can 
involve correction for different routes of administration 
of a compound, and it always involves a correction for 
different body sizes. A necessary underlying assumption 
is that the metabolism of the compound in animals and 
humans is qualitatively similar. 

The simplest way to correct for body size is to calcu- 
late the dose per unit weight. Alternatively, one can 
standardize the dose relative to metabolism. The latter is 
roughly proportional to body weight raised to the power 
of 0.75 (smaller animals have a relatively faster metabo- 
lism). The difference between the two methods is ap- 
proximately sevenfold when extrapolation is made from 
mice to humans. It is not clear which method should be 
preferred. One investigation indicates that the acute 
toxicity of numerous carcinogenic compounds is best 
standardized by metabolism (3). Another study, which is 
more inaccurate however, suggests that the carcino- 
genicity of certain compounds is better standardized by 
weight (4). I have chosen to use weight in the hope that 
any underestimation of the risk by this method is com- 
pensated by the overestimation arising from the extra- 
polation of the dose. 

Applying the outlined methods to representative com- 
pounds produces the results shown in table 1. It shows 
the concentrations in indoor air corresponding to various 
lifetime risks for cancer. 

Table 1. Concentrations in indoor air and lifetime risks for 
cancer, as calculated by quantitative risk assessment. 

Comaounda Lifetime risk 

Benzene 84-1160 ppb 2.1-29 ppb 0.02-0.29 ppb 
Tetrachloroethylene 440-1520 ppb 11-38 ppb 0.11-0.38 ppb 
Trichloroethylene 2.8-23 ppm 70-570 ppb 0.7-5.7 ppb 
Vinvl chloride 1.6 Dam 39 a ~ b  0.39 aab 

a The benzene calculations have been based on information from reference 5; 
the tetrachloroethylene calculations have been based on information from 
references 6 and 7; the trichloroethylene calculations are based on informa- 
tion from references 6, 7 and 8, and the vinyl chloride calculations have been 
based on information from reference 9. 
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Table 2. Lifetime risks associated with exposures and activi- 
ties of normal life. 

Event due  to activity or exposurea Lifetime risk 

Cancer due to tobacco smoking 
Fatal road accident 
Cancer due to radon in indoor ail 
Cancer due to passive smoking 

a The radon data have been taken from reference 10; the passive 
smoking data have been taken from reference 11. 

The values for lifetime risks are not easily grasped 
intuitively. Therefore, I have compiled for comparison 
risks associated with various activities or exposures com- 
mon in normal life in Denmark. The results are shown in 
table 2. It can be seen that the highest level of lifetime 
risk used in table 1 corresponds to current estimates of 
the risk for cancer due to radon in indoor air, while the 
two other risk levels are appreciably lower than any risks 
listed in table 2. 

Lowest observable effect levels and safety factors 
in risk assessment 

As an alternative to the quantitative risk assessment al- 
ready outlined, the traditional toxicologic approach can 
be used, that is, determining a lowest observable effect 

level (LOEL) or no observable effect level (NOEL) from 
the experimental or epidemiologic data followed by a 
reduction of these levels by suitable safety factors. For 
carcinogenic compounds, it is customary to use a safety 
factor of 10 to get from LOEL to NOEL if NOEL is not 
available, a safety factor of 10 in the conversion of ani- 
mal NOEL to humans is necessary, and a final safety 
factor of 10 to protect possible sensitive subpopulations 
among humans. The compound safety factor will thus be 
1000, when one starts with a LOEL value for animals 
and 100 when starting with a LOEL value for humans. 
An additional factor of 4 may be relevant for occupa- 
tional epidemiologic data for my purpose, namely, to 
correct for continuous exposure in indoor climates. 

Tables 3 and 4 show the results of this approach 
when applied to the same four compounds used earlier. It 
is evident that the acceptable levels calculated are rough- 
ly similar to those corresponding to a lifetime risk of 10" 
in table 1. This result is perhaps not so odd. Because of 
the stochastic nature of cancer occurrence, it is generally 
not possible to define NOEL values with any accuracy, 
and one has to use LOEL values. In long-term animal 
experiments with cancer induction, group sizes are nor- 
mally approximately 60 animals. If the cancer in ques- 
tion is relatively rare in the control group, a statistically 
significant result will occur when four to six extra ani- 
mals get cancer in the treated group. Therefore the LOEL 
will correspond to a lifetime risk of roughly 10%. When 

Table 3. Maximal allowable concentrations in indoor air as calculated from the lowest observable effect levels (LOEL) on the basis 
of experimental animal data. 

Compounda Exposure, 5 days LOEL, observedb LOEL, continuous Maximal 
per week (mg . kg-') exposure for lifeC allowable 

(mg . kg-' . d-I) concentrationd 
( P P ~ )  

Benzene 
Rat Inhalation 6h per day, life 29 21 23 
Mouse Gavage, life 25 18 19 

Tetrachloroethylene 
Mouse Gavage, life 70 50 25 

Trichloroethylene 
Mouse Inhalation, life 194 139 90 
Mouse Gavage, 78 weeks* 287 154 100 

Vinyl chloride 
Rat Inhalation 6h per day, life 2.3 1.64 2.3 
Rat Gavage, 52 weeks* 4.09 1.46 2 

a The data on benzene have been taken from reference 5; the data on tetrachloroethylene have been taken from reference 6; the  data on 
trichloroethylene have been taken from references 7 and 12; and the data on vinyl chloride have been taken from references 6 and 9. 
The LOEL observed is the actual dose received on a day of experiment. For the gavage studies the value was taken directly from the respective 
sources. For the  inhalation studies the concentration in the air was multiplied by the ventilation (6 1 . h-I for  rats and 1.8 1 . h-I for mice), 
multiplied by the  exposure time (6 h ) ,  and divided by the  weight of the  animals (0.4 kg for rats and 0.03 kg for mice). The calculation assumes 
complete absorption of the inhaled substance. 
The LOEL continuous exposure for life is the corresponding value if animals were continuously exposed. It was calculated by multiplying the 
LOEL observed by 517 to correct for the absence of exposure on weekends and, where relevant (*), divided by afactor (1.33 and 2,  respectively) 
to correct for limitations in the  exposure period. 
The maximal allowable concentrations were calculated from the LOEL at continuous exposure by multiplying by 70 kg to correct for the weight 
of humans, dividing by 20 m3 . d-' to correct for human  ventilation, dividing by a safety factor of 1000, and converting to parts per billion. The 
calculation assumes complete absorption of the inhaled substance. 
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combined with a safety factor of 1000, the resulting 
concentration will correspond roughly to a lifetime risk 
of 10-4. 

Correspondingly, in epidemiologic investigations, 
such studies will typically involve 1000 persons with an 
average exposure period of 10 to 20 years. Exposures 
typically occur in a work setting (ie, for approximately 
40 h a week). Larger studies are possible but difficult to 
combine with the accurate exposure assessment neces- 
sary for determining the cumulative LOEL value. There- 
fore the typical epidemiologic study covers roughly 
15 000 person-years, of which one-fourth or 4000 per- 
son-years were spent at work. This value corresponds to 
50 lives of continuous exposure. If a single case of an 
extremely rare cancer, a "signal cancer," occurs, it may 
he significant, but in general at least two or three cases 
are necessary for a significant result. Therefore, in the 
typical epidemiologic study in a workplace setting, the 
LOEL will correspond to a lifetime risk of roughly 4% 
with continuous exposure. The cumulative LOEL from 
occupational epidemiologic studies must he divided by a 
factor of 4 to correct for the limited time at the work- 
place. When combined with the safety factor, in this case 
100, the resulting concentration will correspond roughly 
to a lifetime risk of lo-". 

There is an interesting discrepancy between the max- 
imal allowable concentrations calculated for vinyl chlo- 
ride from animal and human data. The "human concen- 
tration" is almost 100-fold higher. This difference is 
probably due to several things. One is that the epidemio- 
logic data for vinyl chloride only allow a very crude 
estimate for the LOEL, which is probably much higher 
than the true value. Second, many animal experiments 
have been performed, and they differ considerably in 
respect to the observed effective level. I have used one of 
the lowest values observed for table 3. 

Estimation of maximal allowable concentrations 
from occupational exposure limits 

In a recent report (14) my colleague and I have argued 
that maximal allowable concentrations for noncarcino- 
genic compounds in indoor air can be derived from occu- 
pational exposure limits by reducing these values by a 
factor of 40 (14). The factor 40 was found by assuming 
that people spent roughly four times as much time at 
home than at work and multiplying by a factor of 10 to 
allow for sensitive subjects. Thus the calculation does 
not address the issue of lifelong cumulative effects. How- 
ever, it does not seem unreasonable to apply the same 
rule to carcinogenic compounds. If the occupational ex- 
posure limit is set at a reasonable risk level, a reduction 
by 7 should then give a corresponding risk for indoor air 

Table 4. Maximal allowable concentrations in indoor air as 
calculated from the lowest observable effect level (LOEL) on 
the basis of human  epidemiologic data. 

Compounda Cumulative LOEL Maximal 
LOEL,b at continuous allowable 

(ppm x year) exposure concentration 
for life (PPb) 
( P P ~ )  

Benzene 300 1 .I 11 
Vinyl chloride 4400 16 160 

a The data on benzene have been taken from table 2 of reference 13, 
and the data on vinyl chloride have been taken from reference 9. 
The cumulative LOEL from occupational epidemiologic studies was 
converted to the LOEL at continuous exposure by dividing it by 4 to 
correct for a workday of 8 hours and 5 days a week at work, and by 
dividing it by 70 years to correct for lifelong exposure. 

(a factor of 4 to correct for limited hours a week at the 
workplace and a factor of 1.75 to correct for the time of 
life spent at work). The residual factor of 6 may he 
interpreted as ensuring that home is a safer place than 
work. 

It should be noted that this method is a shortcut, 
rather than an independent approach for determining 
maximally allowable concentrations in indoor air. The 
toxicologic data forming the basis for the determination 
of occupational exposure limits are in all likelihood the 
same as those used with other methods. 

Table 5 shows the maximally allowable concentra- 
tions that are derived when this approach is applied to 
Danish occupational exposure limits. When the results 
are compared with those of table 1, it is clear that the 
maximally allowed concentrations derived for vinyl chlo- 
ride and trichloroethylene roughly correspond to a life- 
time risk of lo4. The same applies to benzene if the new 
notified occupational exposure limit is used. In the case 
of tetrachloroethylene the value approaches a lifetime 
risk of 4 x In fact, I suspect that the occupational 
exposure limit for tetrachloroethylene was not set from 
its carcinogenic properties, hut rather from its neurotox- 
icity. When I compare the values of table 5 with those of 
table 3, it is clear that the values derived from occupa- 
tional exposure limits in general are higher than those 
derived from LOEL values from animal studies. The 

Table 5. Maximal allowable concentrations in indoor air, as 
derived from Danish occupational exposure limits. 

Compound Occupational exposure Maximal 
limit, Denmark allowable 
(PPm) concentration 

( P P ~ )  

Benzene 5 (in operation) 125 
0.1 (notified) 2.5 

Tetrachloroethylene 10 (in operation) 250 
Trichloroethylene 10 (in operation) 250 
Vinvl chloride 1 (in o~eration) 25 
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exception is the value derived from the new notified 
occupational exposure limit for benzene. 

Actual concentrations in indoor air 

The National Housing and Building Agency in Denmark 
recently published measurements of actual concentra- 
tions of a series of compounds in houses assumed to be 
safe (ie, there was no suspicion or indication that the 
houses were built on contaminated soil) (15). Among the 
compounds studied were benzene, tetrachloroethylene, 
and trichloroethylene. The median concentrations and 
ranges of values for these compounds are shown in ta- 
ble 6. It is interesting to compare these observed levels 
with the previous results. Essentially all the houses meet 
the requirements formulated from LOEL values from 
animals and the values formulated from the occupational 
exposure limits. The major exception is the maximal 
allowable concentration derived from the new notified 
occupational exposure limit for benzene, which a minor- 
ity of the houses cannot meet. In addition, essentially all 
of the houses meet the requirements calculated as corre- 
sponding to a lifetime risk of lo''. However, if one uses 
levels corresponding to a lifetime risk of lo4, none of 
the houses can meet the requirement for benzene, none 
of the houses can meet the requirement for tetrachlo- 
roethylene, and only a minority of the houses can meet 
the requirement for trichloroethylene. In fact, not even 
ambient air in rural areas (0.3-3 ppb) can meet the 
requirement for benzene (5). 

It is perhaps worthwhile to calculate the approximate 
expected gain of enforcing a maximal acceptable life- 
time risk of lo4. If the concentrations listed in table 6 are 
representative for houses in Denmark in general and if 
the geometric means of the concentration intervals listed 
in table 1 are used, it can be concluded that, in Denmark, 
approximately one case of cancer is caused by benzene 
in indoor air per yeas, two cases of cancer are caused by 
tetrachloroethylene in indoor air, and 0.3 cases of cancer 
are caused by trichloroethylene in indoor air. If one 
knows how to reduce the concentrations of the three 
compounds so that they correspond to a lifetime risk 
level of then these three to four cancers per year 

Table 6. Concentrations of various compounds in indoor air 
in ordinary Danish houses. 

Compound Median Range of 
concentration concentrations 

(I)I)b) (PPb) 

Benzene 1.4 0.9-25 
Tetrachloroethylene 7 2-1 2 
Trichloroethylene 11 2.8-22 

could be prevented. However, approximately 10 people 
die each year in the current building activities in Den- 
mark. I venture that more than three to four lives per year 
would be lost for a considerable period by modifying or 
rebuilding all houses in Denmark. It may only be worth- 
while to modify existing buildings when the compounds 
exceed current average levels in indoor air by a certain 
margin. 

Concluding remarks 

Maximal allowable concentrations for benzene, tetrachlo- 
roethylene, trichloroethylene, and vinyl chloride are sim- 
ilar when they are calculated by quantitative risk assess- 
ment as corresponding to a lifetime risk of lo4 or they 
are calculated from LOEL values in animal experiments 
with a safety factor of 1000. Calculation by using LOEL 
values from epidemiologic data with a safety factor of 
100 also seemed to give similar values if the epidemi- 
ologic study included a careful estimation of exposure to 
allow for an accurate determination of the LOEL. I ex- 
pect these statements to be applicable to many other 
compounds also. 

Estimating maximal allowable concentrations in in- 
door air as being one-fortieth of the corresponding occu- 
pational exposure limit also seems a feasible approach. 
However, some variability in the results exists, relative 
to those obtained by the other two methods. This differ- 
ence is perhaps not so surprising, as many considerations 
other than the safety aspect goes into the setting of an 
occupational exposure limit. 

Using a lifetime risk of in quantitative risk as- 
sessment does not seem reasonable, as many risks of every- 
day life exceed this level by many orders of magnitude. 
It will only be worthwhile if the cost of achieving such a 
level is small. In the present case, official acceptance of a 
lifetime risk of for carcinogenic compounds in in- 
door air would have the consequence of outlawing living 
in most, if not all, buildings in Denmark. 

Calculating maximal allowable concentrations of carci- 
nogenic compounds in indoor air by quantitative risk 
assessment using a lifetime risk of lo4 or by using LOEL 
values and suitable safety factors appears to give com- 
parable and reasonable results. 
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