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11.  QUALITATIVE AND QUANTITATIVE EVALUATION OF THE
CARCINOGENICITY OF DIESEL ENGINE EMISSIONS

11.1.  INTRODUCTION
Concern about the carcinogenic risk of exposure to diesel engine emissions was stimulated

in the late 1970s by a report indicating that diesel particle extracts are mutagenic (Huisingh et al.,
1978), by the knowledge that diesel exhaust (DE) contains known carcinogens, and by the
projected increase in the use of diesel engines in passenger vehicles.  This concern culminated in a
U.S. Environmental Protection Agency (EPA)-sponsored quantitative cancer risk estimate for
diesel engine emissions (Albert et al., 1983).  Its estimate was based on a “comparative potency”
approach because of a lack of either chronic animal cancer bioassays or definitive epidemiologic
data.  Since 1983, several chronic animal inhalation studies and epidemiologic investigations
designed to assess the carcinogenicity of diesel engine emissions have been completed.  These
studies are summarized in Chapters 7 and 8.  Data relating to mechanisms of DE-induced
carcinogenicity are summarized in Chapter 10.  Because of the increase in the availability of such
data and because of the need to provide an up-to-date evaluation of the hazards of DE inhalation
for U.S. EPA’s Office of Mobile Sources, a qualitative as well as a quantitative assessment of the
cancer risk from exposure to DE was undertaken.  These assessments are presented in this
chapter.

11.2. QUALITATIVE EVALUATION OF THE CARCINOGENIC RISK OF
EXPOSURE TO DIESEL EXHAUST

11.2.1. Hazard Evaluation Based on EPA 1986 Guidelines for Carcinogen Risk Assessment
Lung cancer incidence has been studied in human populations exposed to diesel engine

exhaust.  An increased incidence of lung cancer was observed in 6 mortality studies (Howe et al.,
1983; Wong et al., 1985; Boffetta and Stellman, 1988; Garshick et al., 1988; Gustavsson et al.,
1990; Ahlman et al., 1991) and in 10 case-control studies (Williams et al., 1977; Hall and Wynder,
1984; Damber and Larsson, 1987; Garshick et al., 1987; Benhamou et al., 1988; Hayes et al.,
1989; Gustavsson et al., 1990; Steenland et al., 1990; Burns and Swanson, 1991; Emmelin et al.,
1993).  A dose-response trend was observed in three of the cohort studies (Howe et al., 1983;
Wong et al., 1985; Boffetta and Stellman, 1988) and in three of the case-control studies (Garshick
et al., 1987; Steenland et al., 1990; Emmelin et al., 1993).  An increased incidence of lung cancer
was not observed in some other studies (Waller, 1981; Rushton et al., 1983; Wong et al., 1985;
Edling et al., 1987; Lerchen et al., 1987), but each had several methodologic limitations, such as
small sample sizes, short follow-up, and lack of adjustment for confounding factors.  The studies
reporting increased incidences also had some major limitations even though some of them,
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especially those reported by Garshick and co-workers (1987, 1988), were able to eliminate most
of the confounding variables.

An association between DE exposure and lung cancer is therefore suggested by the results
of a number of epidemiologic studies.  Because of the uncertainties created by limited exposure
data and the possibility of exposure to other agents, the evidence for carcinogenicity of diesel
engine emissions in humans is considered to be limited under the EPA Cancer Assessment
Guidelines (U.S. EPA, 1986).

In animal experiments, inhalation of whole DE resulted in the induction of lung tumors in
F344 rats (Ishinishi et al., 1986; Iwai et al., 1986; Mauderly et al., 1987; Brightwell et al., 1989;
Nikula et al., 1995), in Wistar rats (Heinrich et al., 1986a; Heinrich et al., 1995), in Sencar mice
(Pepelko and Peirano, 1983), in NMRI mice (Heinrich et al., 1986a; Stöber, 1986), and in C57BL
mice (Takemoto et al., 1986).  It should be noted, however, that lung tumor incidences did not
exceed those of historical controls in the 1986 NMRI mouse study, and in a later study reported
by Heinrich et al. (1995), using both NMRI and C57BL mice, significant increases in lung tumors
were not seen.  Lung tumors also were induced by implantation of DE condensate in Osborne-
Mendel rats (Grimmer et al., 1987) and by intratracheal instillation of diesel particulate matter in
Wistar rats (Pott and Roller, 1994).  Skin painting of diesel particle extracts induced dermal
tumors in strain A mice (Kotin et al., 1955) and in Sencar mice following promotion with
tetradecanoylphorbol-13-acetate (Nesnow et al., 1982).  Extensive studies with Salmonella
mutagenesis assays have, in most cases, demonstrated direct-acting mutagenic activity in both
particle extracts and gaseous fractions of DE.  Positive results also have been reported for gene
mutations and chromosome effects in mammalian cell systems after exposure to diesel particle
extracts.

Based on the induction of lung tumors via inhalation in at least two strains of rats and two
strains of mice and by lung implantation of DE condensate, subcutaneous tumors following
injection of exhaust particle organic extracts, and skin tumors following dermal application of
exhaust particle organic extracts and supported by positive mutagenicity results, the evidence for
carcinogenicity of DE in animals is considered to be sufficient under U.S. EPA’s Cancer
Assessment Guidelines (U.S. EPA, 1986).

The International Agency for Research on Cancer (IARC) (1989) also evaluated the
evidence for carcinogenicity of DE and concluded that the evidence for carcinogenicity in humans
is limited.  This conclusion was based primarily on cohort studies of railroad workers in the
United States (Garshick et al., 1988) and Canada (Howe et al., 1983) and two case-control
studies (Howe et al., 1983; Garshick et al., 1988) using individuals drawn from the same group of
workers.  Three further studies of cohorts with less certain exposure to diesel engine exhaust also
were considered:  two studies of London bus company employees (Raffle, 1957; Rushton et al.,
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1983) and one of Swedish dock workers (Edling et al., 1987).  IARC concluded that the evidence
for carcinogenicity of whole engine exhaust in experimental animals was adequate.  The
conclusions were based on positive tumorigenic effects in two different strains of rats in five of six
experiments (Karagianes et al., 1981; Heinrich et al., 1986b; Ishinishi et al., 1986; Iwai et al.,
1986; Mauderly et al., 1987) and on positive effects in mice in two studies (Pepelko and Peirano,
1983; Stöber, 1986).

The IARC conclusions are thus in general agreement with those of EPA.  Both agencies
concluded that human evidence is limited.  IARC considered the animal evidence to be adequate
for whole DE as well as for extracts of exhaust particles but inadequate for the gaseous phase. 
Although EPA has not specifically evaluated the gaseous phase and did not consider whole
exhaust and particle extracts separately, both agencies agree that whole diesel engine exhaust is
carcinogenic in animals.

On the basis of limited evidence for carcinogenicity in humans, diesel engine emissions are
considered to best fit into the cancer weight-of-evidence Category B1, according to 1986 EPA
Cancer Assessment Guidelines.  This classification is supported by sufficient evidence in animals
and positive results in mutagenicity studies and is consistent with the presence of known
carcinogens on diesel particles.  Chemicals classified in Category B1 are considered to be
probable human carcinogens.  IARC (1989) also considers DE to be probably carcinogenic in
humans and has therefore classified it as Category 2A.

11.2.2. Hazard Evaluation Based on EPA Proposed Guidelines for Carcinogen Risk
Assessment

Under EPA’s Proposed Guidelines for Carcinogen Risk Assessment (U.S. EPA, 1996),
DE is considered to be a likely human carcinogen by the inhalation route of exposure.  Its
carcinogenic potential is indicated by limited evidence for carcinogenicity in occupationally
exposed humans, positive carcinogenicity in laboratory animal studies, positive evidence for
mutagenicity, and the presence of known human carcinogens in the mixture.  In comparison with
other agents designated as likely carcinogens, the overall weight of evidence for this agent places
it at the upper end of this grouping.  This is because of positive data on tumor responses in both
humans and animals.

Concerning humans, increases in relative risks for lung cancer have been reported in a
variety of populations occupationally exposed to DE.  These increases have been small, generally
less than 2.  While the inability to eliminate all confounding variables increases uncertainty, most
of the variables have been eliminated in at least one large study.  Moreover, the reporting of
increased relative risk in a number of studies with differing confounding factors increases the
likelihood that a true response has occurred.
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Concerning animals, clear evidence for induction of lung tumors in rats was reported in
several well-designed and well-conducted experiments.  Results in mice were equivocal with the
only definitive response occurring in a sensitive strain of mice exposed from conception.  Syrian
hamsters did not show a positive response but are known to be resistant to induction of deep lung
tumors.  Experiments with cats, monkeys, and Chinese hamsters, while negative for tumor
induction, were of insufficient exposure duration and/or exposure level.

In addition, DE contains a variety of compounds that are considered to be known or likely
human carcinogens.  These include several polycyclic aromatic compounds such as
benzo[a]pyrene and nitroaromatics such a dintropyrene, 1,3-butadiene, and benzene.  This
evidence is limited because of the low concentration of most of these compounds and because of
their uncertain bioavailability.  Extracts of diesel exhaust particulate matter (DPM) are also
genotoxic in most tests.

Biological information on DE is contradictory in terms of how to quantitate potential
cancer risks.  Among animal species, only rats have shown unequivocal tumor responses, raising
the possibility that this response may be unique to rats.  Tumor induction also was noted only at
exposure concentrations resulting in lung particle overload and accompanying pathological
effects.  Because of limited sensitivity of the studies, however, the possibility of tumor induction
at exposure levels below those responsible for particle overload still exists.  Mechanistic studies
support the concept that high-dose induction of lung cancer is a result of lung particle overload
resulting in release of inflammatory cytokines, proteolytic enzymes, and reactive oxygen species,
resulting in genotoxic effects with increased likelihood of fixing harmful mutations because of
rapid cell turnover.  On one hand, while epidemiologic data are limited because of small increases
in relative risk ratios and an inability to eliminate all confounding factors, the data nevertheless
suggest that humans are likely to respond with lung cancer under nonparticle-overload conditions. 
Low-dose effects are more likely due to elution of organics from the diesel particle, although
direct effects of particles cannot be ruled out. 

11.3. QUANTITATIVE ESTIMATION OF THE CARCINOGENIC RISK OF
EXPOSURE TO DIESEL EXHAUST

11.3.1.  Review of Previous Quantitative Risk Estimates
Early attempts to quantitatively assess the carcinogenicity of diesel engine emissions were

hindered by a lack of both positive epidemiologic studies and long-term animal studies.  One
means of overcoming these obstacles was the use of the “comparative potency” method (Albert et
al., 1983).  A second involved estimating risk based on equivocal epidemiologic evidence (Harris,
1983).
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In the comparative potency method, a combustion or pyrolysis product was selected that
had a previously determined cancer potency estimate based on epidemiologic data.  The ratios of
the potency of this agent (e.g., coke oven emissions) to diesel exhaust particulate matter (DPM)
extract in a variety of in vivo and in vitro tests are then multiplied by the epidemiology-based
potency estimate for coke oven emissions and averaged.  If epidemiology-based estimates from
more than one pollutant are used, the derived potencies are generally averaged to obtain an
overall mean.

The comparative potency estimate of Albert et al. (1983) is probably the best known. 
Their results were obtained using epidemiology-based unit cancer risk estimates for coke oven
emissions, cigarette smoke condensate, and roofing tar.  Samples of particulate matter were
collected from three light-duty engines (a Nissan 220 C, an Oldsmobile 350, and a Volkswagen
turbocharged Rabbit), all run on a highway fuel economy test cycle, and from a heavy-duty engine
(Caterpillar 3304), run under steady-state, low-load conditions.  The particulate matter was
extracted with dichloromethane and tested in a variety of assays.  Dose-dependent increases in
response were obtained for the four assays listed below:

 Ames Salmonella typhimurium (TA98) reverse mutation,
Gene mutation in L5178Y mouse lymphoma cells,
Sencar mouse skin tumor initiation test, and
Viral enhancement of chemical transformation in Syrian hamster embryo cells.

Only the first three assays were used to develop comparative potency estimates because of
variability of responses in the enhancement of the viral transformation assay.  The in vitro studies
were carried out both in the presence and absence of metabolic activators.  The potency, defined
as the slope of the dose-response curve, was measured for each sample in each short-term assay.

The skin tumor initiation test was positive for all the engines tested except the Caterpillar
engine.  Only the Nissan engine, however, gave strong dose-response data.  Because skin tumor
initiation was considered to be the most biologically relevant test, it was used to derive potency
estimates for the Nissan engine.  An estimate for the Nissan engine was then derived by
multiplying the epidemiology-based potency estimates for each of the three agents (coke oven
emissions, roofing tar, and cigarette smoke condensate) by the ratios of their potencies in the skin
tumor initiation test to that of the Nissan diesel engine.  According to this method, three 95%
upper-bound estimates of lifetime cancer risk per microgram per cubic meter of extractable
organic matter were derived for the Nissan diesel, based on potency comparisons with each of the
three agents.  These values are:  coke oven emissions, 2.6 × 10 ; roofing tar, 5.2 × 10 ; and-4 -4

cigarette smoke condensate, 5.4 × 10 .  The average of the three equals 4.4 × 10 .-4 -4

The potency of the other diesel emission samples was not estimated directly because of the
weak response in the skin tumor initiation test.  Instead, their potency relative to the Nissan
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engine was estimated as the arithmetic mean of their potency relative to the Nissan in the
Salmonella assay in strain TA98, the sister chromatid exchange assay in Chinese hamster ovary
cells, and the mutation assay in mouse lymphoma cells.  The estimated lifetime cancer risk per
microgram per cubic meter of extractable organic matter for extracts from these engines are as
follows:  Volkswagen, 1.3 × 10 ; Oldsmobile 1.2 × 10 ; and Caterpillar, 6.6 × 10 .-4 -4 -6

To convert these values to a lifetime risk per microgram per cubic meter of total DPM, the
results were multiplied by the fraction of extractable organic matter in the particles.  This
conversion was based on the assumption that the carcinogenic effects were caused solely by the
organic fraction.  These fractions were as follows:  Nissan, 0.08; Volkswagen, 0.18; Oldsmobile,
0.17; and Caterpillar, 0.27.  After this adjustment, the resulting estimated potencies per
microgram per cubic meter of inhaled DPM varied from 3.5 × 10  for the Nissan to 1.8 × 10  for-5 -6

the Caterpillar.
Harris (1983) developed comparative potency estimates for the same four engines used by

Albert et al. (1983) but used only two epidemiology-based potency estimates:  those for coke
oven emissions and for roofing tar.  He employed preliminary data from three of the same assays
used by Albert et al. (1983)—the Sencar mouse skin tumor initiation assay, enhancement of viral
transformation in Syrian hamster embryo cells, and the L5178 mouse lymphoma test.  The mouse
lymphoma test was used both with and without metabolic activation, whereas the Salmonella
assay was not used.

The diesel cancer potency estimates by Harris (1983) were then derived by multiplying the
epidemiology-based cancer potency estimates for both coke oven emissions and roofing tar by the
ratio of their potencies compared with DE particles in each of the four bioassays.  For example,
the epidemiology-based relative risk of exposure to 1 µg/m  of coke oven emissions was3

estimated to equal 4.4 × 10 .  In the skin tumor initiation test, 2.1 papillomas per mouse were-4

reported for the coke oven sample, compared with 0.53 for the Nissan engine extract.  The
benzene-extractable fraction was assumed to equal 0.06 (slightly less than that in the Albert et al.,
1983, studies).  The diesel potency estimate using this comparison is then equal to (0.53/2.1) ×
0.06 × 4.4 × 10 /µg/m , or 6.6 × 10 /µg/m  DPM.  A total of eight comparisons were made for-4 3 -6 3

each engine, four bioassays times two epidemiology-based potency estimates.
The Harris (1983) estimates are not comparable to those of Albert et al. (1983) without

adjustment.  The unit risk estimates of Albert and co-workers are based on absolute risk during
lifetime exposure, whereas Harris reported his values in terms of relative risk per year of
exposure.  To adjust this to lifetime risk for continuous exposure, it is necessary to multiply
Harris’ values by a factor of 2.7 = (70 × 0.039), where 70 reflects the lifetime exposure (70 years)
and 0.039 is the lifetime lung cancer mortality rate in the U.S. population.

The range of potencies varied from 0.2 × 10  to 0.6 × 10  for the Nissan sample, -5 -5
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0.1 × 10  to 2.4 × 10  for the Oldsmobile 350, 0.2 × 10 to 27.8 × 10  for the Volkswagen-5 -5 -5 -5

Rabbit, and 0.1 × 10  to 2.5 × 10 /µg/m  DPM for the Caterpillar sample.  Harris (1983) derived-5 -5 3

an overall mean relative risk value of 3.5 × 10 /µg/m  for the three light-duty engines with a 95%-5 3

upper confidence limit of 2.5 × 10 .  Individual mean values for each engine were not reported. -4

After multiplying by 2.7 to convert to a unit risk, the upper-bound estimate of potency from the
three light-duty engines was equal to 6.8 × 10 /µg/m  DPM.  McClellan (1986), Cuddihy et al.-4 3

(1981, 1984), and Cuddihy and McClellan (1983) estimated a risk of about 7.0 × 10 /µg/m  DPM-5 3

using a comparative potency method similar to those reported in the preceding paragraph.  The
database was similar to that used by Albert et al. (1983) and Harris (1983).  This estimate agrees
quite well those reported by Albert et al. (1983).  Although the Harris (1983) estimate is
somewhat greater, it should be remembered that it was based on preliminary data.

With the availability of chronic cancer bioassays, more recent assessments were based on
lung tumor induction in rats.  Albert and Chen (1986) reported a risk estimate based on the
chronic rat bioassay conducted by Mauderly et al. (1987).  Using a multistage model and
assuming equivalent deposition efficiency in humans and rats, they derived a 95% upper
confidence limit of 1.6 × 10  for lifetime risk of exposure to 1 µg/m .  Pott and Heinrich (1987)-5 3

used a linear extrapolation, including data reported by Brightwell et al. (1989), Heinrich et al.
(1986a), and Mauderly et al. (1987).  They reported risk estimates of 6 × 10  to 12 × 10 /µg/m . -5 -5 3

More recently, Smith and Stayner (1990), using time-to-tumor models based on the data of
Mauderly et al. (1987), derived 95% upper confidence limits ranging from 1.5 × 10  to 3 × 10 /-5 -5

µg/m .  Pepelko and Chen (1993) developed unit risk estimates based on the data of Brightwell et3

al. (1989), Ishinishi et al. (1986), and Mauderly et al. (1987) using a detailed dosimetry model to
extrapolate dose to humans and a linearized multistage model.  Taking the geometric mean of
individual estimates from the three bioassays, they derived unit risk estimates of 1.4 × 10 /µg/m-5 3

when dose was based on carbon particulate matter per unit lung surface area rather than whole
DPM and 1.2 × 10 /µg/m  when based on lung burden per unit body weight.  Hattis and Silver-4 3

(1994) derived a maximum likelihood estimate for occupational exposure of 5.2 × 10 /µg/m-5 3

based on lung burden and bioassay data reported by Mauderly et al. (1987) and use of a five-stage
Armitage-Doll low-dose extrapolation model.

Lung cancer risk estimates based on epidemiologic data were derived by two
investigators.  Harris (1983) assessed the risk of exposure to diesel engine emissions using data
from the London Transport Worker Study reported by Waller (1981).  Five groups of employees
from the London Transport Authority (LTA) were used:  bus garage engineers, bus drivers, bus
conductors, engineers in central works, and motormen and guards.  The first group was
considered to have received the highest exposure; the next two, intermediate; and the last two,
none.  When cancer death rates for the high-exposure group were compared with those of
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London males, there was no increase in the observed-to-expected (O/E) ratios.  The author, in
fact, considered the results to be negative.  However, because the low rate of lung cancer in all
the LTA exposure groups may have been the result of a “healthy worker” effect, Harris (1983)
compared the exposed groups with internal controls.  He merged the three exposed groups and
compared them with the two groups considered to be unexposed.  An adjustment was made for
the estimated greater exposure levels of garage engineers compared with bus drivers and
conductors.  Using this method, the relative risk of the exposed groups was greater than 1 but
was statistically significant only for garage engineers exposed from 1950 to 1960.  In this case,
the O/E ratio was 29% greater than the presumed unexposed controls.

Harris (1983) identified a variety of uncertainties relative to potency assessment based on
this study.  These included:

Small unobserved differences in smoking incidences among groups, which could have
a significant effect on lung cancer rates;
Uncertainty about the magnitude of exposure in the exposed groups;
Uncertainty regarding the extent of change in exposure conditions over time;
Random effects arising from the stochastic nature of the cancer incidence; and
Uncertainty in the mathematical specification of the model.

Taking the uncertainties into account, he derived a maximum likelihood relative risk
estimate of 1.23 × 10  with a 95% upper confidence limit of 5 × 10 /µg/m  DPM per year.  These-4 -4 3

estimates are equal to 5 × 10  and 2 × 10 , respectively, when converted to an absolute risk for-4 -3

lifetime exposure to 1 µg/m  particulate matter.  It should be noted that, because of the high3

degree of uncertainty, the 95% lower confidence limit would predict no risk.
More recently, McClellan et al. (1989) reported risk estimates based on the Garshick et al.

(1987) case-control study in which lung cancer in railroad workers was evaluated.  Using a
logistic regression, the expected relative risk of lung cancer death was estimated to rise 0.016 per
year of exposure to DE.  Adjustments were made to convert to continuous exposure (168 vs. 40
hours) for 70 years.  Because exposure levels could not be defined exactly, two sets of
calculations were made, assuming inhaled DPM concentrations of either 500 or 125 µg/m  DPM. 3

Using a 95% upper confidence limit, the number of excess cancer deaths per year in the United
States was estimated to range from 1,900 to 7,400.  These values could then be converted to a
lifetime 95% upper confidence limit of the risk of exposure to 1 µg/m  DE, by dividing the3

estimated excess number of annual cancer deaths in the United States by the total population and
multiplying by 70, the estimated mean lifespan.  Using this approach, unit risks of 0.6 × 10  to 2 ×-3

10 were derived.  Even using the 95% lower confidence limits, an excess of 100 to 400 deaths is-3 



2/1/98 11-9 DRAFT--DO NOT CITE OR QUOTE

predicted, unlike the Harris (1983) study in which no excess deaths could be predicted based on
the lower confidence limit.  The estimates discussed in this section are listed in Table 11-1.

Each of the methods used to assess cancer risk has differing strengths and weaknesses,
which will be discussed later in this chapter.

Table 11-1.  Estimated 95% upper confidence limits of the lifetime risk of 
cancer from inhalation of 1 µg/m  diesel particulate matter (DPM)3

Method Potency Comments Reference

Comparative potency 3.5 × 10 Nissan engine Albert et al., 1983-5

Comparative potency 2.6 × 10 Average of 3 engines Albert et al., 1983-5

Comparative potency 7.0 × 10 Light-duty engines Cuddihy et al., 1984-5

Comparative potency 6.8 × 10 Average of 3 engines Harris, 1983-4

Multistage model 1.6 × 10 Lung cancer rats Albert and Chen, 1986-5 a

Straight-line
extrapolation 6-12 × 10 Lung cancer rats Pott and Heinrich, 1987-5 b

Time-to-tumor model 2-3 × 10 Lung cancer rats Smith and Stayner, 1990-5 a

Logistic regression 8 × 10 Lung cancer rats McClellan et al., 1989-5 c

Multistage model 1.4 × 10 Lung cancer rats Pepelko and Chen, 1993-5 d

Armitage-Doll model 5.2 × 10 Lung cancer rats Hattis and Silver, 1994-5 a,e

Epidemiologic analysis 1.4 × 10 London transport Harris, 1983-3

study

Epidemiologic analysis .6-2 × 10 Railroad workers McClellan et al., 1989-3

Used data from studies by Mauderly et al., 1987.a

Used data from studies by Brightwell et al., 1989; Heinrich et al., 1986a; and Mauderly et al., 1987.b

Used data from studies by Brightwell et al., 1989; Ishinishi et al., 1986; Iwai et al., 1986; and Mauderly et al., 1987.c

Used data from studies by Brightwell et al., 1989; Ishinishi et al., 1986; and Mauderly et al., 1987.d

Maximum likelihood estimate based on 53 years of exposure, 8 hours/day, 240 days/year.e
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11.3.2. Current Approaches to Quantitation of Human Cancer Risk From Exposure to
Diesel Exhaust

11.3.2.1.  Dose-Response Estimates Using Human Epidemiologic Data
In an attempt to quantitatively estimate risk using humans, a detailed analysis of the

Garshick et al. (1988) study of railroad workers was carried out by ICF Clements (Crump et al.,
1991).  This study was selected because the cohort was quite large, significant increases in
relative risk ratios were reported, exposure data collected during the later years of exposure were
available, and some estimates of early exposures were available (Woskie et al., 1988a,b).  The
investigators were also able to eliminate many of the confounding factors present in earlier
studies.  Garshick et al. (1988) analyzed information obtained from the Railroad Retirement
Board on 55,407 white males who began railroad employment between 1939 and 1949, who were
between the ages of 40 and 64 in 1959, and who in 1959 worked at 1 of the 39 jobs selected to
represent a range of potential DE exposure.  Two analyses that indicated effects of exposure to
DE on lung cancer risk in this cohort were reported:  (1) A relative risk for lung cancer of 1.45
(95% confidence interval [CI] = 1.11, 1.89) was observed for DE-exposed workers who were 40
to 44 years of age in 1945 and who consequently had the longest potential exposure to DE;
relative risk was progressively lower among DE-exposed workers who were older in 1959 and
who had potentially shorter exposures to DE; and (2) the relative risk of lung cancer increased
monotonically with increasing duration of work in 1959 or later in a job involving DE exposure
(disregarding exposures in the current year and in the most recent 4 years); this risk was 1.72
(95% CI = 1.29, 2.23) in the group with the longest exposure (15 to 17 years).

The Garshick et al. (1988) database was used by two groups of investigators for the
purpose of quantitating cancer risk from exposure to diesel engine emissions (Crump et al., 1991,
unpublished; Dawson, California EPA, personal communication to William Pepelko, U.S. EPA). 
The results of these analyses were not in agreement.  While Crump and co-workers failed to
derive a positive dose-response relationship, Dawson did report increasing incidence of lung
cancer with exposure level.  These differences have not been resolved.  Until they are resolved,
utilization of the Garshick et al. (1988) study to quantitate cancer risk from DE is not anticipated. 
It should be noted, however, that despite the decision to not use this study for quantitative
analysis at this time, it still provides the strongest qualitative evidence for a causal association
between DE exposure and lung cancer. 

As described previously, McClellan et al. (1989) estimated annual lung cancer mortality in
the U.S. population, per µg/m  DPM, using the Garshick et al. (1987) case-control study, which3

minimizes the issue of the dose response by assuming a single exposure level for all the cases. 
Mean exposure levels of 125 or 500 µg/m  DPM were used for deriving risk estimates because3

exposure data, while limited, indicated that actual exposures were unlikely to fall outside this
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range (Woskie et al., 1988a,b).  The unit risk estimate of 2 × 10 /(µg/m ), assuming a mean-3 3

exposure concentration of 125 µg/m , is then quite conservative because it is based not only on3

the upper-bound estimate of lung cancer mortality, but also on the lower estimate of mean
exposure.  The risk estimates of either 0.6 or 3 × 10 /(µg/m ), depending on the level of exposure-3 3

assumed, will be approximately halved if maximum likelihood estimates of mortality are used.

11.3.2.2.  Dose-Response Estimates Based on Animal Bioassay Data
Several cancer potency estimates for DE have been developed by U.S. EPA and others. 

Most of them used somewhat similar approaches, and as a result most of the estimates did not
differ greatly.  The approaches used here are an extension of these efforts.  To develop unit risk
estimates, it was necessary to address several issues, including (a) determination of the critical
target site for DE; (b) determination of the fraction of exhaust responsible for tumor induction; (c)
use of existing methods or development of new dosimetric methods for accurately extrapolating
dose from experimental animals chronically exposed to high concentrations of exhaust to humans
exposed at ambient concentrations; and (d) selection of the most suitable low-dose risk
extrapolation model.

The critical target organ was considered to be the lung.  Although Iwai et al. (1986)
reported the induction of malignant lymphomas in the spleen as well as lung tumors in rats
following DE exposure, the lung was the only target site in other experimental studies with this
species.  Potential carcinogenic agents present in DE may be adsorbed from the lungs, enter the
bloodstream, and be transported systemically.  Although increases in DNA adduct levels in
peripheral lymphocytes have been reported in workers occupationally exposed to DE (Hemminki
et al., 1994), there is insufficient evidence for induction of cancer in humans at systemic locations. 
Particle-adsorbed organics also may reach systemic targets via the gastrointestinal tract.  Particles
deposited in the conducting airways are cleared to the mouth quite rapidly and swallowed.  A
considerable volume of particles are also likely to be ingested as a result of grooming during
whole animal exposures (Wolff et al., 1982), resulting in the possible uptake of carcinogens by the
gastrointestinal tract.  Because half-times for elution of organics from the particles are
considerably longer than passage through the gastrointestinal tract, however, the fraction
adsorbed is expected to be small.

The site of action in the lungs is assumed to be the epithelial lining of the alveoli and small
airways.  According to Mauderly et al. (1987) and others, inflammation and tumors appear to
arise from this tissue.  Although a connection between interstitial events and lung tumors has been
suggested for particles (i.e., fibrosis as a precondition for lung tumors [Kuschner, 1984]), data are
unavailable to support this view with respect to DE-induced tumors.
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Accurate extrapolation of dose from experimental studies using animals exposed at high
concentrations of exhaust to humans exposed to ambient concentrations requires a variety of
adjustments.  These include adjustments for species differences in deposition efficiency and
respiratory exchange rates.  An important factor is the rate of particle clearance from the deep
lung.  Normal clearance half-times from the alveolar region are several times longer in humans
than in rats (Chan et al., 1981; Bohning et al., 1982; Griffis et al., 1983).  This may result in an
underestimate of lung burden when extrapolating to humans.  On the other hand, the high
exposure concentrations used in some of the animal studies resulted in greatly slowed or even
complete cessation of macrophage-based clearance (Chan et al., 1984).

To more accurately extrapolate dose from experimental studies to humans, detailed
dosimetry modeling was used to account for these factors.  One of these models (Yu et al., 1991)
is listed in Appendix C.  A second approach reported by Hattis and Silver (1994) was also
employed for comparison.  Hattis and Silver determined area under the curve/time, using
observed lung burden data reported by Mauderly et al. (1987).  Human lung burden in the Hattis
and Silver approach was calculated using a one-compartment model suggested by Smith (1992),
assuming that at low doses the lung burden is at steady state.  Dose for both approaches was
estimated in terms of either particle concentration per unit of lung surface area or lung
burden/body surface area.

The use of whole particle lung burden as the dosimeter is based on the assumption that
both the diesel particle as well as its surface-adsorbed constituents are responsible for the
carcinogenic effects of DE.  A particle-based assessment was considered to be reasonable for two
principal reasons.  First, exposure to the vapor phase alone did not result in detectable tumor
induction in rats (Ishinishi et al., 1986; Iwai et al., 1986; Stöber, 1986; Brightwell et al., 1989;
Heinrich et al., 1995).  Second, while tumor induction at high doses is considered to be primarily
a particle effect (Heinrich, 1990; Heinrich et al., 1995; Nikula et al., 1995), the particle-associated
organics are likely to play a greater role at lower doses.  Particle concentration is also the most
practical measure of dose because of the large number of surface-associated compounds and
because their concentrations are seldom reported.

As reviewed in Chapter 7, several bioassay studies showed positive lung tumor responses
in rats (Ishinishi et al., 1986; Iwai et al., 1986; Stöber, 1986; Mauderly et al., 1987; Brightwell et
al., 1989; Heinrich et al., 1995; Nikula et al., 1995).  Three of these studies (Tables 11-2 through
11-4) were used for unit risk calculations because they were designed using multiple exposure
groups and thus are more appropriate for risk calculations.  Use of these studies also allows
comparison with earlier risk estimates.  The time-to-event (i.e., death with or without tumors)
data are available for the Mauderly et al. (1987) study.  These time-to-event data are used in all
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Table 11-2.  Incidence of lung tumors in Fischer 344 rats (males and females
combined) exposed to heavy-duty engine exhaust

Dose metric

Exposure Lung particle
concentration Weekly exposure burden (mg/cm Lung tumor

(mg/m ) (mg/m  × h) lung surface) incidence3 3 a

2

b c

0 0 0 2/230

0.35 12 6.4 × 10 3/223-5

3.50 122 2.8 × 10 6/222-3

7.08 248 6.0 × 10 18/227-3

Exposures were 7 hours/day, 5 days/week for 30 months.  Numbers include those dying or moribund priora

to 30 months.
Calculated using mathematical models in Appendix C.b

Does not include squamous cysts.c

Source:  Mauderly et al., 1987.

Table 11-3.  Incidence of lung tumors in Fischer 344 rats (males and females
combined) exposed to heavy-duty engine exhaust

Dose metric

Exposure Lung particle
concentration Weekly exposure burden (mg/cm

(mg/m ) (mg/m  × h) lung surface)3 3 a

2

b
Lung tumor
incidence  c

0 0 0 1/123

0.46 44 2.5 × 10 1/123-4

0.96 92 2.0 × 10 0/125-3

1.84 177 4.2 × 10 4/123-3

3.72 357 8.8 × 10 8/124-3

Exposures were 16 hours/day, 6 days/week for 30 months.  Numbers include those dying or sacrificed moribunda

 before 30 months.
Calculated using mathematical models in Appendix C.b

All tumors reported were carcinomas.c

Source:  Ishinishi et al., 1986.
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Table 11-4.  Incidence of lung tumors in Fischer 344 rats (males and females
combined) exposed to diesel engine exhaust

Dose metric

Exposure Lung particle
concentration Weekly exposure burden (mg/cm Lung tumor

(mg/m ) (mg/m  × h) lung surface) incidence3 3 a

2

b c

0 0 0 4/250

0.7 56 3.5 × 10 1/112-4

2.2 176 4.2 × 10 14/112-3

6.6 248 1.3 × 10 55/111-2

Exposures were 16 hours/day, 5 days/week.a

Calculated using mathematical models listed in Appendix C.b

The number of animals sacrificed at 6 and 12 months is excluded from the denominators.c

Source:  Brightwell et al., 1989.

the risk calculations based on the Mauderly et al. (1987) data.  Use of a time-to-tumor model,
when data are available, allows more accurate modeling of dose response.

Risk estimates were derived using two models.  The first one is the linearized low-dose
extrapolation model.  The linearized multistage (LMS) model is adopted by U.S. EPA as a default
procedure to provide an upper bound estimate of risk when data useful to incorporate plausible
mechanisms are not available.  This model was selected as one of the approaches because,
although mechanisms of carcinogenesis have been proposed (see Chapter 10), they remain largely
unproven. 

The LMS model has the mathematical form P = 1 - exp(-Z), where Z is either Z = q  +0

q xd + ... + q xd , a polynomial of concentration d, or Z = (Q  + Q xd + ... + Q xd ) xt , a1 m 0 1 m
m m k

polynomial of concentration d multiplied by a time factor t  when time-to-event data are used. k

The range of extrapolation is about three orders of magnitude in the present study.  Because the
extra risk (P - P )/(1 - P ) is dominated by the linear term q xd at low concentration, the 95%0 0 1

upper bound of q  is used to represent unit risk when d is expressed in µg/m .  P  denotes the1 0
3

lifetime cancer risk at concentration 0.  The resulting unit risk estimates are listed in Table 11-5.
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Table 11-5.  Unit risk estimates per µg/m  of diesel exhaust based on the 3

Yu et al. (1991) dosimetry model

Lung burden/lung surface area Lung burden/body weight ¾

Mauderly et al., 1987 3.4 × 10 9.9 × 10-5 -5

Ishinishi et al., 1986 1.6 × 10 4.6 × 10-5 -5

Brightwell et al., 1989 7.1 × 10 2.1 × 10-5 -5

Geometric mean of three studies 3.4 × 10 9.9 × 10-5 -5

The potency estimates derived using the LMS model are an improvement over most of the
earlier estimates because of improved methods for extrapolating dose from experimental animals
to humans.  These assessments as well as earlier ones, however, are based on the premise 
that carcinogenic effects are a function of the whole particle concentration.  Moreover, risk
estimates are calculated using the default assumption that responses vary linearly with particle 
concentration even at ambient exposure concentrations.  As noted in Chapter 10, however, while
particle effects may be dominant at large lung burdens, other components such as polycyclic
aromatic compounds, nitroaromatics, and surface-associated reactive oxygen species are likely to
play a more important role as exposure concentrations approach those found in the ambient air. 

In an attempt to account for the effects of particles as well as particle-associated
components of DE, a biologically based two-stage model with piecewise constant parameters was
developed.  This model assumes that both the carbon and the organic fraction have initiating
properties and that the carbon fraction also has effects on the proliferation, conversion and
progression steps of carcinogenesis.  In addition, it accounts for the tumor initiating and
promoting effects at high exposure concentrations.  A description of this model has been
published by Chen and Oberdörster (1996).  (See Appendix B for details.)  The resultant two-
stage model is then used to predict tumor responses under various exposure scenarios and to
investigate the impacts of different biological assumptions on risk projection.

The parameters for the two-stage model were statistically estimated initially, using tumor
response data from animals exposed to high concentrations of DE and assuming particles continue
to exert effects at low concentrations (i.e., nonthreshold for particle effects).  When the two-stage
biologically based dose-response model (BBDr) was compared with results derived with the LMS
model, using malignant tumor data from the Mauderly et al. (1987) study, the results were nearly
identical (Table 11-6).  The maximum likelihood estimate (MLE) of cancer risk for the BBDr
model at an exposure concentration of 1 µg/m  was calculated to be 8.2 × 103 -6
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Table 11-6.  Relative importance of particles and organics at different exposure
 concentrations assuming either threshold or nonthreshold effects of particles 

Excess risk in humans (MLE)

Concentration Threshold effect of Nonthreshold effect of Ratio  
particles particles

a

0.1 1.8 × 10 8.1 × 10  4.5-7 -7

1.0 1.8 × 10 8.2 × 10 4.6-6 -6

100 1.2 × 10  5.6 × 10 4.9-2 -4

1,000 1.9 × 10 2.6 × 10  14.1-3 -2

Ratio =ratio of column 3 and column 2.a

with an upper 95% confidence limit of 1.7 × 10 .  The 95% upper confidence limits using the-5

LMS model were also 1.7 × 10  when rounded to two significant numbers.-5

Table 11-6 demonstrates that risk is much smaller if the assumption is made that particles
do not exert effects below a certain concentration.  As can be seen in Table 11-6, risk is decreased
4.6-fold at an exposure concentration of 1 µg/m  if a threshold is assumed for particles. 3

Importantly, not only is risk decreased if a threshold is assumed for particle effects, but while
particles play a major role in tumor induction at high exposure concentrations, organics and other
components of DE play an increasingly dominant role as concentrations become lower.

An alternative approach that avoids the controversies related to lung overload with
concomitant pathology involves calculation of an upper-bound risk based only on animals exposed
to low diesel particle concentrations (e.g., below 0.5 mg/m ).  This modeling is designed to cap a3

theoretical upper-bound estimate on a nonobservable rat resonse to organics, while assuming
organics and possibly free radicals are driving carcinogenicity at low exposure concentrations.  As
a general matter, the newly proposed Carcinogenicity Risk Assessment Guidelines suggest
identifying a point of departure on the dose-response curve, perhaps an ED  or some other ED ,10 x

and then extrapolating risk from that point of departure.  The low-dose groups from the Mauderly
et al. (1987) and Ishinishi et al. (1986) studies are the most suitable for this purpose.  Both
include exposure groups at less than 0.5 mg/m , and have the same duration follow-up (30 mo). 3

By combining studies, statistical power is increased, resulting in a smaller upper-bound estimate
of risk than by either study alone.  The resultant upper-bound estimate is equal to 1.9 × 10-

/µg/m .5 3

While this approach has the advantage of avoiding controversies related to lung particle
overload, it also has disadvantages.  First, because lung tumors were not significantly increased at
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the doses used, the estimated risk is considered unlikely to exceed the upper bound, but may be as
low as zero.  Second, the upper-bound estimate of risk is greater than the unit risk estimates
derived using data from animals exposed to all concentrations of DE. 

11.3.2.3.  Dose-Response Estimation Using Benzo(a)pyrene as a Dosimeter
Pike and Henderson (1981) found good agreement when relating the concentration of

benzo(a)pyrene (B[a]P) to lung cancer risk in smokers, British gas workers, U.S. coke oven
workers, and U.S. hot pitch workers and when comparing residents of rural and urban locations. 
They concluded that while B[a]P is unlikely to be the only carcinogen present and perhaps not
even the most important one present in combustion emissions, nevertheless it serves as a
reasonably accurate dosimeter.  Based on an estimated cancer risk of 1/1,500 per ng/m  B[a]P and3

a reported B[a]P concentration of 3.9 ng/µg DPM in exhaust from a Volkswagen engine
(Heinrich et al., 1995), a maximum likelihood estimate of cancer risk from lifetime exposure to 
1 µg/m  can be calculated to be 3 × 10 .  The 95% upper bound was not derived, but is estimated3 -6

to be near 1 × 10 .-5

11.3.3.  Strengths and Weaknesses of Differing Approaches for Quantitating Cancer Risk
11.3.3.1.  Dose-Response Estimates Based on Human Epidemiologic Data

A major advantage in the use of human data is the elimination of uncertainty due to
possible differences in sensitivity to cancer induction by DE among species.  As will be discussed
later, there is some evidence that rats may respond differently from humans to DE.  Second,
epidemiology studies are based on occupational exposures, which generally occur at
concentrations insufficient to result in lung particle overload.  Thus, lung cancer in the human
studies is likely to be induced by non-particle-overload mechanisms under either occupational or
ambient exposure levels.  Cancer induction in the rat bioassays, on the other hand, was observed
only under particle-overload conditions, with concomitant pathology.  Uncertainty in
extrapolating from occupational studies is therefore decreased, not only because low-dose
extrapolation occurs over a smaller range, but because mechanisms of cancer induction are less
likely to vary within this range with accompanying changes in the dose-response curve.

There is considerable evidence for nonoverload mechanisms of cancer induction by
products of fossil fuel combustion.  Mumford et al. (1989) reported greatly increased lung cancer
mortality in Chinese communes burning so-called smoky coal containing high concentrations of
PAHs.  Demonstration of the carcinogenicity of coke oven emissions in humans (Lloyd, 1971)
also provided evidence for a role by organics because coke oven PM contains a high
concentration of PAHs but lacks an insoluble carbon core.  Increased levels of aromatic DNA
adducts were reported in bus maintenance and terminal workers by Hemminki et al. (1994) and in
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garage workers and mechanics exposed to diesel exhaust (Nielson and Autrup, 1994).  Studies by
Sagai et al. (1993) have indicated that DPM could produce superoxide and hydroxyl radicals in
vitro, without any biologically activating systems.  On the basis of these findings, they suggested
that most DE toxicity in lungs is due to active oxygen radicals.  In a more recent study, these
investigators reported that instillation of only 0.1 mg of DPM into mouse lungs resulted in the
production of 8-hydroxyguanosine in lung cell DNA.  The critical lesion may thus be induced by
oxygen free-radicals generated from DPM (Nagashima et al., 1995).

An uncertainty associated with most of the diesel epidemiology studies was the inability to
completely eliminate all confounding factors, resulting in possible errors in estimating relative risk
ratios.  Small errors in adjustment for smoking, for example, can result in considerable error
because smoking has a much larger effect on relative cancer risk than is likely for DE.  The
likelihood of significant confounding errors in the Garshick et al. (1987 and 1988) studies is
decreased by the considerable effort exerted to eliminate or reduce such factors, especially
smoking.  Moreover, a meta-analysis by the California EPA (Cal-EPA, 1997) and more recently
one by Bhatia et al. (1998) using a number of diesel epidemiology studies resulted in relative risk
ratios quite similar to the one reported by Garshick et al. (1987).  Although exposure levels are
likely to have differed somewhat among studies, the agreement still suggests that a relative risk
near 1.4 is reasonable.

The greatest uncertainty in estimating DE-induced cancer risk from epidemiology studies
is determination of exposure levels.  Even though DPM concentrations were often measured near
the end of the studies, historic exposure data are generally lacking.  Such information is critical,
since there is indirect evidence, based on other pollutant measurements such as nitrogen oxides,
that exposure levels have decreased considerably in recent years, especially in the railroad industry
(Woskie et al., 1988b).  In the only historic study found in which DPM were measured, Heino et
al. (1978) reported average concentrations of 2 mg/m  in Finnish roundhouses.  Woskie et al.3

(1988a), by contrast, reported a mean of 134 µg/m  for roundhouse workers near the end of the3

Garshick et al. (1987, 1988) studies.  While the relationship between DPM concentrations in
Finnish and U.S. railroad roundhouses during the 1970s is uncertain, it does point to the
likelihood that exposure levels have decreased over time.

Despite the uncertainties discussed above, the epidemiology data-based risk assessments
are useful for bounding risk.  The control of confounding factors in the Garshick et al. (1987)
study and the general agreement of relative risk estimates with those of other studies renders it
unlikely that the true risk is greatly different from the reported one.  The mean DPM
concentration for all the occupational groups was somewhat less than 125 µg/m .  Historic3

exposures were undoubtedly greater, but unlikely to approach 2 mg/m  because the cases in this3

study included not only roundhouse workers but other occupational groups as well, who were
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likely exposed at lower concentrations.  Based on the evidence available, there is considerable
confidence that mean exposures are in the range of 125-500 µg/m . 3

11.3.3.2.  Dose-Response Estimate-Based Laboratory Animal Bioassays
Cancer risk assessment from exposure to DE, based on available animal bioassays, has a

variety of strengths.  The studies selected are adequately designed, eliminating confounding
factors often present in epidemiology studies.  Exposure duration and exposure levels were
precisely controlled and monitored.  The presence or absence of tumors were verified by
pathological evaluation.  Although animal-to-human extrapolation of dose is required, the
development of dosimetry models has eliminated much of the uncertainty in this area.

Nevertheless, two important uncertainties remain:  the adequacy of the rat as a model for
evaluating human risk of cancer from exposure to DE and the shape of the dose-response curve. 
It is believed by some that the rat may be unique in its response to particulate matter, and
therefore its use for assessing human lung cancer risk is questionable (Mauderly, 1994; Watson
and Valberg, 1995).  As noted in Chapter 7, the rat is the only species that has unequivocally been
shown to develop lung cancer in response to DE exposure.  On the other hand, only two other
species, Syrian hamsters and mice, have been tested adequately.  Although responses in the
hamster have been negative, this species is known to be resistant to induction of lung cancer
(Heinrich, 1994).  Mice also fail to respond in standard bioassays of DE (Heinrich et al., 1995;
Mauderly et al., 1996).  Positive results, however, have been reported in mice exposed from birth
or conception (Pepelko and Peirano, 1983; Takemoto et al., 1986), a condition likely to increase
sensitivity.  In the case of the study reported by Pepelko and Peirano, Sencar mice were used, a
strain sensitive to chemical induction of skin tumors.  Since the alveolar lining of the lung is also
epithelial tissue, it is possible these mice are more sensitive to the organic constituents of DPM. 
Ichinose et al. (1997a,b) reported increased lung tumors in mice following intratracheal instillation
of DPM.  Positive results in mice may have therefore been due to use of a sensitive strain, early
exposure to increased sensitivity, or very high local concentrations due to the instillation
procedure.

It has also been argued that humans are resistant to particle-induced lung cancer; although
coal miners develop pneumoconiosis, lung cancer seldom occurs.  Rats, on the other hand, were
reported to develop lung cancer in response to coal dust (Martin et al., 1977).  This study,
however, was poorly described, and the number of animals exposed was small (4/36 developed
lung cancer).  Moreover, exposure levels were very high and lung burdens were greater than
those generally encountered in coal miners (Mauderly, 1994).  Finally, although lung cancer has
not been reported in most epidemiology studies of coal miners, Zhong and Dehong (1995)
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reported that Chinese workers suffering coal miners’ pneumoconiosis did have an increased risk
of lung cancer. 

The evidence for the uniqueness of the rat carcinogenic response to DE is therefore still
equivocal.  Nevertheless, the evidence to date does raise questions concerning the suitability of
the rat for assessing human risk from exposure to DE.  This concern is heightened by the fact that
particle deposition patterns are different in the rat and human.  Because of the absence of
respiratory bronchioles in the rat, a greater fraction of inhaled particles deposit in the alveolar
regions; in primates, deposition occurs to a large extent at the bifurcation of the small bronchi. 
Differing deposition patterns may result in different pathologic responses, as reported by Nikula et
al. (1997) for rats and monkeys.

The other important uncertainty relating to use of rat bioassay data concerns low-dose
extrapolation.  Significant lung tumor increases in experimental animals have generally been
obtained only at concentrations resulting in lung particle overload with concomitant pathological
effects.  A hypothesis first proposed by Vostal et al. (1986) is based on the belief that diesel
particles themselves induce lung cancer, through a secondary effect.  Driscoll (1995) suggested
that the secondary effect was due to release of various inflammatory mediators by particle
overloaded phagocytic cells.  The resultant inflammatory response, with accompanying cell
division, can increase the likelihood that any oxidant-induced or spontaneously occurring genetic
damage becomes fixed in a dividing cell and is clonally expanded.  In support of this hypothesis
are the observations that lung cancer can be induced by inhalation of so-called “inert” particles,
such as titanium dioxide (Lee et al., 1986) and coal dust (Martin et al., 1977), or by intratracheal
instillation of activated carbon (Kawabata et al., 1986).  Inhalation of carbon black that was
virtually devoid of organics and is similar to the carbon core of diesel exhaust was also reported
to induce lung cancer in rats (Heinrich, 1990; Heinrich et al., 1995; Nikula et al., 1995).  Finally,
Kawabata et al. (1993) induced lung tumors in rats through intratracheal instillation with DPM
from which the organic components had been extracted.

Although considerable evidence for the particle-overload hypothesis exists, occupational
exposures in which lung cancer induction has been reported in humans are generally considered
insufficient to induce lung particle overload.  This suggests that other mechanisms are also likely
to be operating.  Experimental evidence also provides support for low-dose mechanisms.  Riebe-
Imre et al. (1994) reported that carbon black is taken up by lung epithelial cells in vitro, inducing
chromosomal damage and disruption of the cytoskeleton (lesions that closely resemble those in
tumor cells) at concentrations that did not induce measurable toxicity.  As noted in the previous
section, diesel particles are capable of inducing toxicity and possible carcinogencity at low doses
through production of oxygen free radicals.  Finally, Dasenbrock et al. (1996) reported that
extraction of the organic fraction from diesel particles decreased their carcinogenic potency, even
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though specific particle surface area, a factor related to cancer potency, is increased following
extraction.

In summary, the use of rat data for quantitating human lung cancer risk from exposure to
DE results in considerable uncertainty.  There is some doubt concerning the validity of the rat
model for this purpose, although proof is still lacking.  The greatest uncertainty concerns low-
dose extrapolation of lung cancer risk.  Information to date indicates that DE induces lung cancer
by more than one means, including particle overload-induced pathology, carcinogenic organics
present on the particle, and oxygen free radicals.  While all these methods are likely to function at
high doses, particle effects are likely to be absent or minimal at low exposures, resulting in a high
degree of uncertainty regarding the shape of the dose-response curve.

Despite these uncertainties, rat data are still useful for comparison with other estimates,
especially those derived using human epidemiology data. The greater risk estimates derived using
epidemiology data, for example, suggest that even though rats are the only laboratory species in
which lung cancer can be regularly induced by DE and other fine particulate matter, they may be
less sensitive than humans to nonoverload mechanisms induced by DE at low concentrations. 
Unfortunately, limitations on animal numbers do not allow testing this possibility.

11.3.3.3.  Dose-Response Estimates Based on the Biomarker Approach
This approach provides reasonably good estimates of lung cancer risk in spite of the fact

that B(a)P may constitute a relatively small fraction of the carcinogens present in combustion and
pyrolysis products of coke ovens, hot pitch gas productions, etc.  Risk estimates were also based
on well-documented lung cancer rates in the occupationally exposed groups.  On the other hand,
while predictions are good for the pollutants tested, the particles present, unlike diesel particles,
generally lack an insoluble carbon core.  As noted below, adsorption to an insoluble particle core
may influence risk estimates.  Estimates of cancer risk will also vary based on B(a)P concentration
on the particle.  The variability in B(a)P concentration among different DE sources and its effect
on cancer potency have not been evaluated. 

11.3.3.4.  Dose-Response Estimates Based on the Comparative Potency Approach
In this method, the potency of diesel DPM extract is compared with other combustion or

pyrolysis products, coke oven emissions, roofing tar, and cigarette smoke condensate for which
epidemiology-based unit risk estimates have been developed.  Comparisons are made using short-
term tests such as skin painting, mutation, and mammalian cell transformation.  The ratio of the
potency of DPM extracts to each of these agents is then multiplied by their unit risk estimates to
obtain the unit risk for DE.  Because no new studies have been carried out since the early 1980s,
the values considered are those published by Albert et al. (1983) and listed in Table 11-1.
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This test is based on the belief that cancer induction at low doses is due to the organic
fraction present on diesel particles.  A major strength of this approach is avoidance of lung
particle overload effects.  The tests also have shown that the organic fraction of DE can induce
cancer.  A degree of uncertainty is due to the possibility that the presence of particles may alter
the carcinogenicity of the organics.  For example, particle-associated organics may deposit in
different regions of the lungs than free organics do.  Association with particles may increase
residence time, thus increasing potency.  On the other hand, a fraction of the organics may not be 
bioavailable because of tight adherence to the particle.  Another uncertainty involves the
assumption that cancer potency in short-term tests is the same as that for lung cancer induction. 
This is somewhat mitigated by the fact that the assessment is based to a large degree on skin
painting studies.  Skin and lung surfaces are both epithelial tissue, increasing the likelihood that
responses will be similar.  Nesnow et al. (1995) have, in fact, showed that for many polycyclic
aromatic compounds relative cancer potency by skin painting and lung adenoma induction in
strain A mice was quite similar.

11.4.  SUMMARY AND RECOMMENDATIONS
Based on limited evidence from human epidemiologic studies and adequate evidence from

animal experiments, DE is considered to be a probable human carcinogen.  The evidence places
DE in the upper range of agents classified as probable human carcinogens because of positive
findings in both animal experiments and human data as well as the presence of known carcinogens
in the mixture.  The inability to completely eliminate confounding factors in most of the
epidemiology studies, the lack of clearcut carcinogenic responses in more than one animal species,
and the low concentration of organics precluded classifying DE as a known human carcinogen.

Cancer potency has been estimated using human epidemiology data, chronic animal cancer
bioassays, a comparative potency approach, and use of B[a]P as a dosimeter.  Each of these
methods has important uncertainties that preclude recommendation of a point estimate of risk. 
Uncertainties relating to use of epidemiology studies include limited historical exposure data,
inability to eliminate all possible confounding factors, and small increases in relative risk that can
be more easily influenced by confounding factors.  Uncertainties in use of chronic animal
bioassays stem from questions regarding relative sensitivities of rats and humans to DE and shape
of the low-dose response curve.  In the comparative potency method, the assumption that relative
potency in short-term tests accurately reflects relative cancer potency of different combustion
emissions requires confirmation.  While use of B[a]P as a dosimeter has been shown to reflect the
potency of several combustion emissions reasonably well, DE differs from these emissions
because of the presence of an insoluble carbon core. 
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Despite these uncertainties, they are considered, collectively, adequate to place reasonable
bounds on risk.  An upper-bound lung cancer risk from lifetime exposure to DE at a particulate
matter concentration of 1 µg/m  of 2 × 10 , based on the estimate derived by McClellan et al.3 -3

(1989), using the case-control study of Garshick et al. (1987) and assuming a mean exposure
concentration of 125 µg/m  is recommended.  It is considered to be a reasonable upper bound3

because relative risk ratios were either less or only slightly greater in other epidemiology studies
with DE.  Furthermore, exposures were unlikely average less than 125 µg/m  particulate matter3

assumed.  A lower bound of 1 × 10 /(µg/m ) is recommended.  MLEs slightly less than this value-5 3

were obtained from animal bioassay data by Chen and Oberdörster (1996) using a biologically
based dose-response model and assuming nonthreshold effects for particles and by estimates
based on use of B[a]P as a dosimeter according to the Pike and Henderson (1981) report and
B[a]P content of DE reported by Heinrich et al. (1995).  Most comparative potency estimates
were only slightly greater than 1 × 10 /µg/m .  The lower bound is considered to be reasonable-5 3

for at least two reasons.  First, the latter two approaches are based on effects of the organic
constituents.  Second, while they are likely to be the primary cause of lung cancer at low doses,
other factors such as particle effects and reactive oxygen species may play some role.  Thus, risk
is unlikely to be significantly lower.  This conclusion is supported by animal data-based
calculations of Chen and Oberdörster (1996) using a biologically based, low-dose extrapolation
model.

Finally, the 95% lower-bound estimate of risk, assuming exposures of 500 µg/m , is 5 ×3

10 /µg/m .  The range of human data-based risk estimates therefore encompasses a large portion-5 3

of the recommended bounds of 1 to 200 × 10 /µg/m .-5 3
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