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pollutants, including regulated pollutants (such as carbon monoxide, ozone, nitrogen 
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its research priorities and in disbursing its funds. An independent Board of Directors 
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plementary scientific purposes and draw distinguished scientists as members. The results 
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COMPARISON OF THE CARCINOGENICITY 
OF DIESEL EXHAUST AND CARBON BLACK 
IN RAT LUNGS 

BACKGROUND 

Emissions from diesel engines are a complex mixture of gaseous vapors and soot particles. The soot particles are 
a public health concern because they are of a respirable size and contain organic compounds adsorbed onto their 
surfaces. Many of these compounds can damage the cellular genetic material (DNA), and have been shown to 
cause cancer in laboratory animals. A number oflaboratories have demonstrated that inhaling high concentrations 
of diesel engine exhaust for a prolonged period of time causes lung tumors in rats. However, in the 1980s, questions 
were raised about which constituents of diesel engine exhaust (the soot particles, or their adsorbed organic 
compounds, or both) were responsible for this tumorigenic effect. The Health Effects Institute and the Department 
of Energy sponsored Dr. Joe L. Mauderly and coworkers to help resolve this question. This is an important issue 
because the first steps in assessing risk are to identify the hazardous agent(s) and to determine the mechanisms 
through which they act before extrapolating to humans the results from animal studies. Such risk assessments 
are being currently undertaken by the U.S. Environmental Protection Agency, the California Environmental 
Protection Agency, and the World Health Organization. 

APPROACH 

Dr. Mauderly and coworkers exposed F344/N rats to clean air or to one of two levels (2.5 or 6.5 mg of particles/m3 
of diesel exhaust or air) of either emissions from a light-duty diesel engine or carbon black particles. The exposures 
lasted for 16 hours/day, 5 days/week, for 24 months. The carbon black particles were similar to the soot particles 
in the diesel engine exhaust; however, they contained markedly lower amounts of adsorbed organic compounds. 
Approximately 100 times less organic material could be extracted from carbon black than from diesel exhaust 
particles. Also, in contrast to extracts of diesel exhaust soot, carbon black extracts produced little or no response 
in bacterial mutagenicity assays. Thus, they served as a surrogate for diesel exhaust particles that are relatively 
free of mutagenic organic compounds. The- investigators determined the number and types of tumors that formed 
in the rats, and assessed the possible contributions of a number of factors (such as tissue injury, or clearance or 
translocation ofinhaled particles) known to be linked with the development and progression oflung cancer. They 
also ascertained whether the exposures resulted in the formation of DNA adducts (the products of chemicals or 
their metabolites reacting with the DNA) in lung tissue or in cells isolated from lungs. The .results of the DNA 
adduct research will be discussed at a later date, with the results of a companion study, in Part II of this Research 
Report. 

RESULTS AND INTERPRETATION 

The results of this carefully conducted study demonstrate that prolonged exposure to diesel engine exhaust and 
carbon black particles produces nearly identical carcinogenic and noncarcinogenic effects in this strain of rats. 
No significant differences were noted between the two exposure materials in the resulting incidence, number, or 
types oflung tumors. These results may be considered surprising because, compared with diesel soot, the carbon 
black particles were relatively free of mutagenic organic compounds. Both exposures caused injury to lung tissue, 
including inflammation, cell proliferation, and fibrosis. These lesions progressed in number and size as the dose 
of particles increased. At both exposure concentrations, diesel soot and carbon black accumulated in the rat 
lungs and, after three months of exposure, normal particle clearance mechanisms were impaired. 

Dr. Mauderly's results, and recent findings from other laboratories, suggest that (1) the small respirable soot 
particles in diesel exhaust are primarily responsible for lung cancer developing in rats exposed to high 
concentrations of diesel emissions, and (2) at high particle concentrations, the mutagenic compounds adsorbed 
onto the soot playa lesser role, if any, in tumor development in this species. The mechanism by which insoluble 
particles cause lung tumors in heavily exposed rats is not known. However, it is clear that the tumors are associated 
with an impairment of the process by which inhaled material is cleared from the lungs; the impaired clearance 



process leads to a progressive accumulation of particles and damage to the surrounding tissues. This response 
appears to.be dependent upon the species; for example, results from other studies have shown that hamsters do 
not develop lung tumors after exposure to high concentrations of particles, and the limited data available for mice 
are equivocal. 

More information is needed about the mechanisms by which inhaled diesel exhaust and other particles cause 
lung tumors in rats before the results of the rat bioassay are used to predict lung cancer risk in humans. For 
example, we need to know if the same mechanism that produces lung cancer in rats also operates in humans, 
and if the sequence of events that leads to pulmonary tumors developing in rats after exposure to high 
concentrations of particles also occurs in humans exposed to much lower concentrations of particles, as in 
ambient settings. Dr. Mauderly's findings do not support extrapolating the rat carcinogenicity data to humans on 
the basis of the amount of organic material deposited in the lungs. However, uncertainties are associated also 
with extrapolating the data from rats to humans on the basis of the particle concentration or the lung burden of 
particles.Furthermore, the outcome of prolonged exposure to low levels of particles or particle-bound carcino
gens, under conditions in which the lungs do not have a proliferative response to particles is unknown. 

This Statement, prepared by the Health Effects Institute (HEr) and approved by the Board of Directors, is a summary of a research project sponsored by HEI from 1988 
to 1992. This study was conducted by Dr. Joe L. Mauderly of the Inhalation Toxicology Research Institute, Lovelace Biomedical and Environmental Research Institute, 
Albuquerque. NM. The following Research Report contains both the detailed Investigators' Report and a Commentary on the study prepared by the Institute's Health 
Review Committee. 
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INVESTIGATORS'REPORT 

Pulmonary Toxicity of Inhaled Diesel Exhaust and Carbon Black in Chronically 
Exposed Rats 
Part I: Neoplastic and Nonneoplastic Lung Lesions 
Joe L. Mauderly, M. Burton Snipes (Study Director), Edward B. Barr, Steven A. Belinsky, 
James A. Bond, Antone L. Brooks, I-Yiin Chang, Yung S. Cheng, Nancy A. Gillett, 
William C. Griffith, Rogene F. Henderson, Charles E. Mitchell, Kristen J. Nikula, 
and David G. Thomassen 

ABSTRACT 

This study compared the pulmonary carcinogenicities 
and selected noncancer effects produced by chronic expo
sure of rats at high rates to diesel exhaust and carbon black. 
The comparison was intended to provide insight into the 
likely importance of the mutagenic organic compounds 
associated with the soot portion of diesel exhaust in induc
ing pulmonary carcinogenicity in diesel exhaust-exposed 
rats. The role of the organic fraction has become important 
in judging the usefulness of the substantial data base on 
carcinogenicity in rats for predicting lung cancer risk for 
humans, and for determining the most appropriate method 
of extrapolating results across species and exposure con
centrations. 

Rats were exposed chronically to either diesel exhaust or 
carbon black, which served as a surrogate for diesel exhaust 
soot with much reduced mutagenic activity associated with 
its organic fraction. The sequestration of particles in the 
lung and the induction of pulmonary neoplasia and non
neoplastic changes in the lung were compared 'in detail. 
Samples also were provided to collaborators to examine 
adduct formation in lung DNA and hemoglobin. 

Approximately 140 female and 140 male F344/N rats 
were exposed for 16 hours per day, 5 days per week for up 
to 24 months, beginning at eight weeks of age, to diesel 

This Investigators' Report is Part I of Health Effects Institute Research Report 
Numb~r 68, which also includes a Commentary by the Health Review 
CommIttee, and an HEI Statement about the research project. Part II: Diesel 
Exhaust and DNA Damage, by Randerath and associates, will be published 
in 1995. Correspondence concerning this Investigators' Report may be 
addressed to Dr. Joe Mauderly, Lovelace Inhalation Toxicology Research 
Institute, P.O. Box 5890, Albuquerque, NM 87185. 

In addition to HEI funds, support for a portion of this project was pro
vided by the Office of Health and Environmental Research, U.S. Depart
ment of Energy, under Contract No. DE-AC04-76EV01013 with the 
investigators. 

Although this document was produced with partial funding by the United 
States Environmental Protection Agency under assistance agreement 
816285 to the Health Effects Institute, it has not been subjected to the 
Agency's peer and administrative review and therefore may not necessar
ily reflect the views of the Agency, and no official endorsement should be 
inferred. The contents of this document also have not been reviewed by 
private party institutions including those that support the Health Effects 
Institute; therefore, it may not reflect the views or policies of these parties, 
and no endorsement by them should be inferred. 
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exhaust or carbon black at 2.5 mg or at 6.5 mg particles/m3 
of air, or to clean air as controls. The diesel exhaust was 
generated by light-duty engines burning certification fuel 
and operating on an urban-duty cycle. The carbon black 
was selected because it had particle size and surface area 
characteristics similar to those of diesel exhaust soot, but 
markedly less mutagenic activity associated with its or
ganic fraction when analyzed using procedures typically 
used in studies of diesel soot. Rats were killed after 3, 6, 

12, 18, or 23 months of exposure to measure lung and 
lung-associated lymph node burdens of particles, lung 
weight, bronchoalveolar lavage indicators ofinflammation, 
DNA adducts in whole lung and alveolar type II cells, and 
chromosome injury in circulating lymphocytes, and to per
form histopathologic assessment. In addition, after 3 and 
18 months of chronic exposure, one group of rats was 
acutely exposed to radiolabeled carbon black particles or to 
fluorescent microspheres. These exposures were con
ducted to examine the clearance of radio labeled particles 
and the sequestration ofthe fluorescent microspheres in the 
lungs. These experiments provided information on clear
ance overload and particle dosimetry. The growth charac
teristics of lung neoplasms also were examined by 
transplanting neoplastic cells into athymic mice. 

Exposures to diesel exhaust and carbon black caused 
nearly identical effects, in similar relation to exposure, in 
all parameters measured. Both diesel exhaust and carbon 
black exposures caused marked, dose-related slowing of 
particle clearance by three months, and progressive accu
mulation of particles in lungs and lymph nodes. Lavage 
demonstrated persistent inflammation and cytotoxicity; 
and nonneoplastic changes consisting of inflammation, epi
thelial proliferation, and fibrosis were progressive and re
lated to dose. Lung DNA adducts were slightly increased 
by diesel exhaust exposure, and DNA adducts in type II 
cells were increased by both diesel exhaust and carbon 
black exposure. No exposure-related chromosome damage 
was found in circulating lymphocytes. The incidence of 
primary lung neoplasms was increased significantly and 
related to dose in all exposed groups. The types of neo-

1 



Diesel Exhaust and Carbon Black: Neoplastic and Nonneoplastic Lung Lesions 

plasms resulting from diesel exhaust and carbon black 
exposure were identical, and there was no significant dif
ference between the carcinogenicities of the two materials. 
The same types of neoplasms were induced by both diesel 
exhaust and carbon black and these neoplasms also had 
similar growth characteristics when transplanted. The se
questration and translocation of tracer particles were simi-
1arly affected by diesel exhaust and carbon black exposure. 

The finding that nearly identical carcinogenicity and 
noncancer effects resulted from diesel exhaust and carbon 
black exposure suggested that the organic compounds asso
ciated with diesel exhaust soot may not have played an 
important role in the pulmonary carcinogenicity of diesel 
exhaust in rats exposed chronically to high concentrations. 
In the present study, very low levels of mutagenic organic 
residues were associated with carbon black when compared 
with diesel exhaust. It is possible that these organic resi
dues might have been extracted from the carbon black by 
more exhaustive procedures than the ones used in this 
study. However, our findings suggest that pulmonary car
cinogenicity induced by diesel exhaust in rats exposed to 
high concentrations of particles probably does not occur by 
the chemical mechanisms that have been hypothesized 
based on the mutagenicity of diesel exhaust soot extracts 
studied in the past. These findings do not prove that 
mutagenic activity associated with diesel exhaust does not 
contribute to lung cancer risk in humans exposed to low 
concentrations for longer times. However, they suggest that 
lung cancer risk assessments that use the amount of depos
ited organic material as the comparative dose term should 
not be used to extrapolate cancer risks for humans from rat 
carcinogenicity data. Because the mechanisms by which 
inhaled diesel exhaust and carbon black cause lung neo
plasms in rats remain undefined, it is not known if lung 
cancer might be produced in humans by similar mecha
nisms. 

INTRODUCTION 

The background of concern for the potential pulmonary 
carcinogenicity of diesel engine exhaust has been reviewed 
in detail (Mauderly 1992). Diesel exhaust is a complex 
mixture of gases, vapors, and soot particles. The soot con
sists of respirable, chain-aggregate, elemental carbon parti
cles having a high specific surface area onto which a 
mixture of organic compounds is adsorbed. The organic 
fraction typically constitutes from 5 % to 30% of the total 
soot mass when it is extracted using modestly rigorous 
solvent procedures. More than 450 compounds have been 
identified in the organic fraction, including several known 
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mutagens and carcinogens (Opresko et al. 1984). The po
tential for diesel exhaust-induced chemical carcinogenesis 
was demonstrated in the 1950s when the organic fraction 
extracted with solvents was shown to cause mouse skin 
tumors (Kotin et al. 1955). Concern for diesel exhaust-in
duced lung cancer in humans intensified in the late 1970s 
with the prediction of increased diesel use in the U.S. 
light-duty vehicle fleet and the report by the U.S. Environ
mental Protection Agency (EPA) * that diesel exhaust soot 
extract was mutagenic in the Ames Salmonella assay (Huis~ 
ingh et al. 1978). 

Bioassays aimed at carcinogenic hazard assessment dem
onstrated diesel exhaust to be a pulmonary carcinogen in 
rats. During the 1980s, chronic inhalation bioassays of 
diesel exhaust-exposed rats, mice, and Syrian hamsters, 
conducted in the U.S., Germany, Japan, and Switzerland, 
produced generally consistent results (Mauderly 1992). 
The lung tumor incidence was increased in a dose-related 
manner in rats exposed repeatedly for 24 months or longer 
to diesel exhaust at weekly soot exposure rates above ap
proximately 120 mg/m3e hr (concentration x time). Studies 
that included groups exposed to filtered (gas and vapor 
phases) diesel exhaust demonstrated that the response re
quired the presence of soot. The lung tumor response of 
mice to whole diesel exhaust was questionable, with sig
nificant increases evident only in females of cancer-sensi
tive strains. The bioassays of hamsters were uniformly 
negative. 

By the late 1980s, it was considered plausible that the lung 
tumor response of rats to chronic diesel exhaust inhalation 
might be attributable to the initiating action of genotoxic 
metabolites of the soot-associated organic compounds, cou
pled with the promoting action of the inflammatory and 
epithelial proliferative responses also caused by exposures at 
levels that are known to induce cancer. Several studies dem
onstrated that diesel exhaust soot-associated organic com
pounds. including the carcinogens benzo[a]pyrene and 
1-nitropyrene, could be eluted from soot after deposition in 
the rat lung (Sun et al. 1988). These studies also showed 
that association with particles caused inhaled organic com
pounds to be retained longer in the lung than when inhaled 
in pure form, thus prolonging the availability of the com
pounds for metabolism by lung cells. A preliminary study 
of diesel exhaust-exposed rats from a group having an 
increased tumor incidence showed that the group mean 
total lung DNA adduct level was higher than that of controls 
(Wong et al. 1986). Although the ranges of DNA adduct 
levels in the lungs of exposed and control rats overlapped, 

* A list of abbreviations appears at the end of this report for your reference. 
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these data suggested that the diesel exhaust exposure was 
genotoxic and bolstered the chemical carcinogenesis the
ory. The attention of several investigators shifted ~oward 
identifying the key genotoxic compounds in the organic 
fraction, and biodirected chemical fractionation suggested 
that a major portion of the bacterial mutagenicity was 
attributable to nitroaromatic species (Howard et al. 1990). 

Other evidence, however, suggested that the carcino
genicity of diesel exhaust in rats might reflect a nonspecific 
response of the species to the accumulation of the carbona
ceous particles in the lung, and might have little to do with 
the organic fraction. Soon after the rat bioassay results 
became known, it was noted (VostaI1986) that lung cancer 
was significantly increased only in groups exposed to diesel 
exhaust sufficient to cause a progressive lung accumulation 
of soot and an accompanying complex of inflammation, 
~pithelial hyperplasia and metaplasia, and focal fibrosis, 
and that exposures of humans were unlikely to produce 
these effects. Moreover, it was noted that other particles 
without a bioavailable organic fraction, such as titanium 
dioxide and oil shale, caused similar effects in rats (Vostal 
1986). At the same time, it was shown that intratracheally 
instilled activated carbon particles could cause lung cancer 
in rats (Kawabata et al. 1986). These observations led to 
speculation that the mechanism by which diesel exhaust 
caused lung tumors in rats might not be expected to occur 
in humans, and that the rat bioassay results might not, 
therefore, be appropriate for predicting cancer risk for hu
mans inhaling diesel exhaust. 

An expanding bioassay data base brought a broadening 
awareness that chronic inhalation exposures to a wide 
range of poorly soluble respirable particles without a 
bioavailable mutagenic organic fraction produced lung can
cer in rats if exposures were sufficiently high and observa
tion times sufficiently long. Responses common to all such 
carcinogenic exposures were particle sequestration in the 
deep lung, inflammation, epithelial hyperplasia and meta
plasia, and fibrosis. Measurements of the clearance of 
tracer particles from the lung during continued chronic 
exposure demonstrated that the progressive accumulation 
oflung burdens of particles was attributable to an overload
ing of macrophage-mediated clearance, and the term "lung 
overload" was coined for this phenomenon (Morrow 1988). 
The mechanism of clearance overload of rats by repeated 
dust exposure and the determinants of dust sequestration 
in the lung were the subjects of considerable study and 
debate at the time the present research began. It now 
appears that volumetric loading is critical to macrophage 
mobility, and the adequacy of macrophage-mediated clear-

ance to prevent build-up of particle burdens in the lung 
represents a balance between macrophage recruitment and 
particle deposition rates (Morrow 1992). Two particular 
areas in which information continues to be lacking are the 
rapidity of movement of newly deposited particles into 
sequestered compartments, and the amount of dust col
lected in lung-associated lymph nodes during chronic ex
posure. 

Concurrent with the bioassay and chemical fractionation 
efforts were attempts to determine human cancer risk from 
diesel exhaust exposures by epidemiology. Early attempts 
yielded equivocal results; however, considerable attention 
was drawn to the publication by the Harvard University 
group of case-control (Garshick et al. 1987) and retrospec:, 
tive cohort (Garshick et al. 1988) studies indicating relative 
risks on the order of 1.4 for lung cancer among railroad 
workers with long-term exposures to diesel exhaust. At the 
present time, the weight of the epidemiological evidence 
from approximately 30 studies (Mauderly 1992) suggests 
that heavy occupational exposures to diesel exhaust, such 
as those in the mining and transportation industries, are 
probably associated with an increase in lung cancer risk. 
However, epidemiology has not resolved the risk issue with 
certainty. The modest magnitude of the apparent increase 
(relative risks generally in the range of 1.2 to 1.5), coupled 
with a lack of exposure data and uncertainties about the 
effectiveness of controls for confounding factors, have pre
cluded the confident assignment of unit cancer risks solely 
from epidemiological data. After reviewing the bioassay 
and epidemiological data available in 1988, the Interna
tional Agency for Research on Cancer judged that there was 
sufficient evidence for the carcinogenicity of whole diesel 
exhaust and soot extracts in animals, but only limited 
evidence for carcinogenicity in humans; thus, diesel ex
haust was classified as "probably carcinogenic" to humans 
(International Agency for Research on Cancer 1989). 

At the time the present research was begun, it had clearly 
become critical to determine whether or not the soot-asso
ciated organic compounds were important in the lung can
cer response of rats. Most estimates of unit lung cancer risk 
for humans have been developed from extrapolation of the 
rat bioassay data or from the comparative mutagenic poten
cies of diesel exhaust soot extract and known human chemi
cal carcinogens (Mauderly 1992). The former requires 
confidence that the mechanism by which diesel exhaust 
induces lung tumors in rats would also occur in humans, 
and the latter assumes that the genotoxicity of the soot-as
sociated organic fraction is .responsible for carcinogenesis 
in rats. The importance of knowing whether or not the rat 
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tumors were caused primarily by the soot-associated or
ganic fraction was heightened by the suggestion in the 
EPA's draft diesel exhaust health assessment document 
(U.S. Environmental Protection Agency 1990) that unit 
risks for diesel exhaust-induced lung cancer in humans 
might be extrapolated from rat bioassay data using the 
amount of organic material deposited in the lung as the 
equivalent dose term. 

Determining the specificity of the rat lung tumor re
sponse to diesel exhaust (Le., its relation to the organic 
fraction) also lay at the center of a broader debate on the 
design and usefulness of rodent cancer bioassays per se. 
Research on diesel exhaust helped focus debate on whether 
or not rat pulmonary carcinogenicity data collected under 
dust "overloading" conditions are useful for hazard assess
ment and risk extrapolation. It has been proposed that 
much of the excess tumor incidence observed in bioassays 
results from increased cell proliferation (mitogenesis) 
which, in turn, results from dosing at rates higher than 
expected for human exposures, and that this carcinogenic
ity is not predictive for human cancer risk (Ames and Gold 
1990). It is still apparent, however, that even under over
loading conditions, bioassay data reveal marked differences 
in carcinogenic potential among dusts and that not all dust 
exposures causing overload cause increased lung tumor 
incidences in rats (Mauderly et al. 1990). Because of the 
large national investment in the rat bioassay for assessing 
the carcinogenic hazards of inhaled materials, and the 
tendency, lacking good epidemiological data, to extrapolate 
the rat cancer data to estimate unit risks for humans, it is 
very important to improve our ability to interpret the rat 
data and place it in its proper context. 

The research described below was designed to address 
certain key elements of the information needs described 
above. The principal issue was the importance of the 
genotoxicity of the soot-associated organic compounds in 
the lung tumor response of rats to chronically inhaled diesel 
exhaust. It would have been desirable to address this issue 
directly by exposing rats to whole diesel exhaust with and 
without the soot-associated organic fraction, but extracting 
this fraction, resuspending the soot, and reconstituting the 
remaining elements of whole diesel exhaust for chronic, 
high-level exposures were deemed impractical. Alterna
tively, it was decided to expose rats to one type of carbon 
black, selected from among the many types available, that 
would simulate the elemental carbon matrix of organic-free 
diesel exhaust soot. We felt it was not necessary to add the 
gas and vapor fractions to the carbon black exposure atmos
phere because it had been shown previously that filtered 
whole diesel exhaust was not carcinogenic to rats (Heinrich 
et al. 1986; Brightwell et al. 1989). Thus, we decided to 
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expose rats to whole diesel exhaust, aerosolized carbon 
black, or clean air as controls. Rats were exposed to the 
same air concentrations of diesel exhaust soot and carbon 
black particles, although we predicted that the difference 
between the particle size distributions of the two materials 
would cause differences in the rate of pulmonary deposi
tion of the two particles. Because of the general similarity 
of median aerodynamic particle size between the two ma
terials and the lack of data for lung accumulation of carbon 
black in chronically-exposed rats, we deemed it impractical 
to attempt to achieve exactly identical cumulative lung 
burdens of diesel exhaust soot and carbon black by using 
different exposure concentrations. 

The carbon black selected (Elftex-12 furnace black, 
Cabot, Boston, MA) was chosen from among the many types 
available, based on previous experience at this Institute 
(Wolff et al. 1990). It is known to have particle size charac
teristics and a specific surface area (43 m2/g, per Cabot) 
generally similar to those of diesel soot, but very little 
solvent-extractable organic material and 'bacterial mu
tagenic activity when assayed using procedures applied to 
diesel exhaust soot. It was also found to cause particle 
sequestration and inflammatory responses similar to those 
caused by diesel exhaust in rats exposed by inhalation for 
several weeks. 

Although it was recognized that the carbon black was not 
devoid of organic matter, it was considered a useful ap
proximation of diesel exhaust soot with markedly reduced 
organic mutagenic activity. Knowledge of the magnitude 
and mutagenicity of the organic fraction of diesel exhaust 
soot, including the data used in comparative potency esti
mates of cancer risk, has been based on short-term Soxhlet 
or ultrasonic extractions using single or blended solvents, 
and mutagenicity testing in Salmonella strains T A98 and 
TA100. Based on our previous studies using Soxhlet or 
ultrasonic extraction that showed little difference in total 
bacterial mutagenic activity (Brooks et al. 1979; Royer et al. 
1979), dual ultrasonic extraction was routinely used at this 
Institute for diesel exhaust soot (see Appendix A). Using 
this approach, a sample of Cabot Elftex-12 carbon black had 
been shown to have only 0.04% extractable organic com
pounds by mass, and to have an extractable fraction and 
specific mutagenic activity that were 825 and 200 times 
less, respectively, than diesel exhaust soot (Wolff et al. 
1990). Organic residues adhere tenaciously to carbon 
black, and exhaustive lengthy or high-temperature extrac
tions are required to fully remove them (International 
Agency for Research on Cancer 1983). For example, Locati 
and asso,ciates (1979) extracted five furnace blacks for 350 
hours with benzene using the Soxhlet method and found 
that at least 150 hours was required to extract 95% of the 
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organic fraction, which ranged from 0.025% to 0.142% of 
the carbon black mass (252 to 1417 J,.lg per gram). It was 
considered very unlikely that organic residues would dis
sociate from the carbon black under physiological condi
tions in the lung. Neal and colleagues (1962) found no 
elution or'polycyclic aromatic hydrocarbons from furnace 
black or channel black after 180 hours of incubation with 
agitation at body temperature in gastric and intestinal fluid 
simulants, citric acid mixtures, or other body fluid and 
foodstuff media. Therefore, the carbon black used in the 
present study was considered to be a reasonable model for 
diesel exhaust soot having little or no bioavailable mu
tagenic organic activity. 

Because the occurrence and mechanism of carcinogenic
ity in rats were the focal concerns, rather than detailing 
exposure-response relations, exposure levels were selected 
for which it was certain that diesel exhaust would induce 
significant pulmonary carcinogenicity. Because the car
cinogenicity of carbon black was unknown, the study was 
designed with two exposure levels to increase the prob
ability that an adequate comparison between the carcino
genicities of diesel exhaust and carbon black could be 
made. Measures of the accumulation of soot and carbon 
black particles in lung and lung-associated lymph nodes, 
lung inflammation, the efficiency of tracer particle clear
ance, and the movement of tracer particles into sequestered 
compartments were included to address lung overload is
sues and to allow the amount of accumulated material to be 
used as one of the comparative dose terms for relative 
carci~ogenicity. Radiolabeled carbon black was used as the 
tracer particle for clearance studies because the use in all 
previous studies of tracers with physicochemical proper
ties quite different from those of diesel exhaust soot had left 
the applicability of the clearance data to soot clearance in 
question. 

This research also was designed to examine the chemical 
genotoxicity of diesel exhaust directly, largely through col
laborations between this Institute (Inhalation Toxicology 
Research Institute [ITRI]) and other laboratories. Whole
lung DNA adducts in samples collected serially throughout 
the exposure were measured by Dr. Kurt Randerath, Baylor 
College School of Medicine, using DNA extracted at ITRI. 
Whole-lung DNA adducts after three months of exposure 
also were measured at ITRI and by Dr. Alan Jeffrey, Colum
bia University, as an interlaboratory comparison of analyti
cal techniques and results. Dr. Jeffrey also measured 
hemoglobin adducts in erythrocytes collected at selected 
times. 

Studies at ITRI had demonstrated differences among the 
levels of DNA adducts induced in different regions of the 

respiratory tracts of rats exposed to diesel exhaust (Bond et 
al. 1988). To further refine our understanding of the local
ization of diesel exhaust-induced DNA adducts, this study 
included analysis of DNA adducts in alveolar type II epi
thelial cells. Both type II cells and Clara cells were known 
to be able to metabolize mutagenic organic compounds 
such as those associated with diesel exhaust soot. For 
example, type II cells can metabolize benzo[a]pyrene to 
reactive metabolites, and this metabolism is enhanced by 
exposure to xenobiotics (Bond et al. 1983). Moreove~, type 
II cells are thought to be the progenitor cells for replacing 
damaged type I epithelium (Adamson and Bowden 1974; 

Evans et al. 1973), and are undoubtedly important in alveo
lar epithelial proliferative responses. Finally, recent stud
ies had provided evidence that type II cells are the 
progenitors of at least some types of peri pherall ung tumors 
in rats (Hahn et al. 1989; Belinsky et al. 1990). 

Because markers of exposure to diesel exhaust and result
ing genotoxicity would be useful in epidemiological stud
ies, this study also included an exploratory evaluation of 
whether or not chromosome damage in circulating lympho
cytes might reflect diesel exhaust exposure. 

SPECIFIC AIMS 

This research was conducted in response to the Health 
Effects Institute's Request for Applications No. 86-2, 

"Health Effects of Diesel Emissions," issued in October, 
1986. The overall goal of this project was to improve our 
understanding ofthe usefulness ofrat lung cancer bioassay 
data for assessing the carcinogenic hazard of inhaled diesel 
exhaust and for estimating human lung cancer risk from 
inhaled diesel exhaust. The research strategy was to com
pare key health effects resulting from chronic inhalation 
exposure of rats to diesel exhaust and carbon black. The 
three specific aims of this project were as follows. 

1. To compare the pulmonary carcinogenicities of diesel 
exhaust and carbon black in rats exposed chronically 
by inhalation at two exposure rates at which diesel 
exhaust would predictably cause lung cancer. The car
cinogenicities were compared on the basis ofthe occur
rence of lung neoplasms, the prevalence of neoplasms 
over time, the types of neoplasms, and the growth 
characteristics of neoplasm tissue transplantedsubcu
taneously into nude mice. Because the carcinogenicity 
of diesel exhaust in rats was thought to be linked to the 
development and progression of noncancer lesions, 
this study also included comparisons of noncancer 
histopathology between diesel exhaust- and carbon 
black-exposed rats. 

5 



Diesel Exhaust and Carbon Black: Neoplastic and Nonneoplastic Lung Lesions 

2. To determine the genotoxicity of inhaled diesel ex
haust and compare it to that of carbon black. The 
genotoxicities were compared by evaluating DNA ad
ducts in lung tissue and alveolar type II cells, and 
chromosome damage in circulating lymphocytes. 

3. To improve the understanding of the kinetics of clear
ance overload with inhaled particles in the rat by 
comparing particle clearance, translocation, and se
questration phenomena caused by exposure to diesel 
exhaust and carbon black. Particle clearance was 
evaluated during continuous chronic exposure, using 
carbonaceous tracer particles that simulated diesel ex
haust soot. Particle translocation and sequestration 
were evaluated by measuring the portions of inhaled 
tracer particles in different anatomic locations in the 
lung at sequential times after inhalation. Particle ac
cumulation was evaluated by measuring amounts of 
diesel exhaust soot and carbon black in the lung and 
lung-associated lymph nodes serially during exposure. 

METHODS 

EXPERIMENTAL DESIGN 

Female and male F344/N rats were exposed by inhalation 
for up to 24 months to diluted whole diesel exhaust, carbon 
black aerosolized in air, or filtered air as sham-exposed 
controls, beginning at 8 (7-9) weeks of age. The rats were 
exposed 16 hours per day, 5 days per week to diesel exhaust 
and carbon black at two identical target particle concentra
tions, a low concentration of 2.5 mg/m3 and a high concen
tration of 6.5 mg/m3. The rats were entered into the study 
in two approximately equally sized blocks (A and B) sepa
rated by three weeks to accommodate animal availability 

and entry activity schedules. Rats in both blocks were 
divided into the five experimental groups. The chronic 
exposures of blocks A and B began on February 8,1989 and 
March 1, 1989, respectively. The experimental groups and 
numbers of rats entered into the chronic exposure chambers 
are outlined in Table 1. 

The majority of the rats, approximately 200 per experi
mental group, were observed for life span to evaluate body 
weight, survival, and carcinogenicity. Necropsies were 
performed when these rats died or were euthanized when 
moribund, and tissues were collected from major organ 
systems. The exposures were terminated at 24 months, and 
the remaining rats were transferred to an animal housing 
room where they were maintained in shoebox cages with 
hardwood-chip bedding (Murphy Forest Products, Mon
tville, NJ) until mortality reached approximately 90%. All 
remaining rats in blocks A and B were killed and necropsies 
were performed between March 21 and 25, and between 
April 10 and 12, 1991, or 41 to 45 and 40 to 42 days after 
the end of the 24-month exposures, respectively. When a 
lung mass was observed that was of sufficient size that the 
entire mass was not required for histopathology (larger than 
3 to 4 mm in diameter), the excess portion was transplanted 
subcutaneously into immunodeficient nude mice to deter
mine the growth characteristics and to propagate tissue for 
future use. 

As summarized in Table 2, some of the rats from each 
experimental group were used for evaluations requiring 
special procedures or that they be killed at times different 
than those specified above. Three female and three male 
rats selected randomly from rats in block A Were killed after 
3, 6, 12, 18, or 23 months of exposure for multiple evalu
ations. The left lung was used for bronchoalveolar lavage, 
measurement of particle burden, and extraction of DNA for 

Table 1. Exposure Groups of F344/N Rats Used to Compare Pulmonary Carcinogenicities of Diesel Exhaust and 
Carbon Black 

Number of Rats Entered into Exposure Chambers 

Target Particle Female Male 

Exposure Group 
Concentration 

(mg/m3) Block A Block B Total Block A Block B Total Total Rats 

Low carbon black 2.5 70 65 135 70 68 138 273 
High carbon black 6.5 70 66 136 70 69 139 275 
Low diesel exhaust 2.5 70 65 135 70 68 138 273 
High diesel exhaust 6.5 70 66 136 70 69 139 275 
Sham-exposed control 0 70 65 135 70 69 139 274 

Total 350 327 677 350 343 693 1,370 
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adduct analysis. Because of a technical difficulty with the 
original DNA extraction, DNA was later extracted from the 
frozen right intermediate lobes for reanalysis of the 3- and 
6-month responses. The. right diaphragmatic lobe was fixed 
for histopathology, and the remaining lobes were frozen as 
archival samples. Lung-associated lymph nodes were col
lected to measure particle burdens. Blood was collected for 
serological detection of microbial pathogens, and for analy
ses of hemoglobin adducts in erythrocytes and chromosome 
injury in circulating lymphocytes. 

Serial analyses of lung DNA adducts and blood hemoglo
bin adducts were performed by Dr. Kurt Randerath, Baylor 
College of Medicine, and Dr. Alan Jeffrey, Columbia Uni
versity, respectively, using samples collected at ITRI, 
coded, and shipped frozen to the collaborators. The animal 
identification code was not broken until the collaborators 
submitted results of their initial analyses to the Principal 
Investigator. Coded lung DNA from the rats killed at three 
months was analyzed for adducts at all three laboratories 
for a comparison of analytical results. Samples of the sol-

Table 2. Special Evaluations of Female and Male F344/N Rats 

vent-extracted organic fraction of diesel exhaust soot col
lected at the six month point also were provided to the 
collaborators for assays of composition and genotoxicity. 

Five females and five males from the high diesel exhaust, 
high carbon black, and control groups of block A were killed 
after three months of exposure for analysis of DNA adducts 
in alveolar type II epithelial cells. Eight females and eight 
males from all groups of block B were exposed once by 
inhalation to fluorescent latex micro spheres after 3 or 18 

months of chronic exposure; they were killed serially dur
ing continued chronic exposure to determine the move
ment of tracer particles into sequestered anatomic 
locations, such as the lung interstitium and alveolar macro
phage aggregates. Eight males and eight females from all 
groups of block B were exposed once to radiolabeled carbon 
black after three months of chronic exposure, and the clear
ance of the tracer particles from the lung during Gontinued 
chronic exposure was determined by serially counting tho
racic radioactivity. The chronic exposures of these rats 

Months of Exposure 

Evaluations Exposure Block 3 6 12 18 23 

Regularly scheduled intervals 
(3 females, 3 males)a 

Lung and lymph node particle burdens 
Histopathology 

Serology for pathogens 

Collection of archival tissue 
Bronchoalveolar lavage 

Chromosome injury in lymphocytes 

Lung DNA for adducts 
Erythrocytes for hemoglobin adducts 

DNA adducts in type II alveolar cells 
(5 females, 5 males)C 

Sequestration of fluorescent particles 
(8 females, 8 males) 

Clearance of radiolabeled carbon black 
(8 females, 8 males) 

A 

A 

B 

B 

x 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

a All n values indicate number of animals from each of the five exposure groups. Therefore, a total of 15 males and 15 females were killed at each regularly 
scheduled interval. 

b DNA for the 23-month adduct analysis was taken from the lungs of 9 to 10 rats from both blocks A and B of the groups exposed to high diesel exhaust and 
high carbon black, and the control group only. These rats died or were killed after a mean of 696 (638 to 772) days of exposure. 

C For this evaluation, rats from only three exposure groups were used: high diesel exhaust, high carbon black, and control. 

d Two males and two females were killed at 1, 4, 28, and 90 days after inhaling tracer particles. 
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continued, and clearance was reevaluated by a second 
inhalation of radiolabeled carbon black after 18 months of 
chronic exposure. 

PROCEDURES 

Animals, Assignment, and Maintenance 

Female and male F344/N rats were obtained from the 
barrier-maintained, specific pathogen-free, ITRI animal 
colony at five to seven weeks of age and placed in inhalation 
exposure chambers ventilated with filtered air for a two
week preexposure acclimation period. Five acclimation 
chambers, identical to the experimental exposure cham
bers, were used for both entry blocks. Midway through the 
acclimation of each block, one female and one male rat were 
selected randomly from each acclimation chamber and 
killed; necropsies to detect subclinical disease were per
formed, and serum was collected for serological surveil
lance for pathogenic microorganisms ( described below). 
The remaining rats were assigned to the five different expo
sure groups using a software program (Path-Tox, Xybion 
Medical Systems, Cedar Knolls, NJ) that randomized each 
gender by body weight measured nine days before the start 
of exposure. Upon assignment, each rat received a unique 
alphanumeric tail tattoo. The rats were then moved to their 
respective experimental exposure chambers and were 
seven to nine weeks old (mean = 57 days) when the chronic 
toxicant or sham exposures began. 

The rats were housed for 24 months, or until they died 
or were killed, in wire cages within glass and stainless-steel 
inhalation exposure chambers having a volume of 2 m3 

(H-2000, Hazleton Systems, Aberdeen, MD). As they grew, 
the male rats were moved to progressively larger individual 
cages in accordance with National Institutes of Health 
guidelines (National Institutes of Health 1985). All rats 
were housed initially in cages having a floor area of 271 
cmz, and males were housed after nine months of age in 
cages having a floor area of 387 cmz. At the final cage sizes, 
each chamber housed 58 females and 58 males. Cage maps 
showing the position of each rat were maintained through
out the study and used as checklists during twice-daily 
animal observations. The checklists were verified against 
tattoo identification when rats were moved to clean cages, 
and the six cage units within each chamber were rotated 
clockwise weekly. Animal status was also verified at weigh
ing and whenever rats were removed from their chambers. 

The exposure chambers were maintained at an airflow of 
425 ±57 L/min, providing 15 air changes per hour, a relative 
humidi ty between 40 % and 70%, and a temperature of 24°C 
± 1°C. Standard fluorescent lighting was on a 12-hour cycle 
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(on 0600 to 1800). The exposure chambers were washed 
weekly. Bacteriostatic liners in excreta trays below each 
cage unit were changed twice daily, and trays were washed 
daily. A pelleted ration (Certified Wayne Lab Blox, Allied 
Mills, Chicago, IL) and tap water were available at all times. 

After 24 months, surviving rats were transferred from the 
exposure chambers to an animal housing room where they 
were maintained in plastic cages with hardwood-chip bed
ding (P.I. Forest Products Corp., Montville, NJ) and filter 
tops. The rats were provided with pelleted ration and tap 
water ad libitum, and the cages were cleaned weekly. Rela
tive humidity was 14% to 36%, and room temperature was 
23°C ± 2°C, Standard fluorescent lighting was on a 12-hour 
cycle (on 0600 to 1800). 

Exposures and Exposure Materials 

The rats were exposed 16 hours per day (4:00 p.m. to 8:00 
a.m.), 5 days per week (Monday through Friday) for up to 
24 months to diesel exhaust, carbon black, or filtered air. 
Methods for generating and analyzing exposure atmos
pheres and conducting exposures are described in greater 
detail in Appendix A. Exposures were omitted on certain 
holidays in addition to weekends, but lapses never ex
ceeded thre~ consecutive days. During the 24 months, both 
blocks were exposed for a total of 508 exposure days aver
aging 15.85 hours each. 

Diesel exhaust exposures were conducted using the fa
cility described previously (Mokler et al. 1984) and used in 
previous research sponsored by the Health Effects Institute 
(Mauderly et al. 1987a; Mauderly et al. 1989). Diesel ex
haust was generated using two 1988 model LH6 General 
Motors 6.2-L V-8 engines burning D-2 control fuel meeting 
EPA certification standards. The engines were fitted with 
four-speed automatic transmissions, mounted on test 
stands, and operated continuously by computer on the 
Federal Test Procedure urban certification cycle during 
exposures. The system was calibrated to simulate opera
tion of a Chevrolet C1500 pickup having a gross weight of 
2,773 kg. Exhaust passed through a standard exhaust sys
tem, including muffler, and was then diluted serially with 
filtered air to the desired soot concentration. 

The particle concentration in each diesel exhaust cham
ber was measured gravimetrically by daily filter samples. 
The particle size distribution was measured at the begin
ning, midpoint, and end of exposures using a cascade 
impactor (Multijet Cascade Impactor, In-Tox Products, Al
buquerque, NM) and a parallel-flow diffusion battery, as 
previously described (Cheng et al. 1984). Previous studies 
of diesel exhaust soot had shown it to have a bimodal size 
distribution in exposure chambers when evaluated in this 
way, rather than by a single instrument (Cheng et al. 1984); 
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thus, the same approach was applied to compare in detail 
the size distributions of diesel exhaust soot and carbon 
black in chambers in the present study. Filter samples of 
soot were extracted twice using dichloromethane and soni
cation (Royer et al. 1979) to determine the fraction of 
particle mass constituted by organic material and to obtain 
extract for assaying mutagenicity. The bacterial mutagenic
ity of the solvent extract was measured using a modification 
ofthe Ames Salmonella assay (Ames et al. 1975) and tester 
strains TA98 (revealing frameshift mutations) and T Al00 
(revealing both frame shift and base pair substitution muta
tions). Bag samples were taken weekly, alternately from 
one of the two chambers at each exposure level, for analysis 
of gases and vapors. 

The carbort black (Elftex-12, Cabot, Boston, MA) was 
aerosolized using air jet dust generators (Jet-O-Mizer Model 
0101, Fluid Energy, Hatfield, PA) and diluted with filtered 
air to the desired chamber concentrations. Measurements 
of particle concentration, gas and vapor concentrations, 
particle size distribution, mass fraction of solvent-ex
tractable organic material, and mutagenicity of the extract 
were conducted as described above for diesel exhaust ex
posures. 

The chambers housing sham-exposed controls were ven
tilated continuously with ambient air passed through high
efficiency particulate air filters. Concentrations of particles 
generated from the animals and feed and the background 
concentrations of vapors and gases were measured as de
scribed above for diesel exhaust exposures. The same air 
supply was used to ventilate diesel exhaust and carbon 
black exposure chambers during nonexposure hours. 

The mean concentrations of the exposure atmospheres 
over the entire exposure period are presented in Table 3. 

Exposure concentrations were very close to the target val
ues and varied little during the study. Cumulative mean 
particle concentrations ranged from -2.6% (high diesel 
exhaust) to +0.8% (high carbon black) of target values. Gas 
and vapor concentrations measured in the carbon black 
exposure chambers were similar to those in the sham expo
sure atmosphere, indicating that little, if any, of the back
ground vapor-phase hydrocarbon fraction adsorbed to the 
carbon black. The ratios of mean net (with background 
subtracted) particle concentrations for the high- versus 
low-exposure levels were 2.63:1 for diesel exhaust and 
2.70:1 for carbon black. The mean particle concentration 
was 3.5% higher for carbon black than for diesel exhaust at 
the high level, and 0.8% higher for carbon black than for 
diesel exhaust at the low level. 

The particle size distributions of diesel exhaust soot and 
carbon black are summarized in Table 4. Particle size was 
similarly bimodal for both diesel exhaust and carbon black, 
with large-size modes of 2.0 /lm mass median aerodynamic 
diameter (MMAD), and small-size modes of 0.1 /lm mass 
median diffusion diameter (MMDD). The portions of par
ticles in the larger and smaller modes differed between the 
two exposure materials, however, with approximately 23% 
in the larger mode for diesel exhaust and 67% in the larger 
mode for carbon black. Because of this difference in size 
distribution, we estimated that the pulmonary deposition 
of carbon black in rat lungs would be approximately 69% 
of that of diesel exhaust soot, or that the pulmonary depo
sition of diesel exhaust soot would be approximately 45% 
greater than that of carbon black. 

The mass fraction of particle-associated, solvent-ex
tractable organic matter was determined by ultrasonic ex
traction with dichloromethane. The weighted mean mass 

Table 3. Concentrationsa of Key Constituents of Exposure Atmospheres Collected at Chamber Midpoint 
During 24 Months of Exposure 

Carbon Black Diesel Exhaust 

Constituentb Low High Low High Control Exposure 

Total particles 2.46 ±0.03 6.55 ± 0.06 2.44 ± 0.02 6.33 ± 0.04 0.05 ± 0.02 
Carbon monoxide 0.70 ±0.06 0.69 ± 0.06 10.30 ± 0.23 26.85 ± 0.52 0.78 ± 0.06 
Carbon dioxide 2,010 ±64 1,820 ± 65 4,470 ± 77 7,390 ± 87 2,210 ± 58 
Hydrocarbon vapors 4.37 ±0.09 4.21 ± 0.08 6.47 ± 0.15 8.13 ± 0.20 4.53 ± 0.08 

Total oxides of nitrogen 0.030 ± 0.004 0.033 ± 0.004 8.79 ±0.32 23.45 ± 0.69 0.033 ± 0.003 
Nitrogen dioxide 0.027 ± 0.004 0.029 ± 0.004 0.73 ± 0.05 3.78 ± 0.18 0.023 ± 0.002 

a Values are expressed as means ± SE of weekly mean values for particles and weekly values for vapors and gases. Values for diesel exhaust and carbon black 
groups presumably include the background concentrations of particles, gases, and vapors listed for sham exposures: 

b All values are given in ppm except total particles, which is given in mg/m3
• 
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fraction of organic material associated with diesel exhaust 
soot for the two engines during the course of the exposures 
was 8.22% and varied little during the study. However, the 
extremely low mass fraction of extractable organic material 
on carbon black made precise quantification difficult. Val
ues ranging from 0.04% to 0.29% were obtained in preex
posure trials and during the course of exposures, resulting 
in a mean value of 0.12%. The diesel exhaust soot, there
fore, contained approximately 68 times more extractable 
organic matter than carbon black. 

The mutagenicity of the dichloromethane extracts of 
diesel exhaust soot and carbon black was assessed using the 
Ames Salmonella typhimurium assay (Figure 1). As ob
served previously (Clark and Vigil 1980; Bechtold et al. 
1984), the mutagenicity of diesel exhaust soot extract was 
higher in tester strain TA100 than in strain TA98, and 
slightly higher without metabolic activation by rat liver S-9 
microsomal fraction than with activation. Very little mu
tagenic activity was associated with the carbon black ex
tracts. The specific mutagenic activities of the extracts in 
strain TA98, calculated from the mean responses after sub
tracting background response to the vehicle control, were 

0.25 revertants/J.lg for diesel exhaust and 0.003 for carbon 
black, an 83-fold difference. The specific activities in strain 

TA100 were 0.68 revertants/J.lg for diesel exhaust and 0.017 
for carbon black, a 40-fold difference. Combining the dif
ferences in extractable fraction and specific mutagenicity 
yielded a mutagenicity in revertants per unit of particle 
mass that was approximately 5,700 times higher for diesel 
exhaust than for carbon black in strain TA98, and 2,700 

times higher in TA100. 
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Figure 1. Mutagenicity of dichloromethane extracts of diesel exhaust and 
carbon black in tester strain TA98 and TA100 S. typhimurium in the Ames 
assay (Ames et al. 1975). Mutagenicity is expressed as the mean ± SD 
revertants per plate from triplicate plates seeded with 1.9 x 108 organisms 
each and treated with 0 (vehicle control), 100, 250, or 500 ~g of extract with 
and without metabolic activation by rat liver S-9 microsomal fraction. Ad
ditional details are given in Appendix A. 

Table 4. Particle Size Distributions of Diesel Exhaust Soot and Carbon Black Measured by the Cascade Impactor and 
Parallel-Flow Diffusion Battery During the First Quarter, at the Midpoint, and During the Final Quarter of the Exposures 

Large-Fraction, Small-Fraction, Parallel-Flow 
Cascade Impactor Diffusion Battery 

Mean Mean 
No. of Percent of MMAD Percent of MMDD 

Particles Sample Time Samples Total (J.lm) GSD Total (J.lm) GSD 

Diesel exhaust soot First quarter 9 18.7 2.24 2.16 81.3 0.11 2.28 
Midpoint 12 26.0 1.84 1.97 74.0 0.09 2.16 
Third quarter 6 25.4 1.92 2.15 74.6 0.09 2.02 
Mean 23.4 2.00 2.09 76.6 0.10 2.15 

Carbon black First quarter 4 58.7 1.93 1.84 41.3 0.10 2.40 
Midpoint 14 64.4 1.87 1.86 35.6 0.09 2.14 
Third quarter 6 78.0 2.04 1.83 22.0 0.10 1.94 
Mean 67.0 1.95 1.84 33.0 0.10 2.16 
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Measurements of Effects 

General Toxicity. All rats were observed twice daily, before 
and after exposures, for morbidity and mortality. The clini
cal condition of the rats was assessed more carefully during 
weekly transfers to clean cages and during weighing, which 
occurred monthly until 22 months and biweekly thereafter. 
The rats were weighed using a computer-interactive system 
for logging data, and the data were analyzed for individual 
monthly weight gains and weight differences among experi
mental groups using a toxicology data base system (Path
tox, Xybion Medical Systems, Cedar Knolls, NJ). Animal 
status logs and survival data were maintained using the 
same data base. 

Necropsy, Histopathology, and Transplantation of Neo
plasms. Procedures for histopathological evaluations are 
described in greater detail in Appendix B. Necropsy per
sonnel were on duty at the time of pre exposure and postex
posure observations, including weekends; thus, rats found 
moribund or dead were usually necropsied immediately. 
Dead rats were held under refrigeration if necropsy was not 
started immediately. Moribund rats were euthanized by 
intraperitoneal injection of sodium pentobarbital. Lungs 
and all major organ systems were observed for gross abnor
malities, and approximately 40 tissues from major organs 
(see Appendix B) were preserved in 10% neutral buffered 
formalin. The following tissues were routinely processed 
for histological evaluation by paraffin embedding, section

ing at 5 ~m, and staining with hematoxylin and eosin: lung 
(right apical, right cardiac, right diaphragmatic lobes and 
left lung, cut sagittally along the axial airway); bronchial 
lymph node, liver, kidney, and thoracic lesions or masses, 
if found. Only the lungs and suspected lung neoplasms or 
tumors were examined microscopically because the focus 
of the study was on lung pathology; previous studies had 
revealed little nonpulmonary disease in diesel exhaust-ex
posed rats, and funding was not sufficient for examining all 

tissues. 

Beginning at approximately 15 months of exposure, ne
cropsy procedures were altered to facilitate special collec
tions of the anticipated lung neoplasms. Lung neoplastic 
tissue was allocated for three uses in the following order of 
priority: (1) fixation for microscopic evaluation; (2) trans
plantation into athymic (nude) mice; and (3) preservation 
by freezing as an archival sample. Instrument kits and 
materials for aseptic tissue collection and transplantation 
were prepared and placed on standby, personnel responsi
bilities were defined, and notification procedures were 
activated for the remainder of the study. After euthanasia, 
the pelt was wiped with 70% alcohol and reflected from the 
incision, sterile drapes were applied, and a sterile tech-

nique was used for dissection until it was determined 
whether or not a gross lesion suspected of being a lung 
neoplasm was present. 

Lungs containing suspected neoplasms less than 5 mm 
in diameter were fixed with 4% buffered paraformalde
hyde. For larger lesions, a portion approximately 2 mm by 
3 mm was dissected using a sterile blade and placed in cold 
phosphate-buffered saline containing antibiotics for trans
plantation. A sample approximately 3 to 4 mm thick of the 
suspected neoplasm and adjacent lung was fixed in para
formaldehyde for histopathology. If a portion of the lesion 
remained, it was placed in a cryovial, frozen immediately 
in liquid nitrogen, and stored at -80aC as an archival sam
ple. A portion of apparently nonneoplastic lung tissue from 
each tumor-bearing rat was similarly frozen. Nonneoplas
tic lung tissue consisted ofthe right apical and intermediate 
lobes ifthey were considered free of neoplasms, or portions 
of other lobes as necessary. The remaining lung was fixed 
with 4% buffered paraformaldehyde. A portion of lung 
tissue from the next group- and gender-matched rat to' die 
that did not have a suspected lung neoplasm was similarly 
frozen as an approximately matched specimen for potential 
analysis of adducts or molecular changes in rats with and 
without lung neoplasms. Neoplasm tissue for transplanta
tion was placed in sterile Dulbecco's phosphate-buffered 
saline containing 100 units/mL penicillin and 100 mg/mL 
streptomycin. The tissue was cut into approximately 2-mm 
cubes, placed on ice, and transported to the room housing 
the athymic mice. 

Male NCr-nu mice were obtained at 5 to 6 weeks of age 
from stock originating from the National Cancer Institute 
(Simonsen Laboratories, Gilroy, CAl. The mice were 
housed in sterile isolator cages (Micro-Isolator, Lab Prod
ucts, Maywood, NJ) on autoclaved hardwood-chip bedding 
in a barrier-maintained room using special procedures to 
reduce potential for infection. The mice were fed a pel
leted, autoclaved diet (NIH-31, Autoclavable Rat and 
Mouse Diet, Zeigler Bros., Gardners, PAl and sterile water 
ad libitum. All manipulations, including weekly cage 
changes, were done within a laminar-flow hood. 

Six- to twelve-week-old mice were anesthetized lightly 
with carbon dioxide, and neoplasm tissue was injected 
subcutaneously at multiple dorsolateral sites using a sterile 
ll-gauge trocar. In addition to daily health checks, the 
mice were observed twice weekly for growth of masses at 
the injection sites. When a mass reached approximately 1 
cm in diameter, the mouse was killed using carbon dioxide, 
the mass was excised using a sterile technique, tissue from 
the mass was divided, and a portion was reimplanted into 
another mouse using the procedure described above. The 
remainder of the mass was frozen rapidly in liquid nitrogen 
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as an archival sample. After the third such transplantation, 
a sample was fixed for histological evaluation, and the 
majority of the mass was cut, using a sterile scalpel, into 
2-mm cubes and cryopreserved in 7.5% dimethylsulfoxide 
in Dulbecco's Modified Eagle's medium. 

Procedures for Animals Killed at Scheduled Intervals. 
Three male and three female rats from each exposure group 
were selected randomly from those living at the time; they 
were anesthetized by halothane, weighed, and killed by 
exsanguination. Blood was collected in evacuated tubes 
containing anticoagulant. Erythrocytes for analysis of he
moglobin adducts were separated, washed in phosphate
buffered saline, coded, and shipped frozen to Dr. Jeffrey. 
Lungs were removed, trimmed, and weighed in aggregate 
and as individual lobes. The right diaphragmatic lobe was 
cannulated and fixed for histopathology with 10% neutral 
buffered formalin at a constant airway pressure of 25 cm of 
fixative for 4 to 6 hours and submerged in the same fixative 
for 24 hours. The liquid displacement (external) volume of 
the lobe was then measured. When rats were killed at 23 
months, the right diaphragmatic lobe was fixed with 4% 
buffered paraformaldehyde, instead of formalin, to facili
tate molecular analyses. The right apical, cardiac, and 
intermediate lobes were frozen in liquid nitrogen and 
stored at -80°C as archival samples. Tissues from several 
major organs were fixed in 10% neutral buffered formalin 
for histopathology (see Appendix B), and selected tissues 
were processed for evaluation. Only lungs and suspected 
lung tumors were examined microscopically. Morphomet
ric analysis of parenchymal versus nonparenchymal com
ponents and of selected parenchymal subcomponents was 
performed using sections collected at 3, 6, and 12 months 
(Appendix B). 

The lung-associated (posterior parathymic and paratra
cheal) lymph nodes were removed, weighed, frozen, and 
retained for measurement of particle burdens. 

Serum from one female and one male rat from each 
experimental group was collected at each time point when 
a group of rats were killed and was submitted for inde
pendent serological surveillance for pathogens (Standard 
Level II Antibody Profile, Microbiological Associates, 
Rockville, MD). The surveillance included pneumonia vi
rus of mice, reovirus Type 3, Sendai, lymphocytic 
choriomeningitis virus, Kilham rat virus, Toolan H-1, rat 
coronavirus sialodocryoadenitis, Mycoplasma pulmonis, 
and cilia-associated respiratory bacillus. 

Bronchoalveolar lavage of the left lung was performed, 
and the lavagate was analyzed as described previously 
(Henderson et al. 1988). The bronchus of the left lung was 
cannulated, and the lung was lavaged using two washes of 
2.0 mL each for females and 2.5 mL each for males. The 
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recovered fluid was pooled, cells were removed by centrifu
gation, and both total and differential cell counts were 
performed. The supernatant was analyzed for cytoplasmic 
and lysosomal enzymes and for total protein. 

The amount of diesel exhaust soot or carbon black in the 
left lung was estimated using a light absorption method as 
described previously (Henderson et al. 1987). The tissues 
were homogenized in saline, and the extinction of light at 
620-nm wavelength by homogenates was compared with 
standard curves constructed from tissue samples spiked 
with particles. Total lung particle burdens were estimated 
using weights of the whole organs and of the portions 
analyzed. 

The analyses of particle lung burdens provided estimates 
based on light absorption of homogenates, rather than ab
solute values based on chemical analysis. The results are 
known to be influenced by the degree of dispersion of the 
particles, as well as their concentration, and may also be 
influenced by the absorbance characteristics of diseased 
lung tissue (Henderson et al. 1987). Although the results 
are approximations of the lung burdens, the method had 
provided values for rats chronically exposed to diesel ex
haust that were consistent with predicted accumulations, 
and had coefficients of variation (standard deviations di
vided by means) of 13% to 17% for lung burdens over a 
3D-fold range (Wolff et al. 1987). This degree ofintersubject 
variability is similar to those of other measures of particle 
lung burdens. Analysis of selected samples demonstrated 
that lavage before lung burden analysis removed less than 
5% of diesel exhaust soot or carbon black from lungs of 
chronically exposed rats. 

The amounts of diesel exhaust soot or carbon black in the 
lung-associated lymph nodes were measured by analysis of 
inorganic carbon. The nodes were digested with acid, the 
washed residue of inorganic carbon was converted to carb
on dioxide, and the carbon dioxide was quantified using an 
infrared spectrometer. The spectrometer was calibrated by 
constructing standard curves using lymph node tissue 
spiked with known amounts of diesel exhaust soot or carb
on black. 

The left lung homogenates were also used for DNA ex
traction for adduct analysis. The DNA was extracted using 
the Gupta modification (Gupta 1984) of the Marmur proce
dure (Marmur 1961). The DNA was coded and shipped 
frozen to collaborators. Collaborators were given the codes 
indicating the animal, gender, and experimental group after 
their initial results for the coded samples were received by 
the Principal Investigator. 

Chromosome Damage in Circulating Lymphocytes. The 
preliminary evaluation of chromosome alterations in circu
lating lymphocytes of exposed rats was conducted using 
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blood from rats killed after three months of exposure. The 
procedure was exploratory, and was to have been repeated 
at later times if results suggestive of a significant treatment 
effect were observed at three months. Because results at 
three months did not suggest that the approach was useful, 
the assay was not repeated. 

Blood was obtained from rats from the high diesel ex
haust, high carbon black, and control groups by cardiac 
puncture after they had been killed. White blood cells 
(primarily lymphocytes) were isolated by centrifugation 
and cultured as described by Klingerman and associates 
(1981). Three cultures were used to measure the frequency 
of sister chromatid exchanges. The blood was placed in 
RPMI-1640 medium (Gibco, Gaithersburg, MD) containing 
25 nM N-2~hydroxyethyl-piperazine-N-2-ethanesulfonic 
acid (HEPES) buffer, L-glutamine, and 10% heat-inacti
vated fetal bovine serum, and incubated at 37°C in 5 % 
carbon dioxide. Phytohemagglutinin was added to stimu
late cell division. After 24 hours, 10 JlM bromodeoxyurid
ine was added to label the dividing cells. Colchicine was 
added three hours before harvest to arrest the cells in 
metaphase. Cells were harvested at three six-hour inter
vals, beginning at 48 hours after the addition of phytohe
magglutinin, and examined by microscope to determine 
when they had undergone the second mitotic division. The 
methods for harvest and preparation of cells have been 
reported elsewhere (Wolff and Perry 1974). The frequency 
of sister chro'matid exchanges was determined microscopi
cally. 

The frequency of micronuclei was also measured to de
termine if the exposures had clastogenic effects. Blood was 
placed in two cultures and incubated as described above, 
but no bromodeoxyuridine or colchicine was added. Cyto

chalasin":B was added at 3 Jlg/mL to block cytokinesis and 

enable scoring of micronuclei. Cells were harvested after 
72 hours and 94 hours of incubation, and the frequency of 
micronuclei in binucleated cells was determined micro

scopically. 

DNA Adducts in Alveolar Type II Cells. The methods and 
results for this portion ofthe study were published in detail 
(Bond et al. 1990). Briefly, separate groups of five female 
and five male rats from each ofthe high diesel exhaust, high 
carbon black, and control groups of block A were killed after 
three months of exposure by intraperitoneal injection of 
sodium pentobarbital, the thorax was opened, and the lung 
vasculature was perfused with saline until white. The lung 
was removed, lavaged with saline, and incubated with 
protease. Lungs from one female and one male were 
pooled, resulting in five samples per group, and further 
incubated with enzymes in a shaking bath. 

Tissue and media were filtered through a 70-Jlm nylon 
mesh, the filtrate was centrifuged, and the resulting cell 
pellet was suspended in medium and layered onto a dis
continuous Perc oIl gradient (Sigma, St. Louis, MO) for 
further centrifugation. The cell fraction at the interface 
between the 35% and 42.5% Percoll layers was used for 
flow cytometric isolation of type II cells (FACSTAR Plus, 
Becton-Dickinson, Mountain View, CAl. Type II cells were 
separated at a purity greater than 80% by autofluorescence 
characteristics, as confirmed by microscopic evaluation. 
The type II cell population isolated from rats in this manner 
has been shown to include hyperplastic type II cells, but it 
is possible that a portion of the size distribution including 
extremely large type II cells might have been excluded. 
Type II cell DNA was isolated by the Gupta modification 
(Gupta 1984) ofthe Marmur procedure (Marmur 1961), and 
adduct levels were measured by 32P-postlabeling (Bond et 
al. 1988) using the nuclease PI procedure (Reddy and Ran
derath 1986). 

Clearance of Radiolabeled Carbon Black. A group of 
eight female and eight male rats from block B of each 
experimental group was exposed once by inhalation to 
carbon black radiolabeled with the gamma emitter 7Be after 
3 months and again after 18 months of chronic exposure to 
evaluate particle clearance. The [7Be]CB was prepared by 
Dr. Leonard Mausner, Brookhaven National Laboratory, 
using an accelerator-induced, proton spallation reaction 
(Mausner et al. 1984) to induce a tracer level of 7Be in 
carbon black; the carbon black used for this procedure came 
from the same stock used for chronic exposures. Different 
batches of [7Be]CB were prepared for the two exposures 
because 7Be has a physical half-life of 53 days. The (Be]CB 
was aerosolized as an aqueous suspension using a Lovelace 
nebulizer, and the rats were exposed through the nose only 
(Raabe et al. 1973) for four hours to achieve approximately 
8 nCi of initial lung activity (30 Jlg of mass). The rats were 
held in plastic cages with hardwood-chip bedding and feed 
and water provided ad libitum for three days after (Be]CB 
exposure to allow for early excretion of radioactivity, and 
were then returned to their chronic exposure chambers. 

The rats underwent whole-body counts of radioactivity 
to determine the amounts of 7Be present at 0, 4, 7, 13,28, 
35,42, 56, 73,84,98, 112, and 126 days after exposure to 
[7Be]CB, and the counting data were used to evaluate par
ticle clearance from the lungs. The counts on day 7 were 
used to represent the "initial lung burden" of (Be]CB. By 
day 7, radioactivity in the head, large airways, and gastro
intestinal tract was negligible due to early mucociliary 
clearance from the lung. The counting data were corrected 
for physical decay of radioactivity, and curves for each 
group were plotted as percentages of the day-7 counts. A 
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nonlinear regression analysis was used to fit two-compo
nent negative exponential functions to the clearance of 
radioactivity. 

Particle Sequestration. The translocation and sequestration 
of tracer particles were evaluated by histopathology and mor
phometry after 3 and 18 months of chronic exposure. At these 
two times, eight female and eight male rats selected randomly 
from block B of each of the five experimental groups were 
exposed once for four hours by nose-only inhalation to an 
aerosol containing a mixture of l-llm-diameter fluorescent 
latex microspheres (Polysciences, Warrington, PAl and 
[7Be]CB. The aerosol or latex particles were generated by 
nebulizing an aqueous suspension of 1.7 x 109 particles/mL, 
which was found in preliminary trials to produce an aerosol 
containing over 95% single particles. Exposure conditions 
were adjusted to deposit a predicted 108 latex particles in the 
lungs of each rat. The rats were simultaneously exposed to 
[7Be]CB generated as described above. The ratio of latex 
particles to [7Be]CB was used to estimate the initial lung 
burden oflatex particles by counting the radioactivity. The 
rats were held for three days after exposure in cages with 
plastic bedding and feed and water provided ad libitum to 
allow for early excretion of radioactivity, and then were 
returned to their chronic exposure chambers. 

Two females and two males from each group of 8 de
scribed above were anesthetized with sodium pentobarbital 
and killed by exsanguination at 1 (24 hours), 4,28, and 90 
(87 to 91) days after inhalation of the tracer particles. Rats 
killed at 28 and 90 days were withheld from chronic expo
sure during the night before they were killed to preclude 
the presence of recently deposited particles in the lung. 
These rats were injected with heparin, anesthetized with 
sodium pentobarbital, and killed by exsanguination. Their 
lungs were fixed in situ using an intravascular perfusion 
procedure adapted from Brain and coworkers (1984). 
Lungs and lung-associated lymph nodes were collected, the 
liquid displacement volume of the lung was measured after 
an additional 24 hours of fixation, and the tissues were 
stored in cold 10% neutral buffered formalin until further 
processing. 

The right diaphragmatic and left lung lobes were divided 
sagittally along the main axial airway, and the distal portion 
of the lobe was cut from each face of the divided lobe, 
resulting in two tissue blocks from each oftwo lobes per rat. 
These blocks were embedded in glycol methacrylate, and 
the temperature was kept at -1 DoC throughout processing to 
maintain polymerization and microsphere fluorescence. 
Sections 2 11m thick were cut from the blocks, stained with 
toluidine blue, coded, and randomized for evaluation. Two 
sections per rat, one from each lobe, were examined using 
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a lOx eyepiece and 40x objective on an epi-fluorescence 
microscope (Carl Zeiss, Oberkochen, Germany) with a blue 
excitation filter. 

Each of the two sections per rat were scanned, each 
fluorescent microsphere was counted, and its location was 
scored using the anatomical identifiers listed in detail in 
Appendix G. The groups were compared using data summa
rized into percentages of microspheres in three locations: 
single alveolar macrophages, aggregated macrophages, and 
other locations, because the primary interest was in examining 
movement of particles into macrophage aggregates. All 
macrophage aggregates in the alveolar region were considered 
a single category, whether lumenal or interstitial in location. 

Statistical Evaluations 

The criterion for statistical significance was set at p < 0.05 
for all analyses. 

Survival data were analyzed using the life table method, 
and the differences in survival patterns were tested using 
log rank tests (Kalbfleisch and Prentice 1980). 

The significances of group differences in body weight 
were analyzed using procedures standard in the toxicology 
data base software (Path-Tox, Xybion Medical Systems, 
Cedar Knolls, NJ), which included one-way analysis of 
variance and Dunnett's test of significance by group and 
gender at each measurement time. 

The significances of differences in lung weight and bron
choalveolar lavage parameters were analyzed by multiple 
pairwise comparisons done using BMDP software (BMDP7D; 
BMDP Statistical Software 1993). Because the Levene test for 
equality of variances (Levene 1960) demonstrated that group 
variances were often unequal, tvalues used to estimate signifi
cances of all group differences were derived using separate 
(rather than pooled) variances. The Bonferroni method was 
used to adjust t values for multiple contrasts. ' 

The influences of exposure material, exposure level, and 
gender on the development of nonneoplastic lung lesions 
were examined using a prevalence model. The severity 
score for each lesion except squamous cysts was converted 
to a binary variable indicating whether or not a selected 
score was achieved. The observation of a squamous cyst 
was already a binary variable. The binary variable was 
taken to represent the prevalence of the lesion at death. 
Because most of the lesions were not observed in control 
rats and the prevalences at the low exposure levels were 
always much higher than in control rats, differences from 
control prevalences were not tested. Rather, comparisons 
focused on differences due to exposure level, type of expo
sure, and gender: The model of prevalence was a logistic 
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regression model with the logit of the lesion prevalence 
being a linear function of time. The significances of the 
factors tested were judged by the reduction of the deviance 
caused by adding the factor as a function of time to the 
model. The p value was calculated for each factor based on 
the likelihood ratio test, which was the reduction of model 
deviance and the reduction of degrees of freedom compared 
with a chi-squared distribution (McCullagh and NeIder 
1983). 

The significances of group differences in the lung neo
plastic response to exposure were also examined using a 
logistic regression model of neoplastic prevalence at the 
times of death of the rats (McKnight and Crowley 1984). 
This model, which had been used previously at ITRI for 
evaluating carcinogenic responses to diesel exhaust 
(Mauderly et al. 1987b), was very simple, having a common 
intercept term for neoplastic prevalence at the start of 
exposure and terms for the increasing neoplastic preva
lences with time for each exposure group. Prevalence was 
the probability that a rat living at a given time had a lung 
neoplasm. Because the neoplasms did not appear to alter 
the risk of death, the times when the rats died or were killed 
or euthanized were regarded as providing random samples 
of times at which rats were examined for neoplasms (Dinse 
and Lagakos 1983). The significances of terms in the model 
were tested using likelihood ratio tests. These tests were 
similar to Hoel-Walburg tests (Hoel and Walburg 1972), 
except that prevalence was modeled as a continuous, rather 
than a discrete, function of time (Dinse and Lagakos 1983; 
Dinse 1985). 

The data for clearance of eBe]CB were plotted as percent
ages ofthe radioactivity measured at day 7 after inhalation. 
The significances of differences between curves for exposed 
and control groups were determined using repeated meas
ures analysis of variance (Jennrich and Schluchter 1986) 
and pairwise comparisons using the Bonferroni adjustment 
for multiple contrasts. Two-component negative exponen
tial functions were fit to counting data for each group using 
SAS software (SAS Institute, Cary, NC). The two compo
nents were forced to sum to 100% of the day-7 lung bur
dens, and slopes were constrained to being zero or negative. 
Values for the slope (half-time of clearance) and portion of 
the total curve represented by each of the two components 
resulted from the curve fits. 

The data for the anatomic locations of fluorescent micro
spheres were expressed as percentages of the total micro
spheres counted for each rat. Because of variability in the 
numbers of microspheres observed, no attempt was made 
to quantify the absolute numbers of microspheres by time 
and location. A few rats with less than five micro spheres 
were omitted from the analyses. Student t tests were used 

to compare percentages among groups. A method for ad
justing for multiple contrasts by Bootstrap resampling 
(Westfall and Young 1989) and SAS PROC MULTITEST 
(SAS 1992) was used rather than the Bonferroni adjustment, 
because of the large number of contrasts among highly 
correlated data. 

Quality Assurance 

This study was conducted under the spirit of Good Labo
ratory Practices, a designation indicating that quality assur
ance procedures designed to meet EPA and Federal Drug 
Administration Good Laboratory Practices standards were 
employed, but certain record-keeping procedures deviated 
slightly from strict compliance with the Good Laboratory 
Practices. This study was conducted under an approved 
protocol referencing approved standard operating proce
dures for the repetitive laboratory procedures. Changes in 
the protocol were allowed only by means of approved 
protocol amendments. A formal Quality Assurance Project 
Plan (Appendix C) was developed and approved before the 
study began, both by the ITRI approval process and by 
Health Effects Institute. The plan specified quality control 
checks of all data at generation, study inspections at ap
proximately three-month intervals by ITRI's Quality Assur
ance Unit for conformance to protocol and standard 
operating procedures, a 10% audit of all types of data at the 
end of the study, and an audit of the final report for confor
mance to the protocol. 

The data audits performed in preparation for the final 
report exceeded those prescribed in the Quality Assurance 
Project Plan. One hundred percent quality control checks 
were performed for lung and lymph node burdens of parti
cles, lung weights, survival, histopathology (including lung 
neoplasms), lung morphometry, and tumor transplant data. 
These audits consisted of an independent verification that 
all data contained in files used for summary computations 
and analyses were consistent with original entries, that the 
neoplasms and other lesions ascribed to exposure groups 
could be tracked to the correct individual rat, and that the 
sources of transplanted neoplasms were properly ascribed 
to individual rats and individual lesions within rats. 

The protocol was formally reviewed and approved by 
ITRI's Animal Research Committee, which included a 
nonemployee community member. Animals were main
tained and used according to the recommendations in the 
NIH publication, "Guide for the Care and Use of Laboratory 
Animals" (1985). Furthermore, ITRIhas an approved Public 
Health Service Animal Welfare Assurance (NIH Assurance 
No. 3083-01). The study was conducted in facilities fully 
accredited by the American Association for the Accredita-
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tion of Laboratory Animal Care, registered under the Ani
mal Welfare Act (Reg. No. 85-R003), and in full compliance 
with the Act's provisions. 

RESULTS 

GENERAL HEALTH OBSERVATIONS 

Survival 

The survival of the rats differed slightly, but signifi
cantly, among the exposure groups. Estimates of the sur
vival curves of each gender and exposure group after 400 

days of exposure are shown in Figure 2. The curves were 
generated using the Kaplan-Meier method (Kalbfleisch and 
Prentice 1980). The significances of differences in survival 
patterns were tested using the log-rank test (Harrington and 
Flemming 1982) and were found to be p < 0.026 for females 
and p < 0.001 for males. There was a consistent pattern of 
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Figure 2. Survival of female and male rats after 400 days of exposure. 
Curves were generated using the Kaplan-Meier method (Kalbfleisch and 
Prentice 1980). 
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shorter survival time among males than among females, but 
the relationships betwe'en survival and exposure were not 
consistent between females and males. The fractions of 
surviving female rats exposed to low carbon black, high 
carbon black, and high diesel exhaust were lower than those 
of the females in the control group after approximately 600 

days of exposure, but the difference was small. The frac
tions of surviving male rats exposed to low carbon black 
and high carbon black were consistently lower than those 
of the males in the control group after approximately 500 

days, and the survival of the male rats exposed to high 
diesel exhaust was reduced after approximately 600 days. 

Survival of the rats in the five exposure groups is ex
pressed quantitatively in Table 5 as the median survival 
time in days after initiation of exposure, with the first day 
of exposure counted as day 1. These median survival data 
can be transformed to days of age by adding 57 days, the 
mean age of the rats when exposures began. The median 
life span ofthe sham-exposed rats was 753 days of age (24.8 
months) for females and 696 days of age (22;9 months) for 
males. The percentages of rats alive at 23 months of expo
sure are also listed in Table 5. These values further illus
trate differences in survival late in the exposure period, and 
the reason we conducted the final interim killing at 23 

instead of 24 months. 

The high carbon black exposure significantly reduced the 
median life span of both female and male rats, although 
only by 3.0% and 6.3%, respectively. The survival of males 
was also significantly shortened (by 5.3%) by the low 
carbon black exposure. The high diesel exhaust exposure 
caused a small (2.6%), but significant, shortening of the 
median survival of females, and a slightly less (2.4%), and 
insignificant, shortening in males. At the median survival 
of 23 months, only 6% and 2% of the male rats exposed to 
low carbon black and high carbon black, respectively, were 
alive. 

Body Weight 

The body weights of both females and males were signifi
cantly affected by all treatments except the low diesel 
exhaust exposures. The body weights of females and males 
in all exposure groups are presented in Figure 3 as the mean 
weights of all living rats at each weighing time. The mean 
weights of both female and male rats exposed to high diesel 
exhaust were significantly lower than the respective mean 
values for control rats from exposure day 29 onward. Sig
nificant reductions in mean weights of the female and male 
rats exposed to high carbon black first occurred on days 309 

and 449, respectively. Significant reductions in mean 
weights of both t~e female and male rats exposed to low 
carbon black occurred on day 509. Although mean weights 
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Figure 3. Body weights offemale and male rats in the five exposure groups. 
Values represent means ± SE for gender-specific groups that varied from 139 
rats at the first weighing to 2 rats at the last. Arrows indicate the time at 
which the respective group mean value became significantly different from 
the control mean at p < 0.05. 

Table 5. Effects of Exposure on Survival 

Females 

Median Percent 

of female and male rats exposed to low diesel exhaust were 
significantly lower than those of the control group at one or 
more weighing times during the study, these differences 
were not persistent. Additional data on body weight are 
contained in Appendix D, which lists the mean weights of 
rats killed at scheduled intervals. 

The influence of exposure on body weight late in the 
study is more easily seen in Figure 4, in which the mean 
weights of the exposed groups at 673 days (appro~mately 
22 months) are expressed as percentages ofthe gender-spe
cific control mean values. This time was selected because 
of the diminished group sizes at later times (for example, 
fewer than 10 males were alive in the group exposed to high 
carbon black at later weighing times). Mean weight reduc
tions of 25% in females and 18% in males exposed to high 
diesel exhaust, occurred at that time, and reductions of 16% 
in females and 14% in males exposed to high carbon black. 
Mean reductions of 6 % in females and 9 % in males exposed 
to low carbon black, occurred, but the weights of .both 
female and male rats exposed to low diesel exhaust were 
only 2 % lower than those of the control group. 

ACCUMULATION OF PARTICLES IN LUNGS AND 
LYMPH NODES 

Lung Burdens of Particles 

The exposures caused progressive, dose-related accumu
lations of diesel exhaust soot and carbon black particles in 
the lungs, although the two materials accumulated at dif
ferent rates. The accumulation of particle lung burdens is 
illustrated in Figure 5, which shows the mean lung burdens 
of rats killed at intervals from 3 to 23 months. The figure 
shows that, as observed in a previous study (Mauderly et al. 
1987b), the accumulation of particles tended to accelerate 

Males 

Median Percent 
Survival Difference from Number Alive Survival Difference from Number Alive 

Exposure Group in Daysa Control Group at 23 Months in Daysa Control Group at 23 Months 

Control group 696 48 639 19 
Low carbon black 707 +1.6 55 605b -5.3 6 
High carbon black 675b -3.0 35 599b - 6.3 1 
Low diesel exhaust 687 -1.3 42 649 +1.6 20 
High diesel exhaust 678b 

-2.6 36 624 -2.4 8 

8 Exposures began at a mean of 57 (46 to 66) days of age; therefore, 57 days should be added to the values in these columns to obtain median life span values 
for the groups. 

b The survival curve is significantly (p < 0.05) different from the curve for rats in the control group. 
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in all groups after 12 months of exposure. After 23 months, 
mean lung burdens of the groups exposed to carbon black 
had reached 21.0 mg (low exposure) and 38.5 mg (high 
exposure), and the mean lung burdens of the groups ex
posed to diesel exhaust had reached 40.7 mg (low) and 85.4 
mg (high). Diesel exhaust soot accumulated more rapidly 
than carbon black, to a degree exceeding that predicted from 
differences in the size distributions of the two particles. 
The lung burdens of the groups exposed to low diesel 
exhaust and high carbon black were similar from 12 to 23 
months, although there was a 2.7-fold difference between 
the mean particle exposure concentrations (see Table 3). 
The lung burden data are presented in greater detail in 
Appendix D. 

The accu;mulation of lung burdens of particles per unit 
of lung weight is presented in Figure 6, in which the time 
course of particle accumulation is plotted per unit of lung 
-weight. These data are presented in greater detail in Appen-
dix D. Figure 6 illustrates that the relationship between 
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Figure 4. Impact of treatment on body weight late in the exposure period. 
The mean ± SE weights of the exposed rats are shown as percentages of the 
control mean values at 673 days after the first exposure. Asterisks (*) indicate 
significant (p < 0.05) differences from the control means. 
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Figure 5. The accumulation of lung burdens of particles is shown as the 
mean ± SE of the combined lung burdens of females and males killed after 
3, 6, 12, 18, or 23 months of exposure. 
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increasing lung burden and increasing lung weight was 
similar after 12 months for the two groups exposed to diesel 
exhaust and for the two groups exposed to carbon black, but 
the relationship differed between diesel exhaust and carbon 
black. After 23 months of exposure, the combined mean 
weight-normalized lung burden was 13.8 mg/g lung for the 
groups exposed to diesel exhaust, and 8.1 mg/g lung for the 
groups exposed to carbon black, a 1. 7-fold difference. This 
finding reflected the greater increase in lung weight per unit 
of particle dose, expressed as lung burden, for rats exposed 
to carbon black than for rats exposed to diesel exhaust (see 
section on lung weight below). The lung burdens are also 
presented in milligrams per gram of mean lung weight of 
the control group in Appendix D. When plotted against 
exposure time (not shown), the curves for these data ap
peared identical to those of the lung burdens in Figure 5. 
After 23 months of exposure, lung burdens normalized in 
this manner ranged from 13.2 mg/g of control lung weight 
for the group exposed to low carbon black, to 55.1 mg/g of 
control lung weight for the group exposed to high diesel 
exhaust. 

Lung-Associated Lymph Node Burdens of Particles 

The accumulation of particles in the lung-associated 
lymph nodes with time is illustrated in Figure 7, which 
shows the mean lymph node particle burdens when the rats 
were killed. More detailed data are contained in Appendix 
D. Particles accumulated progressively in the lymph nodes 
during exposure; however, the rate of accumulation was 
slowed after 18 months at the higher exposure levels of both 
diesel exhaust and carbon black. Unlike the lung burdens, 
the lymph node burdens of diesel exhaust soot and carbon 
black were similar at both exposure levels throughout the 
exposure. The combined (diesel exhaust and carbon black) 
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mean lymph node burdens at 23 months were 2.4 mg for the 
low-level exposures, and 3.2 mg for the high-level expo
sures, a 1.3-fold difference, compared with a 2.6-fold differ
ence in particle exposure concentrations. The 
accumulation of lung-associated lymph node burdens, 
therefore, was not closely proportional to the exposure 
concentrations. 

LUNG WEIGHT 

The lung weights of rats killed during the exposure are 
illustrated in Figure 8 as the mean weights of females and 
males combined. Lung-weight data are presented in greater 
detail in Appendix D. The lung weights of all groups 
increased in a nearly linear manner throughout the expo
sure, and lung weights of all exposed groups were signifi
cantly increased. Significant increases in lung weight above 
the control group mean value occurred at 6 months for both 
high exposure groups, at 18 months for the group exposed 
to low diesel exhaust, and' at 23 months for the group 
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Figure 8. The combined mean ± SE lung weights for females and males at 
each time rats were killed, 

exposed to low carbon black (only the variability prevented 
the mean for the group exposed to low carbon black from 
reaching significance at 18 months). 

The increase in lung weight above the growth-related 
increase of the control group was presumed to reflect the 
inflammatory, proliferative, and fibrotic lesions resulting 
from the exposures (described below) and the accumulation 
of particles in the lung. The accumulated mass of particles 
contributed a negligible fraction of the increase in weight; 
for example, the 85-mg lung burden of the group exposed 
to high diesel exhaust at 23 months was only 2% ofthe 4.3-g 
increase in lung weight above that of the control group. 

INFLAMMATORY RESPONSE 

Bronchoalveolar lavage was not planned in the original 
study design, but was added later. The inflammatory and 
cytotoxic responses in bronchoalveolar lavage fluid were 
first evaluated in rats killed after 12 months of exposure, 
and were also evaluated at 18 and 23 months. Data for the 
concentrations of white blood cells, selected cytoplasmic 
and lysosomal enzymes, and total protein in recovered 
lavage fluid at each measurement time are presented in 
detail in Appendix E. 

Inflammation and cytotoxicity were clearly evident at 12 
months (Figure 9). The concentration of white blood cells 
was elevated approximately three- to four-fold above the 
control value at 12 months in all exposed groups, but the 
increases were not closely correlated with either the expo
sure concentrations or lung burdens. Indeed, the per-unit 
value of either particle exposure concentration or lung 
burden was greater in both low-exposure groups than in the 
high-exposure groups (data not shown). Increases in both 
macrophages and neutrophils contributed to the increase in 
white cells. Although the higher exposure levels were 
associated with slightly higher increases in neutrophils in 
both diesel exhaust and carbon black groups, values for the 
groups exposed to high carbon black and low diesel exhaust 
were similar; this finding is parallel to the lung burdens at 
12 months (see Figure 5). 

The increases in the concentrations of the cytoplasmic 
enzyme lactate dehydrogenase, the lysosomal enzyme beta 
glucuronidase, and total protein were all roughly propor
tional to exposure concentration, and did not differ greatly 
between diesel exhaust and carbon black exposures. The 
interpretations of these changes in rats after chronic expo
sure to diesel exhaust have been discussed elsewhere (Hen
derson et al. 1985, 1988). Release oflactate dehydrogenase 
is associated with cytotoxicity, but the source cell type (or 
types) is not distinguished by this assay. Release of beta 
glucuronidase is associated with increased macrophage 
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Figure 9. The inflammatory response is illustrated by expressing the com
bined female and male means ± SE of concentrations of several constituents 
in fluid recovered by bronchoalveolar lavage of lungs removed after twelve 
months of exposure. Concentrations are expressed per milliliter of recovered 
fluid, and values for controls are shown as horizontal lines crossing the bars. 
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standard error lines would be indistinguishable from the mean lines; other 
variances for controls are standard errors. Asterisks indicate statistically 
significant differences from the control values. 
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activity, and perhaps macrophage death. Increases in total 
protein are commonly associated with inflammation and 
are indicative of increased transudation of serum proteins 
from capillaries to alveolar spaces. 

MORPHOLOGICAL RESPONSES 

The nonneoplastic and neoplastic morphological re
sponses to exposure are described and summarized in this 
section and in Appendix F. A complete listing of all rats 
examined for histopathology and the abnormalities ob
served for each rat is presented in Appendix H, and is 
available upon request from the Health Effects Institute. 

Nonneoplastic Lung Lesions 

The nonneoplastic lung lesions are described below first 
for each group of rats killed at scheduled intervals, and then 
for rats that died spontaneously or were euthanized in 
moribund condition. The incidence and severity of nine 
classifications of nonneoplastic lesions were scored using 
a semiquantitative scale, and the lungs ofrats killed at 3,6, 

and 12 months were also evaluated by morphometry, as 
described in Appendix B. The data resulting from these 
evaluations are presented in detail in Appendix F. 

Rats Killed at Three Months. Lesions related to exposures 
to carbon black or diesel exhaust consisted of alveolar 
macrophage hyperplasia, alveolar epithelial hyperplasia, 
and chronic-active inflammation (Appendix Table F.1). 
These lesions were absent in the control group. Alveolar 
macrophage hyperplasia was present in the lungs of all 
exposed rats. Increased numbers of enlarged macrophages 
containing particles were found scattered throughout the 
lungs. In the groups exposed to low carbon black (Figure 
lOA) and low diesel exhaust (Figure lOB), there was a 
minimal tendency toward localization of the macrophages 
in the centriacinar region. The centriacinus is located at 
the junction of the last conducting airway (the terminal 
bronchiole) and the alveolar region, where gas exchange 
occurs. This localization was more pronounced in both 
high exposure groups (Figures 10C and 10D), and particu
larly in the group exposed to high carbon black. The 
macrophages were predominantly located within the lu
mens of alveolar ducts and alveoli. A few particle-contain
ing macrophages were located in the interstitium of the 
centriacinus, particularly in the group exposed to high 
carbon black. The severity of the macrophage hyperplasia 
increased with exposure concentration. The severity was 
similar .for each exposure concentration of carbon black and 
diesel exhaust. 

Alveolar epithelial hyperplasia consisted of an increased 
number of hypertrophic alveolar epithelial cells lining al-
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veolar septa. This lesion was most often located with the 
alveolar macrophage hyperplasia. There was a slight in
crease in the incidence and severity of this lesion with 
exposure concentration, and the response to carbon black 
was slightly greater than that to diesel exhaust. 

Chronic-active inflammation was seen in one rat exposed 
to high diesel exhaust. This was characterized by the 
presence of focal aggregates of lumenal or interstitial neu
trophils in addition to alveolar macrophage hyperplasia, 
and by evidence of cell injury in the form of degenerate 
inflammatory cells or cell debris. A mononuclear or mixed 
inflammatory cell infiltrate sometimes thickened the inter
stitium in foci of chronic-active inflammation. 

Figure 10. Photomicrographs illustrating the distribution of macrophage 
hyperplasia in the lungs of rats exposed to carbon black or diesel exhaust 
for three months. Each panel shows the distal portion of a terminal bronchi
ole, the first alveolar duct, and peripheral alveoli. In rats exposed (A) to low 
carbon black and (B) to low diesel exhaust, macrophages were scattered and 
were minimally localized in the alveoli that are immediately adjacent to 
alveolar ducts. In rats exposed to (C) high carbon black and (D) to high diesel 
exhaust, the macrophages were predominately localized in the alveolar 
out-pocketings of alveolar ducts and in the immediately adjacent alveolar 
ducts. Magnification = x 121. 

Morphometry at three months demonstrated that the 
portion ofthe lung volume occupied by single macro phages 
in the alveolar lumen was increased in a dose-related man
ner in all exposed groups (Appendix Table F.2). These 
increases paralleled the histopathologic observation of al
veolar macrophage hyperplasia. However, the his
topathologic diagnosis of hyperplasia referred to an 
increased number of single or aggregated macrophages, 
while the increased volume fraction could have been due 
to an increase in either the number or volume (size) of 
macrophages. Morphometry confirmed that mbst of the 
increase in macrophage volume was in the" form of single 
macrophages at three months. 

There were slight increases in the volume fractions ofthe 
lung occupied by aggregated macrophages and macro
phage-associated fibrosis in the group exposed to high 
carbon black. These increases correlated with the his
topathologic observations of macrophage localization and 
particle-containing macrophages in the interstitium in the 
group exposed to high carbon black. Macrophage localiza
tion is not synonymous with macrophage aggregation, but 
as macro phages become localized they are more apt to be 
aggregated. Similarly, interstitialization of macro phages is 
not synonymous with macrophage-associated fibrosis, but 
the interstitialization can cause a thickening of the alveolar 
septum, which could be counted as macrophage-associated 
fibrosis during the point-counting procedure used for mor
phometry. 

Rats Killed at Six Months. Histopathologic lesions related 
to exposure consisted of alveolar macrophage hyperplasia, 
alveolar epithelial hyperplasia, chronic-active inflamma
tion, septal fibrosis, and alveolar proteinosis (Appendix 
Table F.3). None of these lesions were observed in control 
rats. The alveolar macrophage hyperplasia and the alveolar 
epithelial hyperplasia occurred in all exposed rats. The 
severities of these lesions were similar in rats exposed to 
diesel exhaust and carbon black, and increased similarly 
with concentration. In both low-exposure groups, macro
phages were restricted to the immediate centriacinar re
gion, and only a few, scattered macrophages were located 
in more peripheral alveoli. In both high-exposure groups, 
the macrophages were predominantly located in the cen
triacinus, but the zone of involvement was enlarged and 
included more of the alveoli adjacent to the centriacinus. 
In all groups, the macrophages were predominantly intralu
minal. Interstitial macrophages containing particles were 
present but uncommon. The alveolar epithelial hyper
plasia (characterized by foci of hypertrophic, hyperplastic, 
alveolar epithelial cells forming a cuboidal lining of the 
septa) was predominantly found in alveoli containing nu
merous particle-containing macrophages (Figure 11). 
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Chronic-active inflammation was found in one rat ex
posed to low carbon black and in one rat exposed to high 
diesel exhaust. Septal fibrosis consisted of interstitial fi
brosis that predominately affected alveolar septa in foci 
where macrophages were aggregated in the lumen or inter
stitium and where there was concomitant alveolar epi
thelial hyperplasia. This lesion was present in two rats 
each from the high-exposure groups. Alveolar proteinosis 
was characterized by an accumulation of eosinophilic, 
granular or refractile, homogeneous, acellular material in 
the alveoli. Soot particles were present within this mate
rial. This lesion was present in one rat exposed to high 
diesel exhaust. 

Morphometric data for rats killed at six months are sum
marized in Appendix Table F .4. The volume fraction of the 
lung occupied by single macrophages in the alveolar lumen 
was incr~ased in a dose-related manner in all exposed 
groups, paralleling the histological macrophage hyper
plasia. The volume fractions ofthe lung occupied by aggre
gated macrophages and macrophage-associated fibrosis 
were increased in the rats exposed to carbon black, but little 
increase was seen in rats exposed to diesel exhaust. In 
contrast, the histopathological observations discussed 
above suggested that the aggregation of macro phages and 
macrophage-associated fibrosis would be more similar in 
rats exposed to carbon black and diesel exhaust, but this 
may have reflected the difficulty in measuring a change in 
such a small compartment of the total lung volume by 
morphometric sampling techniques. The volume fraction 
of macrophages in terminal bronchioles was also increased 

Figure 11. Photomicrograph illustrating alveolar epithelial hyperplasia in 
a rat exposed to low carbon black for six months. Hypertrophic, hyperplas
tic epithelial cells line alveoli that contain numerous macro phages that 
contain particles. Note that the alveoli that do not contain macrophages do 
not contain hypertrophic and hyperplastic epithelium. Magnification = x 
368. 
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in the group exposed to high carbon black, with only a 
suggestion of ali increase in the group exposed to high 
diesel exhaust. 

Rats Killed at Twelve Months. Exposure-related his
topathological lesions consisted of alveolar macrophage 
hyperplasia, alveolar epithelial hyperplasia, chronic-active 
inflammation, septal fibrosis, alveolar proteinosis, and 
bronchiolar-alveolar metaplasia (Appendix Table F.5). No 
lesions were present in the control group. Alveolar macro
phage hyperplasia and alveolar epithelial hyperplasia were 
present in all exposed rats. The severity of these lesions 
increased with exposure concentration, and were similar 
for rats exposed to carbon black and diesel exhaust. How
ever, the severity of alveolar macrophage hyperplasia was 
slightly greater in the group exposed to high diesel exhaust 
than in the group exposed to high carbon black. 

Chronic-active inflammation was present in one rat each 
from both groups exposed to carbon black, in two rats from 
the group exposed to low diesel exhaust, and in all rats from 
the group exposed to high diesel exhaust (Figure 12A). The 
severity of the chronic-active inflammation was higher for 
the group exposed to high diesel exhaust than the other 
groups. Cholesterol clefts, by-products of necrosis, were 
components of the lesion scored as chronic-active inflam
mation. Septal fibrosis was present in two rats each from 
the low-exposure groups, in four rats from the group ex
posed to high carbon black, and in three rats from the group 
exposed to high diesel exhaust. Alveolar proteinosis (Fig
ure 12B) was present in all rats from high-exposure groups, 
in one rat exposed to low carbon black, and in two rats 
exposed to low diesel exhaust. The severity of the protei
nosis was greater in the group exposed to high diesel 
exhaust than in the group exposed to high carbon black. 
The term bronchiolar-alveolar metaplasia was used to de
scribe the presence of columnar, ciliated cells lining the 
alveolar ducts and adjacent alveoli; this lesion is sometimes 
called alveolar bronchiolization. This lesion was present 
in two rats exposed to high carbon black and three rats 
exposed to high diesel exhaust. 

The histological characteristics of the macrophage hyper
plasia, alveolar epithelial hyperplasia, and septal fibrosis 
were generally similar to those described for rats killed at 
six months, except that the extent of the lesions was in
creased for each group so that a larger zone around the 
centriacinus was involved, and the lesions were focally 
more severe in the centriacinus. The number and size of 
interstitial macrophages and macrophage aggregates had 
markedly increased compared with earlier times. For each 
exposure concentration, the zone of macrophage hyper
plasia with aggregation of macrophages was greater for the 
groups exposed to' diesel exhaust than for the groups ex-
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Figure 12. Photomicrographs illustrating exposure-related lesions in rats 
exposed to high diesel exhaust for twelve months. A: Chronic-active inflam
mation with neutrophils and cholesterol clefts (cleft-like empty spaces with 
pointed ends). Magnification = x 368. This photomicrograph also shows 
numerous soot-containing macrophages, alveolar epithelial hyperplasia, and 
a minimal increase in collagen in the alveolar septa. B: Alveolar proteinosis. 
Magnification = x 368. The homogeneous, acellular material (proteinosis) is 
located in the alveolar lumens. Diesel exhaust soot is found within this 
material. Note the typical lack ofinflammation, alveolar macrophage hyper
plasia, and septal fibrosis in association with this lesion. C: Distribution of 
the exposure-related lesions. Magnification = x 59. Although the lesions are 
more concentrated in the centriacinar region (center of the photomicro
graph), alveoli peripheral to this region are also affected. Soot-containing 
macrophages, soot mixed with proteinosis, and debris are found in the 
peripheral alveoli. Note the progression from earlier changes in rats exposed 
to high diesel exhaust as illustrated in Figure lOD. 

posed to carbon black. The increased zone of involvement 
was particularly evident in the group exposed to ,high diesel 
exhaust (Figure 12C). 

Morphometric data obtained at 12 months are summa
rized in Appendix Table F.6. The volume fractions of the 
lung occupied by single macro phages in the alveolar lu
mens were increased in a dose-related manner in all ex
posed groups, and a significantly greater increase was 
found in the group exposed to high diesel exhaust than in 
the group exposed to high carbon black (Figure 13). The 
volume fractions of the lung occupied by aggregated macro
phages and by macrophage-associated fibrosis were in
creased in a dose-related manner in all exposed groups, but 
values for the groups exposed to carbon black and diesel 
exhaust were similar at each exposure level. 

Rats Killed at Eighteen Months. The same categories of 
histopathological lesions seen after 12 months of exposure 
were present at 18 months of exposure (Appendix Table 
F; 7), and none of these lesions were seen in the control 
group. Alveolar macrophage hyperplasia, alveolar epi
thelial hyperplasia, and septal fibrosis were present in all 
exposed rats. The severity of alveolar macrophage hyper
plasia was the same for both high-exposure groups and the 
group exposed to low diesel exhaust, but was slightly less 
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Figure 13. The fractions of the lungs occupied by single alveolar macro
phages in lungs of rats examined morphometric ally are expressed as mean 
± SE percentages of lung volume. Values for the groups exposed to high 
diesel exhaust and high carbon black were significantly different from those 
of the control group at twelve months. Methods are given in Appendix B. 
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for the group exposed to low carbon black. There was a 
slight trend for the severity of alveolar epithelial hyper
plasia to increase with dose and for diesel exhaust exposure 
to cause a greater increase than carbon black exposure. 
Overall, there was little difference among groups. The 
severity of septal fibrosis was mild in all rats from low-ex
posure groups, and it was moderate in all rats exposed to 
high diesel exhaust. It varied between mild and moderate 
for rats exposed to high carbon black. 

Chronic-active inflammation and bronchiolar-alveolar 
metaplasia (Figure 14) were present in most exposed rats, 
and the severity increased slightly with exposure concen
tration. Alveolar proteinosis was present in the lungs of rats 
in most high-exposure groups, but not the low-exposure 
groups. The severity of alveolar proteinosis increased with 
exposure concentration and was greater for the groups 
exposed to high diesel exhaust than the group exposed to 
high carbon black. 

The main progression from the lesions at 12 months were 
increased incidences and severities of septal fibrosis and 
bronchiolar-alveolar metaplasia, and, in the low-exposure 
groups, chronic-active inflammation. Concomitant with 
the increase in septal fibrosis was an increase in the inter
stitial aggregation of macro phages containing particles (Fig
ure 15). There was also an increase in the amount of carbon 
black or diesel exhaust soot that was associated with alveo
lar proteinosis or debris. Most of the debris appeared to be 
the remains of macrophages. The proportion of alveolar 
space that contained carbon black or diesel exhaust soot 
that was not within viable macrophages was greater for the 
group exposed to high diesel exhaust than for the group 
exposed to high carbon black. 

Figure 14. Photomicrograph illustrating bronchiolar-alveolar metaplasia 
in a rat exposed to high carbon black for eighteen months. Tall, columnar, 
ciliated cells line the alveoli. Magnification = x 368. 
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In some animals, particularly in the high-exposure 
groups, there were foci where the epithelial hyperplasia 
differed in character from that seen earlier. In some foci, 
the amount of alveolar epithelial hyperplasia was greater 
than expected relative to the amount of macrophage hyper
plasia and septal fibrosis. In these foci, the alveolar epi
thelial hyperplasia seemed to occur almost independently 
from these lesions. Also, in some foci, whether or not 
macrophage hyperplasia and fibrosis occurred, there were 
papillary projections of hyperplastic epithelium, or there 
was a multilayering of hyperplastic epithelial cells. 

Rats Killed at Twenty-Three Months. Histopathological 
lung lesions associated with carbon black or diesel exhaust 
exposure in rats killed at 23 months included those seen 
previously, and included three additional lesions: focal 
fibrosis, squamous metaplasia, and squamous cysts (Ap
pendix Table F.8). None of these lesions were present in 
the control group. Alveolar macrophage hyperplasia, al-

Figure 15. Photomicrographs illustrating septal fibrosis and interstitial 
aggregation of macrophages in a rat exposed to low carbon black for 
eighteen months. A: The extent of the septal fibrosis. Note that although 
the septa are thickened due to the fibrosis, the parenchymal architecture is 
not obliterated. Magnification = x 59. B: The lesion shown in panel A 
magnified to show the incorporation of particle-containing macrophages. 
Magnification = x 184. 
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veolar epithelial hyperplasia, and septal fibrosis were pre
sent in all exposed rats. Although the severity of the lesions 
increased slightly with dose, the severity scores were simi
lar for all exposed groups. Chronic-active inflammation, 
alveolar proteinosis, and bronchiolar-alveolar metaplasia 
were present in the majority of exposed rats, and the sever
ity of the lesions increased with exposure concentration. 
The severity of the alveolar proteinosis was greater in the 
group exposed to high diesel exhaust than in the group 
exposed to high carbon black; and the severities were simi-
1ar in the groups exposed to high carbon black and low 
diesel exhaust. 

Focal fibrosis was a well-circumscribed, nodular focus of 
fibrosis that obliterated the pulmonary architecture (Figure 
16A). The center of the lesion was usually composed of 
dense collagen bundles and a few, small alveolar structures 
lined by cuboidal epithelium (Figure 16B). A thick rim of 
hyperplastic, sometimes papillary, epithelium often sur
rounded the periphery ofthe scirrhous nodule. This lesion 
was present in four rats from both high-exposure groups 
and in one rat exposed to low diesel exhaust. Squamous 
metaplasia of the alveolar epithelium was seen in one rat 
exposed to high diesel exhaust. 

Squamous cysts were seen in two rats exposed to high 
carbon black and in one rat from each of the diesel exhaust 
groups. The term squamous cyst was used to denote a cyst 
lined by well-differentiated, stratified squamous epithe
lium with a qmtral keratin accumulation (Figure 17 A). The 
lesion was sharply demarcated (Figure 17B), except in those 
areas in which there was extension into adjacent alveoli 
(Figure 17C). The squamous epithelium had few mitotic 
figures, and dysplasia was absent. Growth of the lesion 
appeared to occur by keratin accumulation and by periph
eral extension into the alveolar spaces. 

For both exposure concentrations, the carbon black par
ticles, whether in macrophages or outside cells, tended to 
be localized more to the centriacinar region than diesel 
exhaust soot, leaving correspondingly more particle-free 
alveoli in rats exposed to carbon black than in rats exposed 
to diesel exhaust. 

Rats Killed Six Weeks After the End of Exposure. The 
same constellation of histopathological lesions observed at 
23 months was present in exposed rats that were killed after 
the end of exposure (Appendix Table F.9). A few control 
rats also had lung lesions at that time, the most common of 
which was alveolar epithelial hyperplasia, which occurred 
in 4 of 34 animals. 

Alveolar macrophage hyperplasia, alveolar epithelial hy
perplasia, chronic-active inflammation, septal fibrosis, al
veolar proteinosis, and bronchiolar-alveolar metaplasia 
occurred in all rats from high-exposure groups, and in most 

rats from low-exposure groups. Chronic-active inflamma
tion occurred in 72 % of the rats exposed to low carbon 
black, and 76% of the rats exposed to low diesel exhaust. 
Alveolar proteinosis occurred in 56% of the rats exposed to 
low carbon black, and 80% ofthe rats exposed to low diesel 
exhaust. Bronchiolar-alveolar metaplasia occurred in 94% 
ofthe rats exposed to low carbon black, and 92% of the rats 
exposed to low diesel exhaust. These lesions were similar 
in groups exposed to carbon black and diesel exhaust and 
were increased only slightly at the higher exposure levels. 
The exceptions were alveolar proteinosis and bronchiolar
alveolar metaplasia, which differed clearly between the low 
and high exposures. Focal fibrosis, alveolar squamous 
metaplasia, and squamous cysts occurred in a minority of 
the rats exposed to low carbon black, high carbon black, and 
low diesel exhaust, but focal fibrosis occurred in 54 % of the 
rats exposed to high diesel exhaust. The incidences of 
squamous metaplasia were dose-related, and the inci-

Figure 16. Photomicrographs illustrating focal fibrosis in a rat exposed to 
high carbon black for twenty-three months. A: The obliteration of the 
pulmonary architecture. Magnification = x 29. B: The collagen surrounding 
small spaces, which are the remnants of alveoli. Numerous particle-contain
ing macrophages are found within this lesion. Magnification = x 184. 

25 



Diesel Exhaust and Carbon Black: Neoplastic and Nonneoplastic Lung Lesions 

Figure 17. Photomicrographs illustrating a squamous cyst in a rat exposed 
to high carbon black when rats were killed at the end of exposure. A: This 
space-occupying lesion can be seen to compress the surrounding pulmonary 
parenchyma. The center of the squamous cyst is filled with keratin, a small 
amount of necrotic debris, and carbon black. Magnification = x 24. B: The 
typical structure of the edge of a keratin cyst where it borders the pleura or 
an area of fibrosis. In these areas, the cyst is sharply demarcated from the 
underlying fibrous tissue. The stratified squamous epithelium shows an 
orderly differentiation and keratinization. Magnification = x 184. C: An area 
where the cyst wall is complex and not as flattened as the wall in panel B. 
Squamous metaplasia extends into the adjacent alveoli. There is still an 
orderly differentiation and keratinization of the epithelium. Magnification = 
x 147. 
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dences of squamous cysts were higher in the groups ex
posed to carbon black than in the groups exposed to diesel 
exhaust. 

The morphologic characteristics of most exposure-re
lated lesions did not differ between the rats killed at 23 

months and those killed after the end of exposure, and the 
incidences and severities of alveolar macrophage hyper
plasia, alveolar epithelial hyperplasia, chronic-active in
flammation, and septal fibrosis were similar to those in rats 
killed at 23 months. A progression noted in several lung 
sections from the rats killed after the end of exposure was 
alveoli in the ventral (dependent) portions of the lung that 
were filled with carbon black particles or diesel exhaust 
soot, debris, proteinosis, and lesser numbers of macro
phages and inflammatory cells (Figure 18). This filling of 
alveoli had been present in small foci earlier, but was much 
more severe at this time. The severity of alveolar protei
nosis and bronchiolar-alveolar metaplasia, and the inci
dence of squamous metaplasia, had increased in all 
exposure groups compared with those at 23 months. The 
incidence of focal fibrosis had also increased in the low-ex
posure groups, and the incidence of squamous cysts had 
increased in the group exposed to low carbon black. 

Rats That Died or Were Euthanized. Lung lesions in rats 
that died or were euthanized in moribund condition had 
the same characteristics, and their incidences and severities 
bore the same relations to exposure and exposure time as 
lesions in rats that were killed. In Appendix Tables F.1D 

Figure 18. Photomicrograph illustrating exposure-related lesions in the 
ventral portion of a lung lobe from a rat exposed to high carbon black when 
rats were killed at the end of exposure. A terminal bronchiole and the first 
alveolar ducts are evident as spaces. Most of the parenchymal architecture 
is obscured due to the filling of alveoli with particles, debris, proteinosis, 
macrophages, and inflammatory cells. In the center of the micrograph, there 
is an area of bronchiolar-alveolar metaplasia and marked alveolar epithelial 
hyperplasia, but these alterations are difficult to discern at this low magnifi
cation and with the fillillg of the airspaces. Magnification = x 59. 
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through F.15, the lesions are tabulated for three time inter
vals: less than 12 months, 12 to 18 months, and from 18 
months to the final killing. 

Statistical Significance of Trends in Nonneoplastic Le
sions. The statistical significances of trends in the preva
lence of nonneoplastic lesions were examined by gender 
and exposure. The data from the rats that were killed were 
combined with those from rats that died or were euthan
ized. The prevalence of each lesion was defined at a par
ticular severity score, which was selected to show best the 
progression from a low prevalence at early death times to a 
higher prevalence at later death times .. It was assumed that 
the prevalences of lesions changed as linear functions of 
exposure time on a logistic scale, and that the factors used 
in the regression model altered the slopes of the functions. 
The progression in prevalence of three nonneoplastic le
sions, alveolar proteinosis, alveolar epithelial hyperplasia, 
and squamous cysts, is illustrated in Figure 19. 

The prevalence of macrophage hyperplasia was exam
ined at a severity score of three or higher because most of 
the animals had severity scores of one or two at the early 
times. We found that the prevalence was higher for rats 
exposed to diesel exhaust than for those exposed to carbon 

black (p < 0.001), and higher for females than for males (p < 
0.001). The gender difference was smaller than the expo
sure difference, and only became significant for ,severity 
scores of three or larger. 

The prevalence of alveolar epithelial hyperplasia was 
also examined at a severity score of three or higher. A 

higher prevalence (p < 0.001) was found for rats exposed to 
diesel exhaust than for rats exposed to carbon black (Figure 
19). The prevalence was higher for females than for males, 
but the difference was small and of marginal statistical 

significance (p = 0.035). 

A severity score of one or higher was used to examine the 
prevalence of chronic-active inflammation because this 
lesion occurred gradually throughout the exposure. The 
prevalence was higher for rats exposed to diesel exhaust 
than for rats exposed to carbon black (p < 0.001) and higher 
for females than for males (p < 0.001). 

A severity score of two or higher was used to examine the 
prevalence of septal fibrosis. The rats exposed to diesel 
exhaust had a significantly higher prevalence than rats 

exposed to carbon black (p < 0.001). There was no signifi
cant gender difference in the prevalence of septal fibrosis 

(p = 0.15). 

A severity score of one or higher was used to examine the 
prevalence of alveolar proteinosis. Prevalences were 
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Figure 19. The prevalences ofthree nonneoplastic lesions observed in rats 
that died, or were killed or euthanized. The data plotted are derived from 
incidence and severity data summarized in Appendix Tables F.ID through 
F.1S. The prevalences shown are for severity scores of one or higher for 
alveolar proteinosis, and three or higher for alveolar epithelial hyperplasia 
and for all squamous cysts. F2D= female, M20= male. 
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higher for rats exposed to diesel exhaust than for rats 
exposed to carbon black, and the prevalence was higher for 
females than for males (both p < 0.001) (Figure 19). 

A severity score of one or higher was used to examine the 
prevalence of bronchiolar alveolar metaplasia. The preva
lence was higher for rats exposed to diesel exhaust than for 
rats exposed to carbon black, and higher for females than 
for males (both p < 0.001). 

A severity score of one or higher was used to examine the 
prevalence of focal fibrosis. Neither the difference due to 
exposure (p = 0.45) nor that due to gender (p = 0.08) was 
significant. 

A severity score of one or higher was used to examine the 
prevalence of alveolar squamous metaplasia. There was no 
significant difference due to exposure (p = 0.49), but fe
males had a marginally significantly higher prevalence than 
males (p = 0.012). 

The prevalence of squamous cysts was evaluated sepa
rately because these were discrete lesions that were not 
given a severity score; however, the same methods were 
used for statistical evaluation of the prevalence of 
squamous cysts that were used for the other nonneoplastic 
lesions. No squamous cysts were observed in any group 
before 18 months (Figure 19). There were no significant 
differences in the prevalence of squamous cysts due to 
either exposure (p = 0.14) or gender (p = 0.47). The preva
lence of squamous cysts was significantly higher at the high 
levels of exposure than at the low levels of exposure (p < 
0.001). 

Neoplastic Lung Lesions 

In considering the lung neoplasm results, one must rec
ognize that the data resulted from a sampling procedure that 
almost certainly underestimated the actual number of neo
plasms present. Although all gross lesions suspected of 
being neoplasms were examined, many of the neoplasms 
were not visible on gross examination and were discovered 
only during histopathological evaluations. Because the 
lungs were not serially step-sectioned and examined in 
their entirety, the results presented below can only be 
considered a statistical sampling of the occurrence of neo
plasms. The comparisons among exposure groups were 
considered valid on the basis that the same sampling pro
cedure was used for all groups, but the comparisons are 
relative, rather than absolute. 

The primary lung neoplasms were classified as ade
nomas, adenocarcinomas, squamous cell carcinomas (Fig
ure 20A), adenosquamous carcinomas, and one malignant 
neoplasm not otherwise specified. The adenomas were 
subclassified into two morphologic patterns: alveolar and 
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papillary. The adenocarcinomas were subclassified into 
four morphologic patterns: alveolar, papillary, tubular, and 
solid. Adenomas or adenocarcinomas that exhibited more 
than one morphologic pattern were categorized according 
to the predominant pattern. Two of the squamous cell 
carcinomas arose from the epithelium of squamous cysts, 

Figure 20. Photomicrographs illustrating neoplasms in rats exposed to high 
diesel exhaust when rats were killed at the end of exposure. A: A nonkerat
inizing squamous cell carcinoma. Note that the polyhedral squamous cells 
have anaplastic nuclei and that they do not show an orderly differentiation, 
in contrast to the squamous cyst shown in Figure 18. B: A papillary adenoma 
with a single layer of uniform, small, epithelial cells lining the septa. C: A 
papillary adenocarcinoma with multiple, disorderly layers of epithelial cells 
lining the septa. Features of anaplasia include the large size and hyperchro
masia of the nuclei, the variable size and shape of the nuclei, and the frequent 
mitotic figures. All magnifications = x 368. 
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and these were subclassified as squamous cell carcinomas 
arising from squamous cysts. Adenosquamous carcinomas 
were neoplasms that showed morphologic patterns of both 
squamous cell carcinoma and adenocarcinoma. The pri
mary lung neoplasm classified as a "malignant neoplasm 
not otherwise specified" had both a mesenchymal (spindle 
cell and stromal) component and an epithelial component. 

All of the primary lung neoplasms appeared to arise from 
the parenchyma; none appeared to arise from the conduct
ing airways. Some of the smaller adenomas could be seen 
to arise from the parenchyma adjacent to the alveolar ducts, 
the area where alveolar epithelial hyperplasia was most 
commonly located. The key features differentiating the 
adenomas from foci of hyperplasia were that adenomas 
exhibited uniform, regular cells causing distortion of the 
alveolar architecture, a unitized structure forming a dis
crete mass, and an expansive growth that sometimes caused 
compression of the surrounding lung. The adenocarci
nomas were differentiated from adenomas by their cellular 
anaplasia (Figure 20B and 20e), their invasion, in some 
cases, of lymphatics, blood vessels, or bronchial walls, and 
their metastasis to regional lymph nodes. 

There was evidence that the pathogenesis of adenomas 
and adenocarcinomas formed a continuum that began with 
alveolar epithelial hyperplasia. In some cases, the ade
nomas and adenocarcinomas were surrounded by epi
thelial hyperplasia. Several adenocarcinomas appeared to 
arise within adenomas, and the morphological features of 
the neoplasms suggested that they arose from the alveolar 
epithelium. However, a progression from squamous meta
plasia to a benign squamous neoplasm to a squamous cell 
carcinoma was not clearly evident. The location of the 
squamous cell carcinomas and the observation of squamous 
metaplasia in the alveolar region suggested that the 
squamous cell carcinomas arose from alveolar epithelium, 
but a benign squamous neoplasia linking metaplasia and 
carcinoma was not evident. 

The occurrence of the different types of lung neoplasms 
is summarized in Table 6, which lists the total number of 
rats examined for neoplasms, the number of each type of 
neoplasm observed, and the number of rats having each 
type of neoplasm by gender and exposure group. A total of 
114 to 118 rats of each gender from each exposure group 
was examined by gross necropsy and microscopic evalu
ation of the lungs. No neoplasm type or morphology was 
distinctive for carbon black or diesel exhaust exposure. 
Adenomas, adenocarcinomas, and squamous cell carcino
mas occurred in all exposure groups, except that there were 
no squamous cell carcinomas in rats exposed to low carbon 
black. Of the three adenosquamous carcinomas, two oc
curred in rat~ exposed to high carbon black and one oc
curred in a rat exposed to high diesel exhaust. The 
preponderance of neoplasms were adenomas and adenocar-

cinomas, which occurred more often in females than in 
male~. This gender difference was most striking at the 
higher levels of exposure to diesel exhaust and carbon 
black. In contrast, more squamous cell carcinomas oc
curred in males than in females. 

Three rats from the control group had primary lung 
neoplasms, with each rat having an adenoma, an adenocar
cinoma, or a squamous cell carcinoma. Both the alveolar 
and papillary patterns of adenomas and adenocarcinomas 
were seen in rats exposed to both levels of carbon black and 
diesel exhaust. The two less common patterns of adenocar
cinomas, tubular and solid, were observed in rats exposed 
to both levels of carbon black and diesel exhaust, except 
there were no tubular adenocarcinomas in rats exposed to 
low carbon black and no solid adenocarcinomas in rats 
exposed to low diesel exhaust. 

Only single lung neoplasms were observed in rats in the 
control group, but the data in Table 6 demonstrate that 
multiple neoplasms were observed in numerous rats in the 
exposed groups. A total of 141 neoplasms, 56 benig:Q. and 
85 malignant, were observed in a total of 96 rats bearing 
neoplasms. The multiplicity of neoplasms is summarized 
more succinctly in Table 7, which lists the numbers of 
neoplasm-bearing rats having one, two, or three or more 
neoplasms, and the percentages of neoplasm-bearing rats 
having different numbers of neoplasms. Multiplicity of 
neoplasms was related to dose, and slightly more prevalent 
among the groups exposed to diesel exhaust than among the 
groups exposed to carbon black. One neoplasm-bearing rat 
exposed to low carbon black had both a malignant and a 
benign neoplasm; the rest had single neoplasms. One neo
plasm-bearing rat exposed to low diesel exhaust had two 
benign and one malignant neoplasms. Drily approximately 
69% of neoplasm-bearing rats exposed to high carbon black 
and 55% of the neoplasm-bearing rats exposed to high 
diesel exhaust had single lung neoplasms; approximately 
13% and 18%, respectively, had three or more neoplasms. 
The percentage of neoplasm-bearing rats exposed to high 
carbon black with multiple benign neoplasms (approxi
mately 15%) was slightly larger than the percentage with 
multiple malignant neoplasms (approximately 12%); how
ever, the percentage of neoplasm-bearing rats exposed to 
high diesel exhaust with multiple benign neoplasms (ap
proximately 17%) was less than that with multiple malig
nant neoplasms (approximately 31 %). 

The appearance of lung neoplasms in rats exposed to 
diesel exhaust occurred late during the exposure, as ob
served previously (Mauderly et al. 1987b), and this was also 
true for the groups exposed to carbon black. The observa
tion of neoplasms with time is illustrated in Figure 21, in 
which the cumulative number of rats with one or more 
benign or malignant neoplasms is plotted over time after 
initiating the exposures. For all exposure groups (exclud-
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Table 6. Numbers of Different Types of Lung Neoplasms Observed, and Numbers of Rats with Each Type of Neoplasma, b 0 

Control Low Carbon Black High Carbon Black Low Diesel Exhaust High Diesel Exhaust 

Female Male Total Female Male Total Female Male Totai Female Male Total Female Male Total 
Tumor Type 114 118 232 116 115 231 114 115 229 114 114 228 115 115 230 

Adenoma 
Number of 0 1 1 2 1 3 17 0 17 6 2 8 22 5 27 

neoplasms 
Rats with 0 1 1 2 1 3 13 0 13 5 2 7 19 4 23 

neoplasms 

Adenocarcinoma 
Number of 0 1 1 6 1 7 23 1 24 3 1 4 32 3 15 

neoplasms 
Rats with 0 1 1 6 -1 7 20 1 21 3 1 4 19 3 22 

neoplasms 

Squamous cell 
carcinoma 

~ 
Number of 0 1 1 0 0 0 1 2 3 1 2 3 1 2 3 ;. 

neoplasms 
III e. 

Rats with 0 1 1 0 0 0 1 2 3 1 2 3 1 2 3 t!j 
iI< 

neoplasms =-= = :a. 
Adenosquamous = ::I 

carcinoma ~ 
(j 

Number of 0 0 0 0 0 0 1 1 2 0 0 0 1 0 1 = 
neoplasms a. 

0 

Rats with 0 0 0 0 0 0 1 1 2 0 0 0 1 0 1 ::I 

neoplasms e= 
= l"l 
!'r 

Malignant tumor not Z' 
ell 

otherwise specifiedc 0 

"E.. 
Number of 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 = 

neoplasms 
:a. 
~. 

Rats with 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 = ::I 
neoplasms ~ 

Z 
0 

a Several individual rats had multiple types of tumors, or multiple tumors of a single type, or both; thus, these rats are counted more than once in this table. 
::I 
::I 
ell 

b The number at the top of each column is the number of animals examined, including all rats that underwent gross necropsy and microscopic examinations of the lung whether the rats 0 

"E.. died spontaneously, or were euthanized or killed. = :a. 
C This tumor was of a mixed mesenchymal and epithelial type. ~. 
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ing controls), the first neoplasms observed were malignant, 
and the number of neoplasm-bearing rats increased slightly 
more rapidly for malignant than for benign neoplasms. The 
first neoplasm observed was a squamous cell carcinoma in 
a male rat exposed to high diesel exhaust for 448 days 
(approximately 15 months). The first neoplasms in other 
groups were an adenosquamous carcinoma in a male rat 
exposed to high carbon black for 497 days, a malignant 
neoplasm not otherwise specified in a female exposed to 
low carbon black for 526 days, a squamous cell carcinoma 
in a male rat exposed to low diesel exhaust for 568 days, 
and an adenoma in a male rat from the control group at 632 
days. At both exposure levels, lung neoplasms tended to 
increase earlier in groups exposed to carbon black than in 
groups exposed to diesel exhaust. Substantial numbers of 
rats with neoplasms did not begin to be counted in any 
group until after approximately 600 to 650 days (approxi
mately 20 months). The finding ofa substantial percentage 
of the neoplasms in all groups when rats were killed after 
the end of exposure suggested that the prevalence of neo
plasms was probably still increasing at the termination of 
the study. 

It could not be determined conclusively if the lung neo
plasms were the primary cause of death, but neoplasms that 
had metastases, occupied 33% or more of the lung volume, 
invaded vessels, or involved substantial necrosis, hemor
rhage, infarction, or secondary infection were considered 
fatal. A few other neoplasms having similar, but less exten
sive features, were considered contributory to death. Using 
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Figure 21. The cumulative number of rats in each exposure group observed 
to have one or more malignant (M) or benign (B) lung neoplasms. Females 
and males are combined. 

Table 7. Percentages of Rats Bearing Neoplasms That Had One, Two, or Three or More Lung Neoplasmsa 

Low High Low High 
Control Group Carbon Black Carbon Black Diesel Exhaust Diesel Exhaust 

Number of Number Number Number Number Number 
Neoplasms of Rats % of Rats % of Rats % of Rats % of Rats % 

Benign 
1 1 100 3 100 11 84.6 6 85.7 19 82.6 
2 0 0 0 0 0 0 1 14.3 4 17.4 
3 or more 0 0 0 0 2 15.4 0 0 0 0 

Malignant 
1 2 100 8 100 22 88.0 7 100 18 69.2 
2 0 0 0 0 2 8.0 0 0 5 19.2 
3 or more 0 0 0 0 1 4.0 0 0 3 11.6 

Benign or malignant 
1 3 100 9 90 22 68.8 12 92.3 21 55.3 
2 0 0 1 10 6 18.8 0 0 10 26.3 
3 or more 0 0 0 0 4 12.5 1 7.7 7 18.4 

Total rats with 
neoplasms 3 10 32 13 38 

a The numbers of rats having either benign or malignant neoplasms are counted separately; thus, individual rats may be counted in both categories. The total 
number of rats with neopolasms is the sum of those listed in the "Benign or malignant" category, 
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these criteria and considering accompanying his
topathological findings, only eleven neoplasms were con
sidered to have been fatal or contributory to death. Among 
females, no neoplasms occurred in the control group and 
only one neoplasm, the malignant neoplasm not otherwise 
specified in a female rat exposed to low carbon black, was 
considered to be fatal at the lower levels of exposure. 
Among females at the higher levels of exposure, two papil
lary adenocarcinomas, one tubular adenocarcinoma, and 
one solid adenocarcinoma were considered fatal or con
tributory to death in the group exposed to high carbon 
black, and one alveolar adenocarcinoma, one papillary 
adenocarcinoma, and one squamous cell carcinoma were 
considered fatal or contributory to death in the group ex
posed to high diesel exhaust. No neoplasms were consid
ered fatal among males in the low-exposure or control 
groups. Among males at the higher levels of exposure, one 
squamous cell carcinoma was considered fatal in the group 
exposed to high carbon black, and two squamous cell car
cinomas were considered fatal or contributory to death in 
the group exposed to high diesel exhaust. 

Although not a primary lung neoplasm, mononuclear 
cell leukemia, which often affected the lungs, was among 

the major causes of death. The pulmonary manifestations 
of leukemia were considered fatal if malignant cells packed 
the vessels or if extravascular leukemic infiltrates occupied 
more than a third of the lung volume and were associated 
with hemorrhage and necrosis. Among females, pulmo
nary leukemia was considered the primary cause of death 
in 22 control rats, 28 rats exposed to low carbon black, 28 
rats exposed to high carbon black, 29 rats exposed to low 
diesel exhaust, and 25 rats exposed to high diesel exhaust. 
Among males, pulmonary leukemia was considered the 
primary cause of death in 31 control rats, 31 rats exposed 
to low carbon black, 26 rats exposed to high carbon black, 
36 rats exposed to low diesel exhaust, and 27 rats exposed 
to high diesel exhaust. These findings indicate that the 
incidence of fatal pulmonary leukemia was not related to 
exposure. Other rats with little or no expression of leuke
mia in the lung died from the manifestations of leukemia in 
other organs, particularly the spleen. 

Because of the sampling strategy for microscopic evalu
ation of the lungs and the fact that neoplasms too small to 
be observed grossly were identified by microscopy, the 
absolute incidence of lung neoplasms could not be deter
mined. The data most closely representing conventional 
measures of incidence are listed in Table 8. In this table, 

Table 8. Summary of Numbers and Percentages of Rats Examined for Lung Neoplasms That Had 
One or More Neoplasmsa 

Rats with Malignant Rats with Malignant or 
Neoplasms Benign Neoplasms 

Number of Susceptibleb Percent of Percent of 
Rats Examined for Susceptible Susceptible 

Group Gender Neoplasms Number Rats Number Rats 

Control Female 105 0 0 0 0 
Male 109 2 1.8 3 2.8 
Both 214 2 0.9 3 1.4 

Low carbon black Female 107 7 6.5 8 7.5 
Male 106 1 0.9 2 1.9 
Both 213 8 3.8 10 4.7 

High carbon black Female 105 21 20.0 28 26.7 
Male 106 4 3.8 4 3.8 
Both 211 25 11.8 32 15.2 

Low diesel exhaust Female 105 4 3.8 8 7.6 
Male 105 3 2.9 5 4.8 
Both 210 7 3.3 13 6.2 

High diesel exhaust Female 106 21 19.8 29 27.4 
Male 106 5 4.7 9 8.5 
Both 212 26 12.3 38 7.9 

a Each rat with one or more neoplasms was counted only once in each neoplasm category. 

b Values include all rats examined by gross necropsy and microscopy except rats killed at 3,6, and 12 months. The first lung neoplasm was observed between 
12 and 18 months of exposure; thus, all rats that died spontaneously, or were euthanized in moribund condition plus those killed at 18 months or later were 
considered to be at risk of lung neoplasms. The total number of rats examined, including those killed at 3, 6, and 12 months, is listed in Table 6. 
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the numbers of rats that had one or more lung neoplasms 
are given by gender and exposure group. In addition, the 
numbers of rats with neoplasms are shown as the percent
ages of all rats that were at risk of and examined for lung 
neoplasms. The number of rats considered to have been at 
risk of developing observable lung neoplasms included all 
rats that died ot were euthanized or killed, the lungs of 
which were examined microscopically, but excluded those 
rats killed at 3,6, and 12 months. These rats killed early in 
the exposure period were excluded because the first lung 
neoplasm was observed at approximately 15 months. 
Therefore, the numbers of rats listed in Table 8. for each 
exposure group are 18 (nine females and nine males) fewer 
than the total numbers whose lung were examined his
tologically (listed in Table 6). 

The percentage of rats with one or more benign or malig
nant lung neoplasms was 1.4% for the control group, and 
ranged from 4.7% for the group exposed to low carbon black 
to 17.9% for the group exposed to high diesel exhaust. The 
percentages of rats with neoplasms were not strikingly 
different between the two low-exposure groups or between 
the two high-exposure groups, regardless of whether only 
malignant or both malignant and benign neoplasms were 
considered. Among all exposed groups, a several-fold 
greater percentage of females than males had neoplasms. 
At least in part, this difference may have been related to the 
longer survival time of the females, which allowed greater 
expression of the late-occurring neoplasms. 

The prevalence of lung neoplasms was considered a 
better measure of carcinogenicity than the crude incidence 
described above, both because of the sampling limitations 
and because of the exposure-related shortening of survival. 
Although the life-span shortening was not striking, the 
groups with shortened survival had fewer rats at risk of 
developing neoplasms late in the study. Because the preva
lence of neoplasms was increasing in all groups at the end 
of the study, the expression of carcinogenicity in groups 
with shortened survival was probably suppressed. Preva
lences of neoplasms were calculated using actual data, and 
were modeled using a logistic regression approach. 

The prevalences of rats with one or more lung neoplasms 
among rats examined for neoplasms were calculated using 
data for rats that died or were euthanized or killed within 
selected time intervals during the study. Figure 22 illus
trates the prevalences of rats with one or more malignant or 
benign lung neoplasms. The figure illustrates clearly that 
the prevalences of I ung neoplasms were related to exposure 
concentration, were higher in females than in males, and 
were very similar for the two low-exposure groups and for 
the two high-expos·ure groups. The prevalence of lung 
neoplasms was highest for females that died during the last 
interval, after exposures were terminated. The appearance 
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Figure 22. The prevalence ofrats observed to have malignant or benign lung 
neoplasms during various intervals after 200 days of exposures. Preva
lences are shown for females and males separately and for the combined 
genders. The data points shown are centered on the intervals representing 
< 365 days, 365 to 548 days, 548 to 639 days, 639 to 684 days, 684 to 730 
days, and> 730 days (after end of exposure). The prevalences represent the 
fractions of rats that died, or were euthanized or killed during each interval 
that had one or more malignant or benign lung neoplasms. The error bars 
represent the SE of the estimates of prevalence, based on the numbers of rats 
observed during the last interval. Error bars for other intervals are omitted 
for clarity. 
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of the prevalence curves for males during the last two 
intervals reflects the small numbers of rats still living at that 
time. No males exposed to high carbon black lived to the 
last interval. Only two males exposed to high diesel ex
haust lived to the last interval, and neither had lung neo
plasms. The combined female and male prevalences of 
benign and malignant neoplasms during the final interval, 
after exposures ended, were 11 % for the group exposed to 
low carbon black, 18% for the group exposed to low diesel 
exhaust, 67% for the group exposed to high carbon black, 
and 57% for the group exposed to high diesel exhaust. 

Statistical comparisons of the lung neoplastic responses 
between genders and among exposure groups were done 
using logistic regression modeling, as described in the 
Methods section, and this procedure also gave estimates of 
the lifetime incidences oflung neoplasms. The appropriate
ness of the neoplasm prevalence model was predicated on 
the assumption that the prevalences of neoplasms were the 
same among rats that died, or were euthanized in moribund 
condition, or killed. Upon testing this assumption using a 
likelihood ratio test, it was found that there was no signifi
cant difference (p = 0.13) in neoplasm prevalence between 
the group ofrats that died or were euthanized and the group 
of rats that were killed, indicating that the assumption was 
reasonable. The judgment that few lung tumors caused 
death, and the assumption of similar neoplasm prevalences 
in rats that died, or were euthanized or killed were based 
on the histopathology described above, rather than on sta
tistical power. The statistical power for determining the 
significant difference in neoplasm responses among the 
three groups (based on manner of death) was tested using 
Kaplan-Meier estimates of survival, the scheduled times at 
which rats were killed, the percentage of rats that were 
killed but not evaluated for histopathology, and the esti
mates of neoplasm prevalence in rats that died, or were 
euthanized, or killed. The power estimated by 518 repeated 
simulations was 49% at ex. = 0.05 and 74% at ex. = 0.20; thus, 
the power for determining statistically that the neoplasm 
prevalence did not differ among the groups of rats that were 
killed, or died, or were euthanized was low. The following 
results were obtained using data for all rats examined for 
neoplasms, including those killed at all times. 

The following model provided the best description of the 
data: 

logit[p(t)] = -13.8(± 1.4) + 0.0136(± 0.0021)t 

+ 0.0023(± 0.0009)t !Jow + 0.0049(± 0.0009)t Ihigh , 

where p(t) is the prevalence of primary malignant and 
benign neoplasms at time t in days after the start of expo
sure; logit[p(t)] = log(p(t)/[1 - p(t)]) is the logit function of 
the prevalence; Ilow is an indicator function that is equal to 
one for animals exposed to the low concentration of either 
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carbon black or diesel exhaust, and is equal to zero for all 
other animals; and Ihigh is similarly defined for animals 
exposed to the high concentrations of either pollutant. 

The statistical power for detecting differences between 
neoplasm responses to diesel exhaust and carbon black was 
estimated by calculating the power for determining a 25% 
difference at both exposure levels (that is, response to 
carbon black was equal to 75% of the response to diesel 
exhaust, or, based on the above model, 0.0049 x 0.75 = 
0.0037/day (neoplasm prevalence/day) at the high expo
sure and 0.0023 x 0.75 = 0.0017/day at the low exposure). 
These coefficients were used to simulate the tumor re
sponse in the study along with the Kaplan-Meier estimates 
of survival, the scheduled times when rats were killed, and 
the number of rats that were killed but were not studied 
histopathologically. Based on 250 simulations, the power 
was 72% at ex. = 0.05 and 92% at ex. = 0.20, which indicated 
good power for a small change in the slope of neoplastic 
prevalence. 

Using a likelihood ratio test, we found that the coefficient 
for the low-level exposure was statistically significant (p < 
0.01), indicating that the prevalences of lung neoplasms 
were significantly elevated in both low-exposure groups 
compared with the prevalence in the control group. We 
also found that neither the terms for the exposure material 
(diesel exhaust or carbon black) nor for gender were statis
tically significant. The lack of significance (p = 0.86) of the 
exposure material was shown by adding two additional 
terms to the above model, one for the change over time due 
to exposure to the low concentration of diesel exhaust or 
carbon black and one for the change over time due to 
exposure to the high concentration of diesel exhaust or 
carbon black. The lack of significance (p = 0.12) of gender 
was shown by adding an additional term to the above model 
for the change over time for female rats only. Models for the 
prevalence of malignant lung neoplasms, excluding the 
benign neoplasms, yielded similar results. These results 
suggested that there was no significant difference in car
cinogenicity between genders or between carbon black and 
diesel exhaust at the same exposure levels. It should be 
noted that, although the model demonstrated no significant 
difference between genders, this was due in part to the large 
estimated error of the neoplastic prevalence in males late 
in the study. Figure 22 illustrates that the prevalences were 
clearly higher for females than for males during the later 
study intervals, but that the error bars for the male preva
lences overlapped with the prevalences for females. 

The lifetime incidence of lung neoplasms can also be 
modeled by logistic regression; for this, we assume that 
survival times were identical among exposure groups. 
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When the neoplasms have no effect on the time of death, 
the incidence oflung neoplasms, A(t), can be estimated from 
the prevalence by 

1 d 
A (t) = - -- x dt p(t), 

1- p(t) 

where (d/ dt)p(t) is the derivative of neoplasm prevalence. 
Also, the lifetime incidence of neoplasms for a group can 
be estimated by 

T f S(t)A(t)dt, 
o 

where S(t) is the survival of a group at time t, and t is when 
the rats were killed after the end of exposure. This inci
dence was estimated for each exposure group and for each 
gender. Separate estimates were made for each gender 
because of differences in survival between the genders; that 
is, male rats had lower estimated incidences because of 
their shorter survival time. The estimated lifetime neo
plasm incidences calculated in this manner were 1.0% for 
males in the control group, 1.9% for females in the control 
group, 2.6% for males exposed to low carbon black, 9.0% 

for females exposed to low carbon black, 4.7% for males 
exposed to low diesel exhaust, 8.2% for females exposed to 

low diesel exhaust, 8.3% for males exposed to high carbon 
black, 25.9% for females exposed to high carbon black, 
13.0% for males exposed to high diesel exhaust, and 26.5% 

for females exposed to high diesel exhaust. These esti
mated lifetime incidences were all clearly greater for fe
males than for males. 

The above lifetime lung neoplasm incidences modeled 
by logistic regression are compared in Table 9. The inci
dences for females and males are compared separately 
using two particle dose terms: the exposure concentration, 
and the weight-normalized lung burden. Neither dose term 
fully normalized the estim~ted incidences of carcinogenic
ity· among groups. In females, the estimated incidence per 
unit of exposure concentration was higher for carbon black 
than for diesel exhaust for the low-level exposure, but the 
normalized incidences were similar for the high-level ex
posure. In males, the estimated incidence per unit of expo
sure concentration was higher for diesel exhaust than for 
carbon black at both levels. The estimated incidence for 
females per unit of weight-normalized lung burden was 
higher for carbon black than for diesel exhaust at both 
exposure levels, and incidences for males normalized in 
this manner were slightly higher for diesel exhaust at both 
levels. 

Table 9. Comparison of Estimated Lifetime Incidence of Lung Neoplasms per Unit of Two Particle Dose 
Terms at 23 Months 

Particle Dose Estimated Incidence Net Incidence/Particle Dose 

Weight- Net Incidence/ Net Incidence/ 
Exposure Normalized Net Exposure Weight-Normalized 

Treatment Concentration Lung Burdena Incidenceb Incidence Concentration Lung Burden 
Group Gender (mg/m3) (mg/g) (%) (% _C)c ([% - C]/[mg/m3]) ([% - C]/[mg/g]) 

Control Female 0 0 1.9 0 
Male 0 0 1.0 0 

Low carbon Female 2.46 13.9 9.0 7.1 2.9 0.51 
black Male 2.46 12.4 2.6 1.6 0.7 0.13 

High carbon Female 6.55 30.0 25.9 24.0 3.7 0.80 
black Male 6.55 20.2 8.3 7.3 1.1 0.36 

Low diesel Female 2.44 29.2 8.2 4.3 1.8 0.15 
exhaust Male 2.44 22.7 4.7 3.7 1.5 0.16 

High diesel Female 6.33 64.9 26.5 24.6 3.9 0.38 
exhaust Male 6.33 45.4 13.0 12.0 1.9 0.26 

a Lung burden was divided by the mean lung weight of the females or males in the control group to produce a normalized index of the concentration of particles 
in the lung (data in Appendix D.5.). 

b Lifetime incidence of lung neoplasms estimated by logistic regression modeling. 

C C = value for control group. 
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In summary, the above results indicate that the occur
rence of lung neoplasms was significantly elevated at both 
the low and high exposures of both carbon black and diesel 
exhaust. The overall expressions of pulmonary carcino
genicity were similar in rats exposed to carbon black and 
diesel exhaust, both in the types of neoplasms observed and 
in the portions of rats with neoplasms. A larger portion of 
females than males had neoplasms regardless of exposure 
material. Although multiple neoplasms were induced in 
some rats by both carbon black and diesel exhaust, the 
multiplicity was slightly greater among rats exposed to 
diesel exhaust. There was little difference between the 
carcinogenicities of carbon black and diesel exhaust per 
unit of exposure concentration, but carbon black was more 
carcinogenic than diesel exhaust per unit of lung burden. 

Growth of Transplanted Neoplasms 

Most lung masses suspected of being neoplasms were too 
small to accommodate both histopathology and transplan
tation. A total of 49 suspect lung masses were transplanted 
into nude (athymic) mice, 29 from rats exposed to carbon 
black and 20 from rats exposed to diesel exhaust (Table 10). 

After the primary masses were classified by microscopy, we 
found that a total of 18 adenocarcinomas, 5 squamous cell 
carcinomas, and 26 squamous cysts had been transplanted. 
Neither the histologic appearance of the primary masses, 
nor the growth characteristics of the small number of trans
planted portions of the primary mass, differed between 
carbon black and diesel exhaust exposure. Overall, 33% of 
the adenocarcinomas and 60% of the squamous cell carci
nomas grew after transplantation. From this small sample, 
therefore, it appeared that squamous cell carcinomas had 
more aggressive growth characteristics than adenocarci
nomas. None of the transplanted squamous cysts grew, 
further supporting the view that these lesions should not be 
classified as "neoplasms." 

EFFECTS ON DNA 

DNA Adducts in Alveolar Type II Cells 

The effects of three-month exposures to diesel exhaust 
and carbon black on DNA adduct levels in lung type II 
alveolar epithelial cells of control rats, and rats exposed to 
both high diesel exhaust and high carbon black have been 
published in greater detail than presented here (Bond et al. 
1990). Autoradiograms demonstrated the presence of sev
eral distinct adducts in DNA from both control and exposed 
rats. None of the adducts have been identified; however, 
none of the adduct spots comigrated with an authentic 
benzo[a]pyrene diolepoxide adduct standard. The chroma
tographic patterns were similar among the three groups, but 
there were fewer individual adduct spots (eight distinct 
spots) on the autoradiograms than observed in whole-lung 
DNA from rats exposed to diesel exhaust or carbon black in 
this (Randerath et al. 1994) and previous (Wolff et al. 1990) 

studies. The intensity of individual adduct spots varied 
among the groups, and some were not presentin all groups. 

Both diesel exhaust and carbon black exposures in
creased the levels of most individual adduct spots above 
those observed in the control group (Figure 23). Because a 
blurred zone of radioactivity near the chromatographic 
origin of the autoradiograms was not counted as an "ad
duct," the adduct levels may have represented underesti
mates of the true values. The total adduct levels were 
similar for the groups exposed to high carbon black and 
high diesel exhaust (20.1 and 23.2 per 109 bases, respec
tively), and both were significantly elevated above the 
adduct level in the control group (6.1 per 109 bases). 

DNA Adducts in Lung Cells at Three Months 

The results of the analyses of lung DNA adducts in 
three-month samples analyzed at ITRI are reported as part 
of the interlaboratory comparison described in the final 
report of the accompanying project, "Diesel Exhaust and 

Table 10. Growth of Lung Neoplasms and Squamous Cysts in Athymic Mice 

Carbon Black Diesel Exhaust Total 

Primary Number Number Percent Number Number Percent Number Number 
Neoplasm Implanted Growing Growing Implanted Growing Growing Implanted Growing 

Adenocarcinoma 8 2 25 10 4 40 18 6 
Squamous cell carcinoma 2 1 50 "3 2 67 5 3 
Squamous cyst 19 0 0 7 0 0 26 0 

Total 29 3 10 20 6 30 49 9 
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DNA Damage," by Dr. Randerath. In brief, the total adduct 
levels and 5 of the 16 individual adducts were increased in 
a dose-related manner at three months when compared 
with the control group. The mean ± SE total adduct level 
for the control group was 38 ± 2.4, for the group exposed to 
low diesel exhaust was 53 ± 3.9., and for the group exposed 
to high diesel exhaust was 83 ± 8.5. There was no dose-re
lated increase in adduct levels in DNA from rats exposed to 
carbon black. 

Chromosome Damage in Circulating Lymphocytes 

No treatment-related differences in chromosome damage 
were found in blood lymphocytes from rats in the control 
group, or from rats exposed to high diesel exhaust or high 
carbon black and killed after three months of exposure. The 
assay was hampered by a small mitotic response of the 
cultured lymphocytes, which resulted in a small number of 
opportunities to observe damage. Only one chromosome 
aberration, a chromatid deletion, was found in the control 
·group, and none were observed in either of the high-expo
sure groups. A preliminary assay of the frequency of mi-
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Figure 23. The total levels of DNA adducts in Type II alveolar epithelial 
cells from control rats and rats exposed to high carbon black and high diesel 
exhaust for three months. The bars represent the mean ± SE of four to five 
rats per group. The adduct levels of both exposed groups were significantly 
higher than that of the control group. 

cronuclei in binucleated lymphocytes found no difference 
between the control group and groups exposed to high 
diesel exhaust. Therefore, despite the low mitotic re
sponse, these results suggested that the high exposures did 
not cause observable chromosome damage. For this reason, 
the other three-month samples were not analyzed, and the 
assay was not repeated at later times when animals were 
killed. 

PARTICLE CLEARANCE AND TRANSLOCATION 

Clearance of Radiolabeled Carbon Black 

The diesel exhaust and carbon black exposures both 
caused dose- and time-related delays in clearing the 
[7Be]CB tracer particles, as illustrated in Figure 24. Because 
the radiotracer particles were from the same lot of carbon 
black used for exposures, we assumed that their behavior 
would mirror the clearance behavior of the carbon black 
and diesel exhaust soot particles inhaled daily the' same 
time periods during the exposure. 
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Figure 24. The clearance of radiolabeled carbon black particles from the 
lungs of rats exposed once by inhalation after three or eighteen months of 
chronic exposure. The whole-body radioactivity measured at seven days 
after inhalation of the tracer particles was assumed to be 100%. Data 
represent the mean ± SE group percentages corrected for the decay of the 
radiolabeled particles. For clarity, and because the degree of variability was 
similar among the groups, error b8!s are presented for only the control group 
and the group exposed to high diesel exhaust. The rats continued to be 
exposed during the 126-day counting period. 
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The patterns of clearance from lungs of rats in the control 
group were similar to those observed previously in healthy 
rats (Snipes 1989). Analysis of variance demonstrated a 
small, but significant, difference in clearance between fe
males and males, with curves of data from females in all 
exposure groups showing slower clearance than data from 
males at three months, but faster clearance than data from 
males at 18 months. Because exposure effects were similar 
for females and males, the analysis of differences among 
exposure groups was performed using combined data. The 
curves of all exposed groups were significantly different 
from those of controls at both 3 and 18 months. At three 
months, however, the curves of the low-exposure groups 
were clearly separated from those of the high-exposure 
groups, but at 18 months, curves of all exposed groups were 
nearly identical. 

Data for the magnitudes and slopes of the faster and 
slower components of the pulmonary retention parameters 
that result from fitting two-component negative exponen
tial c~ves to the counting data are presented in Table 11. 

The slight increase from 43% to 55% between 3 and 18 

months in the portion of clearance in the slower component 
of the control group was interpreted as an aging effect. At 
three months, there was a dose-related increase of the 
portion of clearance of the slower component in rats ex
posed to carbon black or diesel exhaust. The magnitude of 
this component was increased from 43% in controls to 59% 

and 76% in the groups exposed to low carbon black and 
high carbon black. respectively, and was increased to 47% 

and 79% in the groups exposed to low diesel exhaust and 
high diesel exhaust, respectively. There were proportion
ate decreases in the magnitudes of the faster components of 
the exposed groups. A striking finding was· that the slope 
of the slower component was reduced to zero or near zero 
in all exposure groups. This suggested that long-term clear
ance was essentially stopped by exposure to carbon black and 
diesel exhaust at both exposure levels by three months of 
exposure. Despite the retarded long-term clearance in ex
posed rats, there were differences in overall clearance between 
the exposure levels of rats exposed to carbon black or diesel 
exhaust. Of the seven-day lung burden of tracer particles, at 
126 days, 59% remained in the lungs of rats exposed to low 
carbon black, 43% in the lungs of rats exposed to low diesel 
exhaust, 76% in the lungs of rats exposed to high carbon black, 
and 75% in the lungs ofrats exposed to high diesel exhaust. 

The magnitudes and slopes of the clearance components 
of all exposed groups were similar at 18 months; no differ
ences related to dose or exposure material were apparent. 
The faster clearance component represented only 12% to 
19% ofthe total for the exposed groups, which was less than 
one-half the value for the control group. The magnitudes 
and slopes of the slower clearance components were also 
similar for the exposed groups. In contrast to the finding 
that only 31% of the seven-day lung burden of eBe]CB 
remained in the lungs ofthe control group at 126 days after 
inhalation, 82% to 86% remained in the lungs of the ex
posed groups. These findings suggest that the clearance of 
carbon black tracer particles was probably near maximally 

Table 11. Pulmonary Clearance of (Be]CB Inhaled by Rats After 3 and 18 Months of Chronic Exposure 

Pulmonary Retention Parametersa 

Faster Component Slower Component 7 
Percent of Be 

Month Exposure Group A1 A2 B1 B2 Retained on Day 126 

3 Control 57.4 - 0.049 42.6 - 0.0061 21 

Low carbon black 40.8 - 0.068 59.2 0 59 

High carbon black 24.0 '- 0.100 76.0 0 76 

Low diesel exhaust 53.0 - 0.043 47.0 - 0.00074 43 

High diesel exhaust 20.9 - 0.083 79.1 - 0.00040 75 

18 Control 44.8 - 0.037 55.2 - 0.0051 31 

Low carbon black 18.5 - 0.077 81.5 0 82 

High carbon black 13.9 - 0.159 86.1 0 86 

Low diesel exhaust 11.7 - 0.196 88.3 - 0.00058 82 

High diesel exhaust 17.4 - 0.171 82.6 0 83 

BA1(A2
t) + B1(B2t), where t is time in days from day 7 after inhalation of (BelCB. Two-component exponential equations forced A1 plus B1 to equal 100, and .. 

the slopes A2 and B2 were constrained from exceeding zero. 
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retarded in both high-exposure groups at three months, 
because there was little further change in these groups at 18 

months, and that the clearance in both low-exposure groups 
was similarly retarded by 18 months. 

Sequestration of Tracer Particles 

The sites where fluorescent microspheres were located 
at different times after inhalation were summarized into 
four primary regions: alveolar, peribronchiolar, bronchio
lar, and "other." The categories of micros ph ere localization 
within each of these main regions are described in detail in 
Appendix Table G.1. Data for the distribution of micro
spheres retained at 1, 4, 28, and 90 days after inhalation of 
microspheres after 3 and 18 months of chronic exposure are 
presented in detail in Appendix Tables G.2 and G.3, respec
tively. These data represent the percentages of micro
spheres observed at each time. The variability in the total 
number of micro spheres observed and the lack of precise 
data for initial microsphere lung burdens precluded mean
ingful quantification of total microsphere retention. 

Figures 25 and 26 illustrate the percentages of micro
spheres in three sites, single alveolar macrophages, aggre
gated macrophages in alveoli or in the alveolar interstitium, 
and "other," for the low and high exposure groups at three 
months, and Figures 27 and 28 present similar information 
obtained at 18 months. These figures do not include the 
90-day sampling time because particle locations at that time 
were not different from those at 28 days after inhalation. 
Only small percentages of the particles were found in 
bronchiolar or peribronchiolar locations in any group at any 
time; mos(were in some compartment in the alveolar re
gion. The majority of particles retained within the alveolar 
region were retained in either single alveolar macrophages 
or aggregated alveolar macro phages in alveolar lumens or 
in the interstitium; a small percentage was located outside 
of macrophages. 

Figure 25 shows the distribution of the micro spheres in 
the control group, and in both low-exposure groups at 1, 4, 

and 28 days after inhalation of the micro spheres after three 
months of chronic exposure. The majority of microspheres 
were retained within single alveolar macrophages at all 
times in all three groups. However, by 28 days, 26% were 
in aggregated macro phages in the alveolar region in the 
group exposed to low carbon black. The difference between 
the low-exposure groups in the percentage of micro spheres 
in aggregated versus single macro phages was significant. 

At one day after inhalation, the majority of micro spheres 
in the rats from low-exposure groups were in heavily-pig
mented macrophages, and fewer were within macrophages 
with little carbon black or diesel exhaust soot. The distri
bution of location of the macrophages with micro spheres 
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Figure 25. Percentages of retained microspheres in single alveolar macro
phages, aggregated macrophages in the alveolar parenchyma, or in other 
sites for the control group and the groups exposed to low carbon black and 
low diesel exhaust that inhaled the microspheres after three months of 
chronic exposure. See Appendix G.l for a listing of the categories of 
anatomic sites where microspheres were scored. 
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Figure 26. Percentages of retained microspheres in single alveolar macro
phages, aggregated macrophages in the alveolar parenchyma, or in other 
sites for the control group and the groups exposed to high carbon black and 
high diesel exhaust that inhaled the microspheres after three months of 
chronic exposure. See Appendix G.l for a listing of the categories of 
anatomic sites where micro spheres were scored. 
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was similar to the distribution of all macro phages , and there 
was minimal tendency toward localization in the centriac
inar region. In the control group, and in rats exposed to low 
carbon black and low diesel exhaust, 7%, 7%, and 4%, 
respectively, of the micro spheres were located in the alveo
lar interstitium, but not in macrophages, and this was 
reduced to 2% to 4% at 28 days (data not shown). 

These results suggest that, at the low exposure levels, 
most of the retained, newly inhaled particles would be 
retained in single alveolar macrophages for up to 90 days. 
These results coincided with the histopathologic and mor
phometric observations that most of the macrophages (or 
the volume of macrophages) were single alveolar macro
phages at this time during the exposure. These results also 
suggest, however, that during the 28 days after inhalation, 
there was a tendency for greater retention of micro spheres 
in the aggregated macro phages in the group exposed to low 
carbon black than in the group exposed to low diesel 
exhaust. 

Figure 26 shows the distribution of the micro spheres in 
the control group, and both high-exposure groups at 1, 4, 
and 28 days after inhalation of the micro spheres after three 
months of chronic exposure. At one day, the majority of the 
micro spheres retained in the rats in high-exposure groups 
were within heavily pigmented, single alveolar macro
phages in the centriacinar region. Fewer micro spheres 
were in less heavily pigmented macrophages or in macro
phages outside the centriacinar region. In the rats exposed 
to high carbon black and high diesel exhaust, 8% and 6%, 
respectively, of the retained microspheres were in the al
veolar interstitium outside of macrophages at one day after 
inhalation. 

By 28 days after inhalation, 40% and 36% of the retained 
micro spheres were in aggregated macrophages in the alveo
lar region in the groups exposed to high carbon black and 
high diesel exhaust, respectively, and these percentages 
were not significantly different. The histopathology 
showed that the macro phages tended to be localized, and 
therefore were apt to be aggregated, at the high exposure 
levels; however, the morphometry showed an approxi
mately 10-fold greater volume fraction ofthe lung occupied 
by single than by aggregated macrophages. Taken together, 
these results suggest a preferential retention of the inhaled 
microspheres, along with carbon black or diesel exhaust 
soot, in aggregated macrophages. The portions of micro
spheres in alveolar interstitium outside of macrophages 
were reduced to 3% to 4% at 28 days. 

Figure 27 shows the distribution of the microspheres in 
the control group, and both low-exposure groups at 1, 4, and 
28 days after inhalation of the microspheres after 18 months 
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Figure 27. Percentages ofretained microspheres in single alveolru: macro
phages, aggregated macrophages in the alveolar parenchyma, or mother 
sites for the control group and the groups exposed to low carbon black and 
low diesel exhaust that inhaled the microspheres after eighteen months of 
chronic exposure. See Appendix G.l for a listing of the categories of 
anatomic sites where micro spheres were scored. 

of chronic exposure. At one day, slightly more than one-half 
of the retained microspheres were in single alveolar macro
phages, a lower fraction than observed at one day after 3 
months of chronic exposure. Of the inhaled microspheres, 
9% and 13% were in aggregated macro phages in the alveo
lar region in the groups exposed to low carbon black and 
low diesel exhaust, respectively, and approximately 33% 
were in other sites. For the control group, and the groups 
exposed to low carbon black and low diesel exhaust, 10%, 
20%, and 22%, respectively, of the retained microspheres 
were located outside of macrophages in the alveolar inter
stitium at one day after inhalation. This was reduced to 6% 
to 10% at 28 days. By 28 days after the inhalation of 
microspheres, 48% and 49% of the retained microspheres 
were in aggregated macrophages in the alveolar region in 
the groups exposed to low carbon black and low diesel 
exhaust, respectively, and less than 40% were in single 
alveolar macrophages in both of these groups. There were 
no significant differences between the low-exposure groups 
in the locations of microspheres. 

Histopathology demonstrated a greater aggregation of 
m~crophages at 18 months than at 3 months of chronic 
exposure, so the fact that more microspheres were in aggre
gated macrophages at day one after inhalation at 18 months 
than at 3 months reflected the differences in overall macro
phage distribution .. However, the increasing percentage of 
microspheres in aggregated macrophages during the sub-



J.L Mauderly et al. 

sequent 28 days after inhalation at 18 months was probably 
not due solely to an increase in aggregated macrophages. 
Because the volume of aggregated macrophages would not 
have changed greatly during that time, the microsphere data 
suggest a preferential retention (less clearance) of micro
spheres in aggregated, than in single, macrophages. 

Figure 28 shows the distribution of the micro spheres in 
the control group, and both high-exposure groups at 1, 4, 

and 28 days after inhalation of micro spheres after 18 

months of chronic exposure. There were no significant 
differences between the fractional location of microspheres 
in the high-exposure groups of rats. At day one after in.ha
lation, 22% and 23% of the micro spheres were in aggre
gated macrophages in the alveolar region in the groups 
exposed to high carbon black and high diesel exhaust, 
respectively, and only approximately 40% were in single 
alveolar macrophages. The majority of microspheres were 
in heavily pigmented macro phages in the centriacinar re
gion. Also, at day one, nearly 40% of the micro spheres 
were in sites other than aggregated or single macrophages 
in the alveolar region. In groups exposed to high carbon 
black and high diesel exhaust, 25% and 22%, respectively, 
of the retained microspheres were located outside macro
phages in the alveolar interstitium at one day after inhala
tion. This was reduced to 7% to 9% at 28 days. 

By 28 days after inhalation, 52% and 48% ofthe retained 
micro spheres were in aggregated macrophages in the alveo
lar region in the groups exposed to high carbon black and 
high diesel exhaust, respectively, and the fractions in single 
macrophages and other locations were reduced. As de-
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Figure 28. Percentages of retained microspheres in single alveolar macro
phages, aggregated macrophages in the alveolar parenchyma, or in other 
sites for the control group and the groups exposed to high carbon black and 
high diesel exhaust that inhaled the microspheres after eighteen months of 
chronic exposure. See Appendix G.l for a listing of the categories of 
anatomic sites where microspheres were scored. 

scribed above for the low-exposure groups, these results 
probably reflected less efficient clearance of micro spheres 
from aggregated macrophages than from other locations. 

In summary, for all groups and at all times, the majority 
of retained microspheres were found in macro phages in the 
alveolar region. The distribution of micro spheres appeared 
to be similar to the distribution of carbon black or diesel 
exhaust soot. After 18 months of chronic exposure, more 
ofthe newly inhaled particles that were retained for 28 days 
were retained in aggregated macro phages in the alveolar 
parenchyma than were retained in single alveolar macro
phages or in other sites in the lung. At one day after 
inhalation, 4 % to 8 % of retained micro spheres were in the 
interstitium outside of macro phages in exposed rats at 3 

months of chronic exposure, and 20% to 25% were in the 
same location in exposed rats at 18 months of chronic 
exposure. Other than the difference noted between the two 
low-exposure groups at three months, these results show 
that the location of retained microspheres, and thus, the 
pattern and kinetics of particle sequestration, were the same 
for rats exposed to carbon black and those exposed to diesel 
exhaust. 

DISCUSSION AND CONCLUSIONS 

ADEQUACY OF STUDY AND ITS RELATION 
TO PREVIOUS FINDINGS 

The experimental design provided a good comparison of 
the pulmonary carcinogenicities of diesel exhaust and carb
on black in rats exposed chronically to a high concentration 
of either material. The study was not designed to examine 
the full spectrum of dose-response relationships for lung 
disease induced by exposure to carbon black or diesel 
exhaust; both of the exposure levels used were very high . 
Even the low exposures, particularly to carbon black, met 
the common definition of "maximum tolerated dose" be
cause ofthe effects on body weight and survival. The group 
sizes and the exposure time allowed for an adequate evalu
ation of carcinogenesis. The two particle exposure concen
trations produced dose-related significant increases in lung 
neoplasms in both groups exposed to carbon black or diesel 
exhaust at incidences low enough to allay concern that the 
responses might have been saturated. 

The study did not directly test the importance of soot-as
sociated mutagenic organic compounds in the lung cancer 
response of rats to inhaled diesel exhaust. However, to the 
extent that the carbon black used is accepted as a surrogate 
for organic-free diesel exl1aust soot, the importance of the 
organic fraction of diesel exhaust soot was tested indirectly. 
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The carbon black had a small amount of organic material 
when extracted using procedures commonly applied to 
diesel soot. No attempt was made to exhaustively extract 
the carbon black using the high temperatures and extraction 
times of over 100 hours that are required to remove tena
cious organic residues (Locati et al. 1979; International 
Agency for Research on Cancer 1983). It is believed, al
though certainly not proven in this study, that the small 
amount of tightly bound organic residue that could be 
removed in this manner would have little, if any, bioavail
ability .. Considering both the mass fraction of solvent-ex
tractable matter and its mutagenicity, the mutagenic 
organic content of the carbon black was 2.6 or 5.5 x 10-3 

(depending on bacterial strain) times greater than that of the 
diesel exhaust soot, when measured using methods com
monlyapplied to diesei exhaust soot. If the organic resi
dues on carbon black are presumed to have played a role in 
its carcinogenicity, it must also be presumed possible that 
similar organic residues on diesel exhaust soot might have 
played a role in its carcinogenicity. Overall, this study 
provided a reasonable indirect evaluation of the likely 
importance of the more easily extracted organic fraction of 
diesel exhaust soot in its pulmonary toxicity in rats exposed 
to high concentrations of soot. 

This study reproduced both the neoplastic and nonneo
plastic pulmonary effects of diesel exhaust that have been 
observed repeatedly in chronically exposed rats (Mauderly 
1992). No adverse effect of diesel exhaust exposure was 
observed that could not have been predicted. The key 
finding of this study was that the effects of carbon black 
were nearly the same as those of diesel exhaust under the 
same exposure conditions. These findings demonstrated 
clearly that chronic inhalation exposure to organic-poor, 
fine carbon particles having a size and specific surface area 
generally similar to those of diesel exhaust soot can cause 
lung cancer in rats under conditions of heavy lung loading. 
This concurs with previous reports that activated carbon 
(Kawabata et al. 1986) and carbon black (Heinrich et al. 
1994; Pott et al. 1994) that have higher specific surface areas 
than the carbon black in this study are carcinogenic in rat 
lungs when instilled or given by inhalation. 

COl\1P ARA TIVE NONNEOPLASTIC TOXICITIES 
OF DIESEL EXHAUST AND CARBON BLACK 

The nonneoplastic responses to carbon black and diesel 
exhaust exposure were qualitatively and quantitatively 
similar and were also similar to those reported previously 
for rats chronically exposed to diesel exhaust (Mauderly 
1992). The magnitudes of most responses to both materials 
were generally related to particle exposure concentrations, 
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with some parameters reflecting the greater lung burdens of 
diesel exhaust soot than of carbon black. Logistic regres
sion modeling demonstrated several significantly greater 
nonneoplastic responses in rats exposed to diesel exhaust 
than in rats exposed to carbon black, and in females than in 
males. 

The small, but significant, effects on survival appeared 
primarily in males, and the survival of males was shortened 
slightly more by carbon black than by diesel exhaust. The 
life-span shortening of both females and males.was greater 
in the group exposed to high carbon black than in the group 
exposed to low diesel exhaust. Body weight was signifi
cantly reduced relative to exposure concentration, with the 
group exposed to high diesel exhaust most affected. The 
reductions in body weight for both females and males were 
greater in the groups exposed to high carbon black than in 
the groups exposed to low diesel exhaust. Increases in lung 
weight were related to exposure concentrations of both 
carbon black and diesel exhaust, but the increase was 
greater in the group exposed to high carbon black than in 
the group exposed to low diesel exhaust. Bronchoalveolcir 
lavage indicators of inflammation and cytotoxicity were 
elevated in all groups relative to exposure concentration 
and lung burden of particles. Elevations of cell counts were 
similar for the groups exposed to high carbon black and low 
diesel exhaust, but enzymes and protein were elevated 
more in the group exposed to low diesel exhaust. The 
incidences and severities of histopathological scores 
tended to be related to the lung burden of particles, and 
responses of the group exposed to high diesel exhaust were 
greater than those of the group exposed to high carbon 
black. However, both the incidences and severities tended 
to be slightly higher for the group exposed to high carbon 
black than for the group exposed to low diesel exhaust, 
which had a similar lung burden. Clearance of radiolabeled 
carbon black was delayed relative to dose at three months, 
but the clearance of particles in all exposed groups was 
similarly impaired at 18 months. At three months, the 
tracer particle clearance of the group exposed to high carb
on black was more severely impaired than that of the group 
exposed to low diesel exhaust, but all exposed groups were 
similarly impaired at 18 months. At three months, greater 
percentages of retained micro spheres were found in aggre
gated macro phages in the group exposed to high carbon 
black than in the group exposed to low diesel exhaust, but 
there was little difference between the retention patterns of 
these two groups at 18 months. 

The above findings indicate that overall, the nature and 
magnitude of nom::teoplastic responses to diesel exhaust 
and carbon black were very similar at similar exposure 
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concentrations. However, carbon black generally produced 
greater effects than diesel exhaust per unit of particle lung 
burden. 

COMPARATIVE CARCINOGENICITIES 
OF DIESEL EXHAUST AND CARBON BLACK 

The findings clearly demonstrated that the carcinogenic 
responses to diesel exhaust and carbon black exposure were 

, very similar. Exposures to carbon black and diesel exhaust 
caused dose-related increases, of similar magnitudes, in the 
incidences and prevalences of the same types of malignant 
and benign lung neoplasms. Neoplasms of a given type 
produced by carbon black and diesel exhaust exposure had 
similar growth characteristics when transplanted. Logistic 
regression modeling did not demonstrate significant differ
ences between the neoplastic responses to carbon black and 
diesel exhaust at either exposure level. The numbers ofrats 
exposed to carbon black that had neoplasms tended to 
increase slightly earlier than the numbers of tumor-bearing 
rats exposed to diesel exhaust. The crude incidences, the 
lifetime incidences estimated by logistic regression, and the 
multiplicity of neoplasms tended to be slightly higher 
among rats exposed to diesel exhaust than among rats 
exposed to carbon black, but the differences were small. 
Lung neoplasms were more prevalent among females than 
among males exposed to both materials, although the error 
of the estimates based on smaller numbers of males at later 
times prevented the gender difference from being statisti
cally significant by logistic regression modeling. Carcino
genicity appeared more closely related to exposure 
concentration than to lung burden of particles, as reflected 
by the occurrence of more lung neoplasms in the group 
exposed to high carbon black than in the group exposed to 
low diesel exhaust. 

IMPORTANCE OF THE ORGANIC FRACTION OF 
SOOT IN THE PULMONARY CARCINOGENICITY 
FOUND IN RATS EXPOSED TO IDGH 
CONCENTRATIONS OF DIESEL EXHAUST 

The usefulness of the results of this study for estimating 
the importance of the organic fraction of diesel exhaust soot 
relies upon the assumption that carbon black served as a 
surrogate for diesel exhaust soot with no, or at least a 
markedly reduced, content of genotoxic organic com
pounds. This assumption, in turn, implies that organic 
residues that were not removed by the repeated soxhlet 
extraction procedure used in this study would not have 
played a significant role in carcinogenicity. Although these 
assumptions appear reasonable, they were not proven by 
this study. 

Overall, carbon black was not significantly less carcino
genic than diesel exhaust in F344/N rats exposed chroni
cally at the high rates used in this study. Based only on this 
comparison, the organic fraction of diesel exhaust soot 
appeared to have had little importance in the expression of 
neoplasia. If the organic fraction of diesel exhaust soot 
played any role at all in the subtle differences between the 
expressions of lung neoplasia in the groups exposed to 
diesel exhaust and carbon black, the degree of its influence 
was at least very small in comparison to the three orders of 
magnitude difference between the mutagenic organic con
tents of carbon black and diesel exhaust soot measured 
using procedures commonly used in studies of diesel ex
haust. Alternate hypotheses may'include one or more of the 
following. 

1. Neoplasms caused by diesel exhaust and carbon black 
have different pathogenesis. The soot-associated or
ganic compounds play an important role for diesel 
exhaust, but the pathogenesis of neoplasms induced by 
carbon black exposure does not involve organic mu
tagens. 

2. The tightly bound organic residues on carbon black 
play an important role in the pathogenesis of neo
plasms induced by carbon black exposure, and pro
duce the same outcome as the more readily extracted 
organic compounds in diesel exhaust soot. 

3. Neoplasia induced by diesel exhaust is caused by 
tightly bound organic compounds that parallel the 
effect of the tightly bound organic residues on carbon 
black, but the more readily extracted organic material 
in diesel exhaust soot plays a minor role in carcino
genesis. 

This study did not disprove any of the above alternate 
hypotheses. However, the hypothesis indicated as most 
likely by the present findings is that the organic fraction of 
diesel exhaust soot, extracted and studied in the manner 
giving rise to the hypothesis that organic mutagens initiate 
carcinogenesis induced by diesel exhaust exposure in rats, 
did not play an important role in the carcinogenesis ob
served in this study. 

PATHOGENESIS OF LUNG NEOPLASMS IN RATS 
EXPOSED CHRONICALLY TO DIESEL EXHAUST AND 
CARBON BLACK 

The pathogenesis of the pulmonary neoplasms observed 
in rats exposed to high concentrations of particles in this 
and other studies of diesel exhaust and carbon black is 
unknown. The theory that initiation by particle-associated 
organic mutagens is not necessarily involved in the rat's 
response to diesel exhaust has been evolving during the 
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past few years based, in large part, on the growing data base 
showing similar responses induced by chronic exposure to 
high concentrations of a wide range of organic-poor parti
cles (Mauderly 1993a). A prevalent view at present is that 
a range of respirable particles having different physical and 
chemical characteristics, but generally low cytotoxicity, 
may cause lung neoplasms by similar mechanisms in rats 
exposed to high concentrations of particles. The mecha
nisms by which a variety of dusts might induce similar 
types of pulmonary neoplasms in rats with accompanying 
chronic inflammatory, proliferative, and fibrotic responses 
are unknown, but the range of possible pathogenetic mecha
nisms that have been identified was recently reviewed 
(Lechner and Mauderly 1993). Several potential pathways 
involve increased cell division caused by the release of 
cytokines and growth factors from activated macrophages, 
the presence of which is universal in rat lungs during heavy, 
repeated exposure to dusts (Ames and Gold 1990; Driscoll 
et al. 1990; Morrow 1992). Other potential pathways in
volve genotoxicity and other forms of cell injury caused by 
active oxygen species released by phagocytes and other 
cells (Cerutti 1985). Still other potential pathways involve 
perturbations of cell division caused by the physical pres
ence of particles in cells. 

The possibility that exposure-induced alterations of 
DNA adduct levels played a role in the carcinogenicity in 
this study cannot be completely dismissed. Both diesel 
exhaust and carbon black altered levels of at least some 
whole lung and type II cell DNA adducts at some time 
during the exposure, although there was no evidence that 
new adducts were formed. Changes in whole-lung DNA 
adduct levels are described in detail in Part II of this 
Research Report, "Diesel Exhaust and DNA Damage," by 
Randerath and coworkers. The more limited results from 
analysis of the three-month, whole-lung DNA samples at 
ITRI were generally consistent with the detailed results of 
Randerath and associates. It is possible that the effects of 
DNA alterations induced in rats by endogenous, or ubiqui
tous compounds might be amplified by the proliferative 
influence of heavy particle exposures. 

These findings, in concert with the carcinogenicity re
sults, suggest some interim conclusions regarding the pos
sible role of organic compounds and lung DNA adducts in 
lung neoplasms induced by carbon black and diesel exhaust 
exposure in rats. First, the repeated deposition of fine, 
high-surface-area, carbonaceous particles in the lungs of 
rats alters DNA in lung cells, perhaps regardless of the 
organic content of the particle. The adducts changed have 
not been identified, but appear to be present in unexposed 
rats. 
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Second, the possibility that the adduct changes caused 
by diesel exhaust and carbon black did, in fact, playa role 
in carcinogenesis cannot be completely dismissed at this 
time. It is not known which, if any, cell characteristics or 
functions are affected by changes in levels of these adducts; 
neither is the sequence of events leading to formation ofthe 
neoplasms fully understood. The failure to observe novel 
exposure-related adducts strongly suggests that the adduct 
changes played little or no role in carcinogenesis. The 
possibility exists, however, that one or more of the DNA 
alterations observed in rats exposed to diesel exhaust or 
carbon black comprised a common step in the pathogenesis 
of neoplasms. If this is true, the possibility also exists that 
the same mechanism might playa role in the carcinogenic
ity of other inhaled materials. 

Third, because the changes in DNA adduct levels differed 
somewhat between rats exposed to diesel exhaust and those 
exposed to carbon black, the possibility that diesel exhaust 
soot-associated organic compounds might have played a 
role in the adduct changes cannot be entirely dismissed at 
this time. 

In summary, the results ofthis study strongly suggest, but 
certainly do not prove, that the soot-associated organic 
compounds did not play an important role in the carcino
genicity of diesel exhaust. Although this study does not 
resolve the mechanisms by which the lung neoplasms in
duced by diesel exhaust or carbon black were produced in 
the rats, the findings support the notion that similar re
sponses can be caused by different particles under similar 
conditions that include exposure to high concentrations of 
particles. 

IMPLICATIONS OF FINDINGS FOR UNDERSTANDING 
POTENTIAL HUMAN LUNG CANCER RISK FROM 
DIESEL EXHAUST 

This study was designed to improve our understanding 
of the pulmonary neoplastic response of rats to heavy, 
chronic exposures to diesel exhaust. It added little new 
information to our understanding of the relationships 
among exposure, dose, and response for lung cancer in
duced by diesel exhaust exposure in rats, except to rein
force previous findings of carcinogenicity at high levels of 
exposure. In this view, the present study added little to our 
ability to predict unit risks for lung cancer in humans from 
rat bioassay data, and does not suggest changes from pre
vious estimates of risk derived from rodent data. 

This study addressed, indirectly, the likely role of diesel 
exhaust soot-associated organic compounds in the patho
genesis ofthe rat lung neoplasms, but it is not clear that the 
conclusions suggested by the results can be transferred to 
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human risk estimates. As described above, the present 
epidemiological data base suggests a small increase in risk 
of lung cancer among humans with occupational exposure 
to high concentrations of diesel exhaust (Mauderly 1992). 
However, it is not likely that the estimated exposure levels 
for the individuals in the populations studied caused the 
degree of lung loading with soot and the accompanying 
nonneoplastic lung disease that occurred in groups of rats 
with significantly increased lung cancer incidences. Hu
mans may be exposed for many years longer than is possible 
for rats; and it is not certain if the mechanisms by which 
the shorter-term, higher-level exposures ofrats induce lung 
neoplasms might parallel the mechanisms in humans that 
might cause lung cancer from diesel exhaust exposure. 
Indeed, confirmation that soot-associated genotoxic or
ganic compounds do not play an important role in the 
response of rats would not ensure that these compounds 
play no role in potential human carcinogenesis. 

Present data suggest that both the nonneoplastic and 
neoplastic effects of heavy, chronic exposures to diesel 
exhaust soot and other particles differ between rats and 
other animals (Mauderly 1994a,b). The available data sug
gest that mice and Syrian hamsters are less susceptible than 
rats to the development of particle-induced lung neo
plasms. Moreover, the limited comparisons possible be
tween the nonneoplastic responses ofrat and human lungs 
to heavy dust loading suggest that the alveolar epithelial 
proliferative and metaplastic responses prevalent in dust
exposed rats are not typical of human responses (Mauderly 
1994a). The greatest body of information on human lungs 
exposed to high concentrations of dust comes from coal 
miners, in whose lungs dust has accumulated in amounts 
similar to ~he loading of lungs of rats exposed to high 
concentrations of particles, but in whom epithelial hyper
plasia, metaplasia, and neoplasia have not been charac
teristic (Mauderly 1994a). In summary, at this time, it is not 
known which, if any, animal species serves as a useful 
model for the responses of human lungs to heavy, chronic 
dust exposure. 

ADVANCEMENTS IN UNDERSTANDING THE 
SEQUESTRATION OF INHALED PARTICLES 

The information provided by this study on the anatomic 
location of tracer particles with time after inhalation, dur
ing continued chronic exposure to diesel exhaust and carb
on black, is unique and has provided several useful insights. 
First, inhaled particles are incorporated into macrophage 
aggregates quite rapidly in heavily-loaded lungs. At 1 day 
after the micro spheres were inhaled after 18 months of 
chronic exposure, 9% to 13% and 23% were found in 
aggregated macro phages in the low and high exposure 

groups, respectively. These results suggest that either (1) 
up to approximately 20% of macro phages that ingest parti
cles move rapidly into aggregates, or (2) up to approxi
mately 20% of the particles are ingested by macrophages 
already in aggregates, or (3) both factors played a role. It 
must be considered that these findings are also undoubt
edly influenced by the greater clearance of single than of 
aggregated macrophages during the first day after particle 
deposition. 

On the other hand, the results show that no more than 
approximately one-half of the particles inhaled during 
chronic exposure and retained 28 days later are retained in 
aggregated macrophages. There was a dose-related reten
tion of microspheres in aggregated macrophages at 28 days 
after inhalation of microspheres at 3 months, ranging from 
8% to 26% for the low exposure group and 36% to 40% at 
the high exposure group. At 18 months, the percentages of 
microspheres retained at 28 days after inhalation were 
similar for all exposed groups, ranging from 48% to 52%. 
These results suggest that only one-half of the 28-day-old 
particles in the lungs of rats chronically exposed to high 
concentrations of particles are in macrophage aggregates. 
The other one-half is in other locations; ofthis half, approxi
mately two-thirds (one third of the total) are still in single 
alveolar macrophages. 

Finally, the results indicate that 4% to 8% (after 3 months 
of chronic exposure) and 20% to 25% (after 18 months of 
chronic exposure) of newly inhaled particles retained at 1 
day after inhalation of particles were located in the alveolar 
interstitium outside of macrophages. Considering that 
overall particle clearance was slowed markedly, this repre
sents an interestingly large fraction of deposited material 
located in the interstitium as apparently free particles soon 
after exposure. It is not known if these particles were 
phagocytized by mobile cells, transported into the intersti
tium and released, or ifthey moved through the epithelium 
as free particles. Regardless, this finding suggests that, in 
rats exposed to high concentrations of particles for long 
times, the alveolar interstitium receives a considerable ex
posure to fresh particles that are not enclosed in macro
phages. 

CURRENT INFORMATION NEEDS 

This study filled an important information need by sug
gesting that the organic material associated with diesel 
exhaust soot may be of little importance in the carcino
genicity of diesel exhaust in rats. It also emphasized the 
importance of a better understanding of the mechanisms by 
which diesel exhaust, carbon black, and other poorly sol
uble particles cause lung cancer in rats. This information 
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is of more than academic interest; it is critical to our 
judgment of the utility of such bioassay data for estimating 
lung cancer risks to humans. The finding that the mu
tagenic organic fraction of diesel exhaust is not important 
in the response of rats does not necessarily mean that the 
response of rats has no relation to carcinogenic responses 
of humans. 

One important route of experimentation to resolve this 
issue is to determine the similarity between molecular 
changes in lung neoplasms and proliferative lesions in rats 
that develop neoplasms iIi response to diesel exhaust, carb
on black, and other particles, and the molecular changes in 
human lung cancers and proliferative lesions. This can 
begin at the level of screening for expression of oncogenes 
and tumor suppressor genes thought important in human 
lung cancer. The full resolution ofthe issue, however, will 
only came as our understanding of the carcinogenic process 
evolves. Regardless of our incomplete understanding of 
carcinogenesis, the demonstration of similar molecular 
changes in rat and human neoplasia would support the 
relevance of the rat responses to human cancer risk. 

As described recently (Mauderly 1994a), another route of 
inquiry that would help define the usefulness ofrat inhala
tion bioassays of respirable particles would be to compare 
rat and human responses to dusts for which a substantive 
data base exists for humans exposed to high particle con
centrations. Perhaps the best opportunity is coal dust, for 
which a large epidemiological data base for workers with 
known, heavy exposures exists. It is generally thought that 
coal dust exposures, even those producing obvious pneu
moconiosis, are not associated with a significant increase 
in risk oflung cancer. If this is true, then it would be useful 
to know the dose..:response relation for lung cancer 'in rats 
exposed to coal dust. Surprisingly, there is not an adequate 
data base for rats exposed to coal dust. The most extensive 
and recent investigation conducted by the National Insti
tute for Occupational Safety and Health (Lewis et al. 1989) 
involved only a single exposure concentration, 2 mg/m3 of 
respirable dust, which resulted in a small particle lung 
burden. The crude incidence of malignant and benign lung 
neoplasms was not significantly elevated in the rats ex
posed to coal dust, or in rats exposed in the same study to 
diesel exhaust at the same particle concentration. A good 
examination of the relevance of the rat bioassay to human 
lung cancer risk from inhaled particles would be to compare 
the carcinogenicity and lung burden data from coal miners 
with the carcinogenicity results from a modern bioassay of 
rats exposed to coal dust, including multiple exposure 
concentrations and measurements of particle lung burdens. 

A third investigative path that would help our under
standing of the relevance of data from rat inhalation bioas-
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says of respirable particles is the study of particle retention 
and clearance in humans exposed to dust. Not only are 
there few data for the quantities of particles retained in the 
lungs of workers exposed to high concentrations of dust, 
there also is little information on the degree to which 
particle clearance is overloaded in these populations. It 
would be of great interest to know if particle clearance is 
impaired, and to have data for particle retention kinetics in 
workers with ongoing dust exposures. This would require 
that populations be identified and tracer techniques be 
employed. 

Finally, the most important information needed to re
solve the health risks of human exposures to diesel exhaust 
is better epidemiological information on health effects in 
populations with known exposures. The opportunities for 
obtaining this information are limited, and the low level of 
effects predicted at current exposure levels may preclude 
clear definition even if populations with defined exposures 
were identified. Regardless, any such opportunity should 
be pursued. 

IMPLICATIONS OF FINDINGS 

The key implication of the results of this study is the 
strong suggestion that the organic compounds associated 
with soot might play little or no role in the pulmonary 
carcinogenicity of diesel exhaust in rats exposed to high 
concentrations of particles. While not confirmed by this 
study, the lack ofrole of the organic fraction implied by the 
results has several interrelated implications. 

The question about the role of soot-associated organic 
mutagens in the rat lung neoplastic response to diesel 
exhaust raised by this study suggests that caution should be 
used in extrapolating from the carcinogenicity in rats ex
posed to high concentrations of diesel exhaust to predict on 
the basis of chemical carcinogenesis the possible carcino
genicity in humans exposed to diesel exhaust at lower rates. 
In particular, it does not appear reasonable to use the 
delivered dose of soot-associated organic compounds as the 
comparative dose term for extrapolation. Although it is 
possible that soot-associated organic compounds may con
tribute to lung cancer in humans exposed to diesel exhaust, 
they may not contribute to the response in rats. 

The present results contribute to the growing doubts 
about the validity of extrapolating from the carcinogenicity 
in rats exposed chronically to particles at high exposure 
rates to estimates of risk of carcinogenicity in humans 
exposed at low rates or for short times using any compara
tive dose term. A logical comparative dose term would 
seem to be the lung burden of particles. It appears likely, 
but is not certain, however, that there is a threshold related 
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to clearance overload for the relationship bet~veen lung 
burden and carcinogenesis in rats, but it is very uncertain 
whether or not a similar threshold might exist for humans. 
Unit risks of similar magnitude have been calculated for 
lifetime exposures of rats and humans using exposure con
centration as the comparative dose term for linking bioassay 
and epidemiological data (Mauderly 1992). The similarity 
of these estimates lends the greatest confidence to the 
usefulness of extrapolating the rat results to humans, but 
this confidence is eroded by the weakness of the exposure 

. data for humans and the uncertainty about the similarity of 
the pathogenesis of the cancers in rats and humans. 

Another implication of the present results is the concern 
they raise for the potential human lung cancer risk from 
inhaled fine carbon particles. It would be useful to have 
dose-response information from rats exposed at lower rates, 
and to examine closely the data from workers exposed 
chronically to carbon black or similar particles to evaluate 
the potential for carcinogenicity among workers. Publish
ed data (Smith and Musch 1982) suggest that the higher 
time-weighted average exposures of workers in the carbon 
black industry are under 0.5 mg/m 3 , and that elevated rates 
of lung cancer have not been identified in association with 
occupational exposures to carbon black. Close evaluation 
of data from carbon black workers might help place the 
results from rats in a clearer context, particularly if addi
tional human exposure data have been collected. Concern
ing environmental exposures, the present results raise the 
possibility that fine airborne carbon should be a special 
subclass of concern among airborne particulate matter. 

Finally, the results of this study, in concert with the 
growing data base from other studies, suggest the need to 
search for opportunities to more directly compare re
sponses of rat and human lungs to heavy particle exposures. 
The most extensively documented responses of human 
lungs to heavy dust loading are those that have occurred in 
coal miners. There appears to be an opportunity to fill an 
information gap and "calibrate" the general responses of 
animals to those of humans by conducting exposure-dose
response studies of multiple species exposed to coal dust. 
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APPENDIX A. Generation and Characterization of 
Exposure Atmospheres 

GENERATION OF DIESEL EXHAUST 

Diesel exhaust was generated and characterized in a 
manner similar to previous long-term exposures conducted 
for the Health Effects Institute at ITRI (Cheng et al. 1984; 
Mokler et al. 1984; Mauderly et al. 1989), except that a more 
recent engine type was used, and the engine operating 
system was calibrated to simulate a different vehicle. The 
1988 General Motors Model LH6 6.2-L engine was chosen 
as the current model of the most common light-duty engine 
manufactured in the United States. A light-duty engine was 
desired because the engine operating system could not 
accommodate a heavy-duty type without substantial modi
fication, and because the vast majority of the previous rat 
carcinogenicity data were produced using light-duty en
gines of various types. Automatic transmissions were re
quired by the engine operating system, and Type 09PB 
Hydramatic four-speed transmissions were used as appro
priate for the vehicle application. Two identical engine
transmission sets were mounted in the exhaust generation 
test cell and used alternately for exposures at approxi
mately one-month intervals throughout the study. Both 
engine-transmission sets and accessory parts were pur
chased by competitive bidding solicited from seven re
gional General Motors dealerships without knowledge of 
the specific purpose for which they were to be used. 

The engines were operated on test stands with eddy 
current dynamometers (A-300, Zollner, Kiel, Federal Re
public of Germany) and 561-kg inertial flywheels (Pohl 
Associates, Hatfield, P A) using electronic throttle actuators 
(DYNC-14000 Plus 4, Barber-Coleman, Rockford, IL). The 
system was calibrated and operated by computer (LSI-11/2, 
Digital Equipment, Maynard, MA) to simulate a 1988 Model 
C1500 Chevrolet one-half ton pickup with a weight of 
2,773 kg, a frontal area of2.58 m2

, a differential ratio of3.42, 
a tire rolling radius of 32.5 cm, and a driveshaft:ground 
speed ratio of 27.8 rpm/kmph. The frontal area was calcu
lated from a photograph, and the rolling radius was meas
ured directly, using a representative vehicle on a dealershi p 
lot. Engine and driveshaft speeds were measured and com
pared with computer tables of desired speeds at one-second 
intervals using an equation that computed the required 
throttle position. Voltage was applied to the dynamometer 
as required for braking to maintain desired speeds. 

Exhaust passed through a standard exhaust system of 
headers, collectors, muffler, and tailpipe before it was in
jected into a dilution tunnel with an internal diameter of 
35.6 cm. Approximately 5.5 m downstream, a portion of 

the exhaust was diverted into a serial dilution-distribution 
system aerodynamically designed to minimize the deposi
tion of soot in the tubing. Excess exhaust was vented to the 
atmosphere via a roof stack. Excess exhaust could also be 
used for high-volume collections of soot. The residence 
time of the exhaust in the dilution system was approxi
mately three seconds. 

For exposures, the engines were operated to simulate 
vehicles continuously repeating the 23-minute EPA Federal 
Test Procedure (also known as US-72) urban fuel economy 
certification cycles (U.S. Environmental Protection Agency 
1977) with one exception. The drive shaft was not braked 
to a complete stop, as specified by the cycle, because ofthe 
complexity of the programming that would have been re
quired. At idle "stop," the drive shaft turned at a simulated 
ground speed of 4.8 to 8.0 kmph. The cycle simulates 
operation for approximately 12 km at an average speed of 
31 kmph, using a combination of idle, acceleration, decel
eration, and cruise modes. 

The engine intake air was from the same filtered source 
used in the exposure chambers. The engines were cooled 
by a normally pressurized closed-loop coolant system using 
a 50% mixture of ethylene glycol antifreeze in water. A 
single-pass flow of tap water was used for the other side of 
the heat-exchange system. The engines were maintained 
on the schedule for normal use described in the 1988 
Chevrolet pickup owner's manual. The crankcase oil (SAE 
30, SG-SF/CC-CD, Pennzoil Products, Oil City, PA), and oil 
filter were changed at recommended simulated mileage 
intervals. 

Fuel was purchased in bulk, maintained in underground 
tanks, piped to daily supply tanks in the engine room, and 
filtered before routing to the standard engine-fuel systems. 
D-2 Diesel control fuel (Lot K-001, August 8,1988, Phillips 
Chemical Company, Borger, TX) was purchased to meet 
EPA fuel economy certification specifications. The speci
fications provided by the supplier were confirmed by inde
pendent blind analysis (National Institute for Petroleum 
and Energy Research, Bartlesville, OK), which included a 
sample of ordinary diesel fuel obtained locally. The inde
pendent and supplier's specifications matched closely and 
were within EPA tolerances. In brief, the fuel had the 
following characteristics: specific gravity was 0.8501; sul
fur was 0.39 wt %; aromatics were 33.9 wt %; carbon was 
86.8 wt %; hydrogen was 13.01 wt %; cetane index was 
46.9; 50% distillation point was 267°C. The fuel contained 
30 ppb of DuPont FDA No. 11 antioxidant to enhance 
stability. 

Before generating exhaust for exposures, the engines 
were operated on the EPA Highway Fuel Economy Test 
cycle (U.S. Environmental Protection Agency 1977) for the 

51 



Diesel Exhaust and Carbon Black: Neoplastic and Nonneoplastic Lung Lesions 

equivalent of 500 miles as a break-in procedure. For daily 
exposures, the engines were warmed up by idling for one 
minute, operating through a single Highway Fuel Economy 
Test cycle, and then returning to idle before switching to 
the Federal Test Procedure cycle for exposures. The en
gines operated without any problem for the duration of the 
study, but intermittent difficulties with the control systems 
resulted in different cumulative usage of the two engines. 
One engine was operated for a total of 3,824 hours, equiva
lent to approximately 78,000 miles, and its average fuel was 
14.0 simulated mpg. The other engine was operated for 
5,284 hours, equivalent to approximately 112,000 miles, 
and its average fuel use was 13.5 mpg. 

GENERATION OF CARBON BLACK 

Carbon black was aerosolized using air jet dust generators 
(Jet-O-Mizer Model 0101, Fluid Energy, Hatfield, PAl sup
plied from reservoirs by screw feeders (Model 102, Accu
rate, Whitewater, WI) and diluted with filtered air to the 
desired chamber concentrations. Bulk Elftex-12 carbon 
black (Cabot, Boston, MA) was transferred upon receipt to 
sealed one-gallon metal containers and stored under air at 
room temperature until transfer to the generator reservoirs 
without further preparation. 

PARTICLE CHARACTERIZATION 

Concentrations of diesel exhaust soot and carbon black 
particles were measured by identical methods using two 
filter samples taken sequentially from each exposure cham
ber throughout each daily exposure. Two filter holders 
containing 47-mm glass fiber filters (Type AE, Gelman, Ann 
Arbor, MI) were attached to sampling probes placed at the 
chamber midpoints and connected to vacuum lines fitted 
with critical orifices to control flow. Sampling was control
led by electronic timers. At the end of each exposure, the 
filters were placed in Petri dishes and weighed to the 
nearest 10 g using an electronic balance. The collected 
mass and sampling flow rate were used to calculate air 
concentrations of particles. 

The particle size distributions of diesel exhaust soot and 
carbon black were measured by identical methods using a 
combination of a Lovelace multijet cascade impactor and a 
parallel-flow diffusion battery, as described previously 
(Cheng et al. 1984). 

The organic fraction of the mass that was associated with 
particles and extractable with solvents was determined by 
ultrasonic extraction with dichloromethane (Royer et al. 
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1979). Extractions of diesel exhaust soot were done using 
filters collected from the exposure chambers. Because of 
the small extractable fraction of carbon black, extractions 
were done using bulk carbon black rather than filters. 
Amber glass jars were used for extractions to minimize 
photolysis. 

Four 47-mm filters collected from the diesel exhaust 
chambers as described above contained up to approxi
mately 5 mg soot each; the soot was extracted twice by 
sonication in an ultrasonic bath (Model MF4.6, Mettler 
Electronics, full power at 200 W) for one hour with 25 mL 
of glass-distilled dichloromethane. Particles were removed 
from the extract by vacuum filtration using Millipore Teflon 

filters with a 0.2-~m pore size. The extract was reduced to 

approximately 2 to 3 mL by evaporation, taken to dryness 

under a flow of nitrogen, weighed, and stored at -80°C. For 
carbon black extraction, 10 g of bulk carbon black and 500 
mL of dichloromethane were placed in an amber glass jar, 
extracted by sonication for one hour, and then filtered, 

concentrated, dried, weighed, and stored at -80°C, as de

scribed for diesel exhaust extract. 

The bacterial mutagenicities of the extracts of diesel 
exhaust soot and carbon black particles were measured at 
ITRI early in the study using a modification of the Ames 
Salmonella assay (Ames et al. 1975) as previously described 
(Brooks et al. 1984). A series of trials using the TA98 tester 
strain with and without metabolic activation with liver S-9 
microsomal fraction demonstrated a mutagenic response of 
diesel exhaust soot extract qualitatively similar to that 
obtained from diesel exhaust soot samples collected from 
previous ITRI exposures. The same series of trials demon
strated negligible mutagenicity of carbon black extract. 
However, the response of the ITRI TA98 strain to the posi
tive control compounds 2-nitrofluorene, 2-aminoan
thracene, and benzo[a]pyrene was variable and less than 
historic values from the Institute. Persistent uncertainties 
about the quantitative response led to the decision to re
evaluate the mutagenicity of the exposure materials by 
independent analysis later during the exposures. 

The mutagenicity of dichloromethane extracts of diesel 
exhaust soot and carbon black particles collected during the 
second year of the chronic exposure was determined under 
quality control procedures meeting EPA and Food and Drug 
Administration Good Laboratory Practices by an inde
pendent laboratory (Microbiological Associates, Rockville, 
MD). Samples of bulk extract, shipped and stored frozen, 
were dissolved in dimethylsulfoxide, diluted to 100, 250, 

or 500 ~g/O.l ~L, and added as 0.1 mL of solution to 100 mL 

assay plates contaiI~ing 1.9 x 108 of S. typhimurium from 
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cultures obtained directly from Dr. Bruce Ames, University 
of California at Berkeley. Both strain TA98, which reverts 
to histidine independence by frame shift mutations, and 
TA100, which re.verts to histidine independence by fra
me shift and base pair substitution mutations, were used. 
Mutagenicity was determined both with and without meta
bolic activation by adding Aroclor l254-induced rat liver 
S-9 microsomal fraction. All assays were done in triplicate. 
Positive control compounds evaluated concurrently in the 
same assay included 2-aminoanthracene and 2-aminofluo
rene for strain TA98, and 2-aminoanthracene and sodium 
azide for strain TA100. 

MEASUREMENT OF GAS AND VAPOR 
CONCENTRATIONS 

Samples for gas and vapor analysis were collected 
weekly from chambers housing each of the five exposure 
groups, alternating between the two chambers housing each 
group. Samples were collected in Tedlar bags from the 
chamber midpoint. The samples were analyzed for carbon 
monoxide and carbon dioxide by infrared absorption 
(Model 865, Beckman Instruments, Fullerton, CAl, oxides 
of nitrogen by chemiluminescence (Model 8840 Nitrogen 
Oxides Analyzer, Monitor Labs, San Diego, CA), and hydro
carbon vapors by flame ionization (Model 400, Beckman). 
The instruments were calibrated every six months using a 
multipoint calibration curve by single-point checks before 
every measurement. Cylinders of calibration gases were 
acquired for carbon monoxide, carbon dioxide, nitric oXIde, 
and methane, and were prepared gravimetrically to within 
2 % of the desired concentration. Methane was used as the 
calibration gas for the hydrocarbon analyzer. The nitrogen 
dioxide analyzer was calibrated using a permeation device 
(VIC I Metronics, Santa Clara, CA), which was accurate to 
within 2%. 

APPENDIX B. Methods for Histopathology 
and Morphometry 

TISSUES COLLECTED 

A listing of tissues collected from rats at routine necrop
sies of rats that died or were euthanized, and at necropsies 
performed on rats that were killed at scheduled intervals is 
given in Table B.1. 

Table B.l. Tissues Collected at Necropsy 

Rats That Died or Were 
Euthanized 

Adrenal glands 
Brain 
Cli toral glands 
Esophagus 
Eyes 
Femur 
Gross lesions and regional 

lymph nodes 
Harderian gland 

(with skull) 
Heart and aorta 
Intestine, large 

(cecum, colon, rectum) 
Intestine, small 

(duodenum, jejunum, 
ilium) 

Kidneys 
Larynx 
Liver 
Lungs and bronchi 
Lymph nodes (mandibular, 

mesenteric, bronchial, 
mediastinal, lumbar) 

Mammary gland and 
adjacent skin 

Muscle, thigh 
Nasal cavity 
Nerve, sciatic 
Oral cavity (larynx and 

pharynx) 
Ovaries 
Pancreas 
Parathyroid glands 
Pituitary glands 
Preputial glands 
Prostate 
Seminal vesicles 
Skin 
Spleen 
Stomach (forestomach 

and glandular 
Testes, epididymis, and 

vaginal tunic of testes 
Thymus 
Thyrod glands 
Tissue masses and 

regional lymph nodes 
Tongue 
Trachea 
Urinary bladder 
Uterus 
Zymbal's glands 

(with skull) 

Rats Necropsied at 
Scheduled Intervals 

Adrenal glands 

Gross lesions 

Kidneys 
Larynx 
Liver 
Lung, right diaphragm lobe 

Nasal cavity 

Spleen 

Thyroid glands 

Trachea 
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mSTOPATHOLOGICAL EVALUATION 
OF TISSUES 

Histopathological evaluations focused on the lungs be
cause previous inhalation bioassays had not revealed sig
nificant nonlung pathology, and because the goal of this 
project was to compare the effects of diesel exhaust and 
carbon black on the lungs. Lung sections were stained with 
hematoxylin and eosin and examined by light microscopy. 
For most rats that died or were euthanized, four sections of 
lung were examined: one each from the right apical, right 
cardiac, and right diaphragmatic lobes, and one from the 
left lung. Additional lung sections were cut for some rats 
to evaluate specific lesions noted on gross examination. 
The lung histopathology of rats killed at scheduled inter
vals was evaluated by examining five or six sections of the 
right diaphragmatic lobes because other lobes were used for 
various purposes. In some rats, additional sections were 
taken to evaluate lesions in other lobes. 

All sections examined were scored using standard lesion 
terminology, and results were entered into a computer data 
base (Path-TOX, Xybion Medical Systems, Cedar Knolls, 
NJ). Nonneoplastic lesions were scored as present or absent 
using the following classification list. Squamous cysts 
were considered nonneoplastic, by current interpretation at 
this Institute, and by consensus of a panel of experts review
ing our lesion terminology and tumor classification scheme 
at the pathology workshop described below. The number 
of individual cysts was noted. The term "multiple" was 
used as a qualifying term to describe structures consisting 
of either multilocular cysts or several adjacent cysts that 
could not be distinguished from each other. 

NONNEOPLASTIC LESIONS 

Alveolar macrophage hyperplasia 

Alveolar proteinosis 

Alveolar epithelial hyperplasia 

Squamous metaplasia of alveolar epithelium 

Bronchiolar-alveolar metaplasia (bronchiolization) 

Bronchiolar epithelial hyperplasia 

Septal fibrosis 

Focal fibrosis 

Chronic-active inflammation 

Uremic pneumonia 

Alveolar histiocytosis 

Squamous cyst 

If present, the severity ofthe lesion was scored on a scale 
of one to four indicating the percentage of the lung or 
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structure involved as described in the list below. The sever
ity ranking could be raised or lowered one grade due to the 
intensity of the reaction to staining (or lack thereof). 

GRADING SCALE 

1. < 10% ofthe lung affected. 

2. 10 to 25% ofthe lung affected. 

3. 25 to 50% ofthe lung affected. 

4. > 50% of the lung affected. 

Primary lung neoplasms were categorized and noted as 
present or absent. If more than one neoplasm was present 
and there was no evidence of metastasis from a single 
primary neoplasm, then each neoplasm was considered 
individually. Because of the multiplicity of neoplasms, the 
microscopic size of some of the neoplasms, and the sam
pling method used, it is certain that not all neoplasms that 
occurred in the rats were observed. The description of the 
tumor incidence and prevalence among the experimental 
groups, therefore, must be taken as the results of a statistical 
sampling of the lungs. To avoid a bias from over-sampling, 
neoplasms observed by microscopy were counted only if 
(1) they were observed on a standard cut; (2) they were 
observed on one of the sections from the right diaphrag
matic lobe of a rat killed at a scheduled interval; or (3) they 
were observed grossly as masses at necropsy. Additional 
microscopic neoplasms observed by chance on a section 
taken to categorize a lesion noted at necropsy were not 
counted. 

PRIMARY LUNG NEOPLASMS 

Adenoma 

Alveolar pattern 

Papillary pattern 

Mixed pattern 

Adenocarcinoma 

Alveolar pattern 

Papillary pattern 

Tubular pattern 

Solid pattern 

Mixed pattern 

Carcinoma, squamous cell 

Carcinoma, squamous cell, arising from a squamous cyst 

Carcinoma, adenosquamous 

Neoplasm, malignant, not otherwise specified 

The subclassification by pattern of tumors with complex 
morphologies was based on the predominant pattern ob-
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served. Neoplasms that had metastasized from other organs 
to the lung were entered as metastatic neoplasms. Pulmo
nary large granular cell leukemia (mononuclear cellleuke
mia) and histiocytic sarcoma were classified as multicentric 
neoplasms. 

CLASSIFICATION WORKSHOP 

A pathology workshop was held at this Institute on 
March 12 and 13, 1992, to review the lesions observed in 
the lungs of rats in this study, to evaluate the extent to 
which a consensus existed regarding the classification of 
problematic lesions, and to ensure that the classification 
scheme used in this study was consistent with current 
majority opinion. Three internationally recognized, U.S. 
expert experimental pulmonary pathologists were selected 
for their experience and because they were known to rep
resent a range of views on tumor classification. These 
individuals included Dr. Donald Dungworth from the Uni
versity of California at Davis, Dr. Ernest McConnell (con
sultant) of Raleigh, NC, and Dr. Roger Renne from the 
Battelle Pacific Northwest Laboratories, Richland, WA. 
These pathologists met with Dr. Nikula, the ITRI patholo
gist for this study, and Dr. Hahn, supervisor of ITRI's Pa
thology Group and also internationally recognized in the 
field. All five pathologists are board certified and have 
extensive experience in examining rat lung tumors result
ing from chronic inhalation exposures to particles. 

These five individuals reviewed and discussed a spec
trum of lesions, and also classified selected lesions inde
pendently before discussion. Dr. Renne served as chairman 
of the workshop, and summarized the workshop proceed
ings and conclusions in the attached report. The workshop 
was also attended by observers who included Dr. Joe 
Mauderly, Principal Investigator of this study; Dr. Maria 
Costantini, Health Effects Institute project officer for the 
study; and Dr. Jack Harkema, a third ITRI board-certified, 
expert experimental pulmonary pathologist. 

As noted in the summary report that follows, there was 
good general agreement among the five pathologists regard
ing the classification of most lesions. As expected, there 
was not always unanimous agreement. There was a clear 
disagreement on the classification of squamous cysts, with 
one pathologist consistently classifying these lesions as 
benign neoplasms, while the other four considered them to 
be nonneoplastic. The classification of these lesions used 
in the present report, therefore, can be taken to represent a 
majority, but not unanimous, view of the current thinking 
of expert pathologists. 

SUMMARY REPORT, REVIEW OF LUNG LESIONS 
FROM DIESEL EXHAUST AND CARBON BLACK 
CHRONIC INHALATION STUDY IN RATS 

At the request of Health Effects Institute Research Com
mittee, selected lung lesions observed in F344/N rats ex
posed chronically to diesel exhaust or carbon black were 
reviewed and discussed by a group of pathologists at the 
Inhalation Toxicology Research Institute on March 12 and 
13,1992. 

Participants 

Visiting Consultants 

Dr. Donald Dungworth, University of California at Davis 

Dr. Ernest McConnell, Consultant, Raleigh, NC 

Dr. Roger Renne, Battelle Pacific Northwest Laboratories, 
Richland, WA 

ITRI Staff 

Dr. Kristen Nikula 

Dr. Fletcher Hahn 

Nonvoting Observers 

Dr. Jack Harkema, ITRI 

Dr. Joe Mauderly, ITRI 

Dr. Maria Costantini, HEI 

Agenda 

Welcome and review of study Dr. Mauderly 

Format of review Dr. Hahn 

Presentation of examples of lesions induced by diesel 
exhaust and carbon black Dr. Nikula 

Individual review of representative lesions and polling 
of diagnoses Dr. Renne 

Discussion of terminology and criteria for classifying 
lesions observed Dr. Renne 

Summary Report Written by Dr. Renne: Terminology 

The following terminology scheme and proposed criteria 
for classification oflesions observed inthis study, proposed 
by Dr. Nikula (with minor modifications), was considered 
acceptable by the voting participants for classification of 
the lesions observed in this study. 

Hyperplasia, Bronchiolar Epithelium. Increased numbers 
of Clara cells and/or ciliated epithelial cells lining lumens 
of terminal bronchioles; cellular atypia not present. 

Hyperplasia, Alveolar Epithelium. Increased numbers of 
type II epithelial cells ~ining alveoli and alveolar ducts. 
Normal alveolar architecture is not altered by this prolifera-
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tive change, although proliferating epithelial cells may fill 
the alveolar lumens, and concomitant inflammation and/or 
fibrosis may result in loss of normal architecture. Cellular 
atypia is not present. 

Squamous Metaplasia, Alveolar or Bronchiolar Epithe
lium. Replacement of normal alveolar or bronchiolar mu
cosal epithelium with stratified squamous epithelium. 
Accumulation of keratinized or nonkeratinized metaplastic 
epithelium within the confined space of the lung paren
chyma may distort the normal architecture, but no evidence 
of cellular atypia, loss of polarization with the basement 
membrane, or abnormal differentiation is present. 

Metaplasia, Bronchiolar-Alveolar. Replacement of nor
mal epithelium lining the alveoli and alveolar ducts with 
Clara cells and/or ciliated epithelial cells typical of bron
chiolar epithelium. 

Squamous Cyst. Discrete cyst in the lung parenchyma, 
filled with keratinaceous debris and lined by keratinizing 
stratified squamous epithelium. Keratinization of the lin
ing epithelium is orderly, with no evidence of dysplasia. 
The lining epithelium appears to extend into the surround
ing alveoli and may encroach upon adjacent bronchioles, 
but this is not interpreted as invasion. Rupture of a cyst 
with release of keratinaceous debris may induce a marked 
inflammatory response in the surrounding lung paren
chyma. 

Note: There were differences of opinion among the partici
pants in the interpretation of the microscopic features of the 
lesions classified as squamous cysts in this study. Follow
ing prolonged examination and discussion ofthese lesions, 
a majority (four of five participants) felt that there was 
insufficient morphologic evidence to classify these lesions 
as neoplasms, and that they should be classified as 
squamous cysts, with no connotation of neoplasia. A mi
nority opinion was that these lesions should be classified 
as benign squamous epithelial neoplasms. There was a 
consensus that these lesions arose from foci of squamous 
metaplasia of the alveolar or bronchiolar epithelium, and 
that they Gould progress to squamous cell carcinoma. The 
crux of the debate was whether or not the morphologic 
features of the epithelium lining the cysts were indicative 
of neoplasia. Four ofthe five participating pathologists felt 
that more evidence of the neoplastic nature of these cysts 
was required before they could be classified as neoplasms. 

Adenoma (alveolar, papillary, or mixed pattern). A dis
crete mass of proliferating alveolar or bronchiolar epithe
lium that distorts the normal alveolar architecture. Cells 
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resembling cuboidal alveolar or bronchiolar epithelium fill 
the alveoli, forming papillae, pseudoalveoli, or a mixture of 
these patterns, but neither atypia of individual cells nor 
invasion of adjacent tissue is present. 

Adenocarcinoma (alveolar, papillary, tubular, solid, or 
mixed pattern). A mass of proliferating bronchiolar or 
alveolar epithelium forming papillae, pseudoalveoli, solid 
sheets of cells, or a mixture of these patterns, and that 
contains cells with characteristics of cellular atypia (en
larged, hyperchromatic nuclei, abnormal cell size and 
shape, or abnormal mitotic figures), and/or invasion of 
adjacent tissue. 

Carcinoma, Squamous Cell. A discrete mass of proliferat
ing squamous epithelium originating from metaplastic 
bronchial, bronchiolar, or alveolar epithelium and contain
ing areas of cellular atypia, loss of polarization of epithelial 
maturation with basement membrane, and/or invasion of 
adjacent tissue. 

Carcinoma, Squamous Cell, Arising from Squamous 
Cyst. A squamous cell carcinoma as defined above, present 
in continuity with or immediately adjacent to a squamous 
cyst as defined above. 

Carcinoma, Adenosquamous. A primary lung neoplasm 
having the morphologic characteristics and microscopic 
features of malignancy defined above for both an adenocar
cinoma and a squamous cell carcinoma. 

Neoplasm, Malignant, Not Otherwise Specified. A pro
liferative lesion apparently originating in the lung, that has 
cytologic or histologic characteristics of malignancy (cellu
lar atypia, disorganization, invasion), but with insufficient 
cytologic or histologic structure to identify its tissue of 
origin. This diagnostic term should be used to classify only 
tumors that are insufficiently differentiated to recognize 
either an epithelial (carcinoma, not otherwise specified) or 
connective tissue (sarcoma, not otherwise specified) origin. 

Summary of Results 

Despite the general agreement among the members of the 
group on criteria for classification of the proliferative lung 
lesions examined from this study, differences of opinion 
were present orr the classification of some individually 
examined borderline lesions, as noted in the results tabu
lated in Table B.2. The proliferative lung lesions induced 
in this study represent a continuum from hyperplasia to 
malignancy, and the potential biologic behavior of some of 
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these lesions was not definable from histologic sections. 
This task was made more difficult by the background of 
intense inflammation and fibrosis also induced by exposure 
to the test materials. 

Table B.2. Results of Polling Diagnoses on Individually 
Examined Representative Lesions 

Slide Animal Diagnosis 
Number Number (Number of Votes) 

T706 4914 Two adenomas and 
multifocal hyperplasia (5) 

T826 4915 Primary lesion: adenoma (4) 
hyperplasia (l)Second 
lesion: squamous cell 
carcinoma (3)benign 
squamous tumor (2)Third 
lesion: hyperplasia (5) 

M824 4915 Adenoma and multifocal 
hyperplasia (5) 

T738 4914 Primary lesion: adenoma (5) 

T729 4914 Primary lesion: multifocal 
hyperplasia (5) 

G757 4914 Primary lesion: squamous 
cyst (4) 

Mh"'THODS USED FOR MORPHOMETRY OF LUNGS 
AFTER THREE, SIX, AND TWELVE MONTHS OF 
'EXPOSURE 

Special effort was expended to describe lung lesions after 
three, six, and twelve months of exposure in quantitative 
terms using morphometric techniques. These time points 
were selected because, at the high rates of exposures used, 
macrophage-based particle clearance was already over
loaded. A detailed description of the condition ofthe lung 
at these times was desired to aid in interpreting the particle 
clearance data. 

The right diaphragmatic lung lobe was removed, 
weighed, and perfused with 10% neutral buffered formalin 
at a constant pressure of 25 cm fixative for 4 to 6 hours. The 
bronchus was then ligated, the lobe was immersed in fixa
tive for 24 hours, and the external lobe volume was meas
ured by water displacement. The lobe was sectioned 
serially at 4-mm intervals, after a 1- to 4-mm random start. 

The tissue blocks were embedded in paraffin, cranial face 
down. A 5-llm section was then cut from each block and 
stained with hematoxylin and eosin. 

Morphometry was performed in two steps, using an 
inverted microscope equipped with a projection arm. In 
the first step, the volume fraction of parenchymal versus 
non parenchymal structures was determined using the 
point-counting method of planimetry via a magnification 
objective ofl0 x. Nonparenchymal structures are the struc
tural elements of the lung that do not function directly in 
gas exchange. The nonparenchymal structures. consist of 
arteries, veins, lymphatics, bronchial-associated lymphoid 
tissue, the conducting airways and their walls proximal to 
the terminal bronchiole, and the pleura. A six-point grid 
was used to count every fourth field in every section. A 
random number table was used to select the field in which 
the counting began. An average of 172 total points were 
counted for each rat. 

In the second step, the volume fractions of various 
parenchymal components were determined. A magnifica
tion objective of 40 x and a 20-point grid were used, and 
every 14th field on every other section was counted. Points 
landing on nonparenchymal components were not 
counted. An average of 918 points were counted for each 
rat. The volume fractions of eight parenchymal compo
nents were determined: alveolar interstitium; alveolar 
lumenal airspace; alveolar lumenal single macrophage; ter
minal bronchiolar wall; terminal bronchiolar airspace; ter
minal bronchiolar macrophage; aggregated macrophages in 
the alveolar parenchyma; and macrophage-associated fibro
sis. 

The value representing the volume fraction of each com
ponent within the parenchyma was multiplied by the vol
ume fraction of parenchyma obtained in step one to 
estimate the percentage of total lung for each parenchymal 
component. This value could then be multiplied by the 
total volume of the lobe (measured by volume displace
ment) to estimate the absolute volume of each component 
within the lobe. Although the morphometric techniques 
were applied to the right diaphragmatic lobe, it is thought 
that the volume fraction data expressed as a percentage of 
the lung volume can be applied to the entire lung. There is 
no evidence to suggest that the right diaphragmatic lobe is 
not representative of the remainder of the lung. 
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A. PROJBcr DBSCRIPrIOH 

Th"" purpose of this project 1. to prov1411 an improvac1 

•• tiaace ot the ~n:.&Dc. ot the role ot pa.rc.icle .... IIIIDc1ated 

organic cDqlOUnc1 in the pulllDDllry cucinogllZlicity of chronically 

inhaled d1".lIl exhaust in tbe rat. Th. goal i8 to place in 

clearer CODtext naultl of previaul .cudi •• demonllcratlng that 

.U ••• l exhau8t can be a pullllC1l1&ry carcinogen in tb. rat. Tluo 

focal isaue 18 whetbilir or not (or to what extent) the ._ 

carcia.og.u.c n~ would nault from axpoaurell to aarbonaceouli 

particl •• dmnar to 41 ... 1 .oot, but 4.voi4 of .olvent

extractabla, IllUt.gc11C organic c~. n. proj .ct cc:abin •• 

.1_U of a cbranic carei_icity bioa .... y, an4 ancillary 

IIIIIcnani.tic .tudi •• or a IIIOrII .spler.tory II&ture. 

Rat. vill be _ •• 4 ~tac1ly for ~t IIIODtba to whol., 

.Ulutac1 4i ... l _.t or to carbon black at the la ... particle 

concentr.~iOD., or to cle&ll air •• canr.roll. Two concentration. 

or 4i ... l axbau.t IJIc1 carbon black will be u.ac1. Th. primary 

eDc1paint will be l\lD!l tumor inci4ence. S"condary iBsu.I will be 

.c1c1r ... ac1 by other endpointl, incluc11ng lung burd.n. or 

particl .. , l.vall or lung DNA .c1c1ucr.I, .~ct lavall in 

different respiratory tract t1SBu.es and cells, histopathology, 

particles. 

Tbi. proj.ct will be fundac1 jOintly by the H.alth Erhcte 

Institute (HlI) anc1 the Dapare.ant or lInergy (DOB). Th" project 

va. origill&lly propotled in relpene .. to IIBI Request .or 

Application /10. B6-~, 'H.alth Ift.cta or Di .. 111 Bmi8don." , and 

included exposures to single levels ot each material. The 

HEI - funded portion will be conducteel under U. S. DOE Funds In 

Agreement NO. DE- FI04 - 88ALS22S7, Research AgreelDllnt No. 8B-3 

between HEI and DOE (hereafter called "Research Agreement"). Tbe 

DOB-funded portion extends the project to include second exposure 

levels of diesel exhaust and carbon black. This effort will be 

included under the DOE Office ot Health and Bnvironmental 

RlIsearch-funded project, 'Carcinogenicity of Mixtures of Inhaled 

Organics" . 

B. PROJECT ORGANIZATION AND RBSPONSIBILITIES 

Allot thll activit1es encompassed by this quality assurance 

(QA) project plan will be conducted at thll Illhalation Toxicology 

Research Institute (ITRI) by ITRI statr. Certain activitiee are 

related to collecting and preparing biological samples to be 

analyzed by two collaborators, Dr. Alan Jeffrey at Columbia 

University and Dr. Kurt Randerath at Baylor Colleqe of Medicino. 

This QA project plan encompasses only the actiVities relRted to 

thoBII samples which arll conducted at ITRI. 

The primary responsibility for both the conduct and the QA 

aspects of this project lies with t:he Principal Investigator 

(PI), Dr. Joe Mauderly, who is both Plot the HEI-funded project 

and coordinator or the DOE project. This project will be 

conducted under the oversight ot the ITRI QA unit and thll ITRI QA 

Otficer, Ms. DOrothy Ha=is. The projllct will be conducted 

within the guidelines ot Article IX (Quality Aasurance and 

Reports) of the Research Agreement and the ITRI QA Program Plan, 

as revised on 1/4/88, and according to revisions which might 
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occur during the course of the project. Within HEI, the project 

will be administered by Dr. Jane Warren. Director of Research, 

:hrough Dr. Maria Constantini, Project Officer. 

Day-to-day responsibilities for the conduct of this research 

will be shared by the PI and scientific co-investigators as 

outlined in Table 1. 

TABLE 1 

Scientific Responsibilities 

Individual 

Joe L. Mauderly, D.V.M. 

I!dward E. Barr. M.S. 

William E. Bechtold, Ph.D. 

David G. Burt, D. V.M. 

James A. Bond, Ph.D. 

Antone L. Brooks, Ph.D. 

Yung S. "Cheng, Ph.D. 

~Iancy A. Gillett, D.V.M., Ph.D. 

William C. Griffith, B.S. 

,jack R. Harkema, D.V.M., Ph.D. 

Rogene F. Henderson, Ph.D. 

M. Burton Snipes. Ph.D. 

David G. Thomassen, Ph. D. 

C. QUALITY ASSURANCE OBJECTIVES 

1. General Objectives 

ReepgD§i bj ] it ies 

Proj ect coordination, In-Life 
and carcinogenicity data, 
Interactions with collaborators 

Exposure system assembly and 
daily exposure operations 

Extraction of organics from 
particlea, gaa and vapor 
analyses 

Animal proc1uction, maintenance, 
and daily observations 

Kxtraction of DNA, distribution 
of DNA adducts 

Mutagenicity of particle 
extracts, ct>..romosomal damage 
in lymphocytes 

Supervisor of chronic exposure 
section and measure_t of 
particle size distribution 

Movement of fluore.cant tracer 
particles 

Statistical design and evaluation 

Necropsy, histopathology 

Measurementl5 of lung burdens of 
particles 

Tracer particle exposures, 
clearance of rac1iola.belect carbon 
black 

Transplantation of tumors into 
nude mice, preservation of tumor 
tissue 

Tbe overall OA objective is to obtain results useful as 

input into consideration of standards for airborne automotive 

emissions. To this end. tile project will be conducted in a 

manner consistent with Institute standards and such that the 

results can withstand external scrutiny by HEI, the Environmental 

Protection Agency (EPA). the contributing automotive 

manufacturers, and the general scientific community. Tbea aim ill 

to produce results suitable for publication as an HEI Research 

Report and in the peer-revhwed scientific literature. 

Some of the procedures to be pertormed are exploratory 

in nature, and detailed Standard Operating Procedures ISOPs) and 

specific quantitative objectives for the rellUlting data cannot be 

specified at study start. Other procedures, such as the 

exposures, animal maintenance and observations, routine analyses, 

and necropsy/pathology can be conducted according to well-defined 

SOPs and often within specific standards ot accuracy. Most of 

che parameters to be measured constitute relNlts, rather than 

control points, and acceptable limits for the resulting values 

cannot be specified. 1uIIong the paremeters cberacterizing the 

exposure atmospheres, only the mass concentration of particles 

a controlling parameter. 

2. Specific Ouality Assurance Objeccives 

Species/Strain: Rat/F344/N 

Source: ITRI colony derived from NIH stock 

Identificacl.on: Unique individual alphanumeric tail tattoo 

Healch 
Surveillance: Daily observacion. Serology on selected rats ac 

each major sacrifice for pachogenic viruses and 
mycoplasma . 

Animal Care 
Program. 

TEST MTICLES 

Name/Source 

ITRI is accredited by the American Association 
for Laboratory Animal Care. 

a. Diesel exhaust (,see section on generation) 

b. Carbon black, CAS No. 1333-86-4, Elftex-12. 
Cabot Corp, BostOn, MA, Lot No. 2868 

Characceri zation: Measuremenc of particle size distribution, 
gravimecric analysis of fraction extractable 
by mechylene chloride, and nrutagenicity of 
extracc in ~ strain TA-98 IAllles 
assay) 

Reanalysis: Characterization at study atart, at 12 montM 
011 exposure, and at scudy end. Reanalysis for 
new bacches of diesel fuel or carbon black. 

gxPQ5JlRg AD10SPHERE GENERATION ANI) MONITORING 

Generacion: Diesel exhausc 

Tvo 1988 Model LH6 General Motors 6.2 L v-a 
diesel engine. with automatic trannlissions, 
on cest scands and operated by compucer on 
Federal Test Procedure urban cycle. 0-2' 
diesel control fuel (Phillips Chemical Co.) 
meeting EPA cercification standards in CFR 
40, Chapter 1 186.113-78). PUel analyzed 
by independenc laboratory to meet 
specificacions after delivery to ITRI, and 
scored in underground tanka containing only 
fuel for Chis scudy. 

b. Carbon black 

Jet-O-Mizer dust generator (Model 0101, 
Fluid Energy Corp., Hatfield, PAl 

Exposure Atmosphere 
Calibracion: Daily quantitative gravimetric analyais 0: 

filters from each exposure chamber. The 
dail}, concentracions will be ma1Dtained at 
./- 20' o! che mean targec concentration 
staced in che scudy protocol. 

Parcicle Sizing: The parcicle size distribucion will be meaaured 

Gas/vapor 

at study start, mid-scudy, and study end by 
cascade impactor and parallel-flow diffusion 
bat cery. ":'he parc icles of" bach cest 
atmospheres are known co be polydisperse and 
co have a bimodal distribution. 

Measurements: a. Monitoring 

Gas/vapor concentrations in each exposure 
and concrol acmosphere w111 be measured 
only once weekly. since concentrationa in 
exhaust are known to closely parallel 
particle concentrations. Samplea will be 
collected in Tedlar bags. 

b. Inscruments 

Beckman Model 865 IR Analyzer for CO and 
CO2 

Backman Model 400 IR Analyzer for vapor
phase hydrocarbons 

Monitor Labs Model 8840 Analyzer for NO 
and N02 

Calibration 

calibration with NBS-traceable gas standards 
each day of use 

fRQcrntlR,ES AND MANp.GRMENT OF naTA MP SPBCIMBNS 

Data: All data will be maintained in hardbound ITRI 
laboratory nocebooks, in looseleaf ring binders. 
or in eleccronic media separate from data trOlllljl 
otller proj ects . All data vill be maintained in 
ITRI archives for a minilllWll of three years after 
acceptance of the final report. Data will be 
made available to Hal or its repre.entatives 
for examl.n~Cion by arrangemenc with ITRI. 
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Procedures: 

Animal Records:' 

Exposure 
Records: 

Sample cusCody: 

samples For 
Colla.boracors: 
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All routine procedures will be pertormed 
according co current, approved ITRI SOPs. 
These procedures include animal maintenance, 
exposures, necropsy/pathology, DNA extraction 
and adduct analys1s, extraction ot organics 
trom panicles, baccerial mutagenici cy assays, 
assays of chromosome damage and whole-body 
coun~ing of radioaccivicy. The approachas co 
be taken tor non-roucine procedures will be 
describeI: to the degree possible in che approved 
sCudy prococol. This includes exposures co 
radiolabeled carbon black and fluorescent 
particles, evaluacion of fluorescenc particle 
movement, and transplantation or tumorll. 
Methods development and the procedures used to 
collect the study data by these procedures will 
be documented. in ITRl la.boratory noceboolul. 

Each rat will be uniquely identified and 
tracea.ble to litter 01' origin. Exposure chaJDber 
maps and necropsy records will document the 
disposicion of each rat. The Path-Tox toxicolog-f 
data base sottware IXybion Mac11cal Syscema, Cedar 
Knolls, NJ) will be Ul!led in chil!l project. This 
system will be used to randomize racl!I by weight, 
class into experimencal groups, to racord and 
summarize body weight daca, and al!l a' necropsy / 
pathology data bal!le. 

Raw and summary data from each measuremenc of 
the exposure atmol!lpheres and all exposure logs 
will be retained. 

Cercain biological l!Iamples are to be pre.ae1"Ved 
for Dotential study beyond the scope of the 
pres!!Dc prococol. These samples include DNA 
excracced from lung, frozen lung tissue, frozen 
tumor tissue, fixed til!lsuel!l, and tissue sections. 
Allor these samples w111 be uniquely idencified 
by che anilnal ID number and dace ot origin. A 
log of samples retained, and their locacion, will 
be maincained by che PI. The dillpol!liCion of 
thelle samples ac che ·end of che projecc will ba 
determined by agreement becween ITRI and RBI, and 
will be based on evaluacion techniques available 
ac that ti_. 

Cenain biological samples will be collecced and 
prov1ded to colla.borators for analysis. This 
will include lung DNA ac one cime for inter
laboracory cClqlarison, and lung DNA and blood 
erythrocytes at multiple times for analysis by 

9 

single collaborators. 'I'Ilese samples will be 
prepared and coded by ITRI technicians under the 
supervis ion of thea PI, and provided to 
collaborators identified only by unique alpha
numeric code and collection date. The key to 
sample codes will be provided to colla.boracors 
after chey provide the PI with initial results 
from each sec ot samplell. 

OlJALITX CONTROL /WI) OUALITX ASSYRANCi PROCiQURBS 

Dau. Quality 
Control: A lOOt OC check will be dona by study penollllsl 

lloon atcer data collection. The individual 
checking the data will initial and date the daca 
document. 

QA Unit Performance 
Auditing: The OA Unit will perform inspections at 

approximately 3-month incezvals to assure 
contormance to the approved study prococol 
and SOPs. 'I'Ile phas.s ot work co audi t w111 
include the IIcudy protocol (proCocol amend
ments and log of deviacions), scudy IICart, 
inhalation exposure systelll, test anicle 
preparation and adllliniscracion, animal 
necropsy, and endpoint lllea~cs. 

QA Unit sysce1lU5 
Auditing: Raw and compiled data will be rllYiewed ac 

approxilllAtely 3 -mouth intervals during !:be 
scudy duracion for good record-keeping 
praccices. III addicion, a randCllll sample of 
approximately lOt ot the data will be audited 
for compleceness and accuracy. 

QA Unit Final Report 
Validacion: All (lOOt) of the reporc text will be audited 

tor c:onlormance co !:be approved prococol. A 
random lOt of reporc data will be audiced for 
accuracy of reporting. 

10 
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APPENDIX D. LUNG AND LYMPH NODE PARTICLE BURDENS 

Table D.1 Body Weights. Lung Weights, and Lung Burdens of Particles of Rats Killed After Three Months of Exposure 

Group Gender 

Control Female 
group Male 

Low 
carbon 
black 

High 
carbon 
black 

Both 

Female 
Male 
Both 

Femllie 
Male 
Both 

Low Female 
diesel Mille 
exhaust Both 

High Femllie 
diesel Mille 
exhaust Both 

Body 
Weight 

(g) 

Mean SD 

210 

376 

293 

221 

348 

284 

208 

360 

284 

207 

341 

274 

1-76 

342 

259 

10 

10 

92 

10 

41 

74 

24 

85 

13 

27 

76 

16 

15 

92 

Lung 
Weight 

(g) 

Mean SD 

Lung 
Weight/Body 

Weight 
(g/kg) 

Mean SD 

0.94 0.08 4.47 0.20 

1.32 0.02 3.52 0.06 

1.13 0.22 4.00 0.53 

1.06 

1.35 

1.21 

1.21 

1.56 

1.38 

0.01 

0.14 

0.19 

0.03 

0.16 

0.22 

4.81 

3.90 

4.35 

5.82 

4.33 

5.07 

0.23 

0.05 

0.52 

0.26 

0.17 

0.84 

Lung 
Burden 

(mg) 

Mean SD 

1.71 

1.65 

1.68 

4.94 

5.85 

5.39 

,0.17 

0.23 

0.19 

0.25 

0.22 

0.54 

1.02 0.02 4.93 0.23 2.80 0.84 

1.31 0.14 3.85 0.12 2.46 0.65 

1.16 0.19 4.39 0.62 2.63 0.70 

1.03 0.08 5.87 0.13 4.72 

1.54 0.12 4.51 0.13 6.98 

1.29 0.29 5.19 0.75 5.85 

1.53 

0.33 

1.58 

B Lung burden divided by mean lung weight of control group females or males. as appropriate. 

b Values for two male rats were both near zero. This finding is unexplained. 

Lung 
,BUrden/ 

Lung Weight 
(mg/g) 

Mean SD 

1.61 

1.22 

1.41 

4.08 

3.77 

3.93 

0.18 

0.05 

0.25 

0.12 

0.31 

027 

Lung 
Burden/ 
Control 

Group Lung 
WeightB 

(mg/g) 

Mean SD 

1.82 

1.25 

1.53 

5.26 

4.42 

4.84 

0.18 

0.18 

0.35 

0.27 

0.17 

0.51 

Lymph Node 
Burden 

(mg) 

Mean SD 

0.004 0.008 

0.026 0.023 

0.015 0.020 

0.173 0.049 

0.188 0.074 

0.180 0.057 

Lymph Node 
Burden/Lung 

Burden 
(%) 

Mean SD 

0.23 

1.60 

0.91 

3.52 

3.23 

3.38 

0.53 

1.54 

1.28 

1.13 

1.28 

1.09 

2.76 0.89 2.98 0.90 0.010 0.016 0.39 0.74 

1.85 0.33 1.85 0.49 0.022 0.008 0.89 0.14 

2.3J 0.78 2.42 0.90 0.016 0.013 0.64 0.55 

4.59 1.52 5.03 

4.53 0.21 5.27 

4.56 0.97 5.15 

1.63 0.023 0.014 0.52 0.31 

0.25 0.004b 0.006 0.060 0.080 

1.05 0.016 0.015 0.340 0.340 

Table D.2 Body Weights, Lung Weights, and Lung Burdens of Particles of Rats Killed After Six Months of Exposure 

Group Gender 

Control Female 
group Male 

Low 
carbon 
black 

High 
carbon 
black 

Both 

Female 
Mille 
Both 

Female 
Mille 
Both 

Low Female 
diesel Mille 
exhaust Both 

High Female 
diesel Male 
exhaust Both 

Body 
Weight 

(g) 

Mean SD 

247 

411 

329 

240 

432 

336 

229 

422 

326 

229 

411 

320 

204 

369 

287 

20 

13 

91 

23 

106 

6 

59 

112 

21 

27 

102 

27 

36 

95 

Lung 
Weight 

(g) 

Mean SD 

Lung 
Weight/Body 

Weight 
(g/kg) 

Mean SD 

1.03 0.04 4.17 0.16 

1.40 0.07 3.40 0.14 

1.21 0.21 3.78 0.44 

1.17 0.06 

1.71 0.15 

1.44 0.31 

1.68 0.11 

2.12 0.36 

1.90b 0.34 

4.88 

3.95 

4.42 

7.32 

5.00 

6.16 

0.11 

0.18 

0.53 

0.30 

0.20 

1.29 

Lung 
Burden 

(mg) 

Mean SD 

3.26 

5.55 

4.41 

11.00 

13.71 

12.35 

0.52 

1.60 

1.65 

0.37 

1.72 

1.85 

1.15 0.08 5.02 0.28 4.88 1.83 

1.49 0.13 3.62 

1.32 0.21 4.32 

1.74 0.19 

2.10 0.19 

1.92b 0.26 

8.56 

5.70 

7.13 

0.07 6.46 0.40 

0.79 5.67 1.47 

0.39 18.93 1.77 

0.46 20.81 1.48 

1.61 19.87 1.79 

• Lung burden divided by mean lung weight of control group females or males, as appropriate. 

b Significantly difforent from control group vBlue for both genders at p < 0.05 by multiple comparison. 

Lung 
Burden/ 

Lung Weight 
(mg/g) 

Lung 
Burden/ 
Control 

Group Lung 
Weighta 

(mg/g) 

Lymph Node 
Burden 

(mg) 

Lymph Node 
Burden/Lung 

Burden 
(%) 

Mean SD Mean SD Mean SD Mean SD 

2.78 

3.22 

3.00 

6.57 

6.53 

6.55 

0.32 

0.70 

0.54 

0.58 

0.55 

0.51 

3.18 

3.98 

3.58 

10.72 

9.81 

10.t7 

4.18 1.26 4.75 

4.34 0.22 4.62 

4.26 0.81 4.69 

10.92 0.95 18.45 

9.96 0.96 14.90 

10.44 1.00 16.68 

0.51 

1.15 

0.90 

0.36 

1.23 

0.95 

0.233 0.092 

0.370 0.033 

0.302 0.097 

0.766 0.045 

0.978 0.117 

0.872 0.140 

7.03 

6.97 

7.00 

6.98 

7.14 

7.06 

1.78 0.133 0.032 3.03 

0.28 0.069 0.042 1.09 

1.14 0.101 0.048 2.06 

1.72 0.471 0.022 2.49 

1.06 0.445 0.014 2.15 

2.33 0.458 0.022 2.32 

1.94 

1.59 

1.59 

0.59 

0.22 

0.41 

1.54 

0.71 

1.51 

0.13 

0.20 

0.24 
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Table D.3 Body Woights. Lung Weights. and Lung Burdens of Particles of Rats Killed After 12 Months of Exposure 

Body 
Weight 

(g) 

Lung 
Weight 

(g) 

Lung 
Weight/Body 

Weight 
(g/kg) 

Lung 
Burden 

(mg) 

Lung 
Burden/ 

Lung Weight 
(mg/g) 

Lung 
Burden/ 
Control 

Group Lung 
Weighta 

(mg/g) 

Lymph Node 
Lymph Node Burden/Lung 

Burden Burden 
(mg) (%) 

Group Gender Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

Control Female 
group Male 

Low 
carbon 
black 

High 
carbon 
black 

Low 
diesel 

Both 

Female 
Male 
Both 

Female 
Male 
Both 

Female 
Male 

exhaust Female 
+ Male 

High Female 
diesel Male 
exhaust Both 

279 

463 

370 

253 

493 

397 

272 

458 

365 

295 

422 

359 

254 

431 

343 

14 

41 

104 

21 

10 

132 

21 

24 

104 

30 

43 

77 

22 

21 

99 

1.09 0.05 

1.58 0.13 

1.33 0.28 

1.59 0.06 

2.17 0.22 

1.94 0.36 

2.56 0.07 

3.31 0.34 

2.94b 0.47 

1.67 0.20 

2.03 0.39 

3.92 0.21 

3.42 0.22 

3.67 0.34 

6.28 0.31 

4.41 0.54 

5.16 1.10 

9.48 0.96 

7.23 0.65 

8.36 1.43 

5.65 0.11 

4.92 1.50 

6.16 0.54 

7.94 1.05 

7.05 1.23 

12.19 2.51 

15.13 O.'F 
13.36 2.41 

9.84 3.15 

12.44 1.60 

3.85 

3.65 

3.75 

4.74 

4.48 

4.64 

5.85 

6.30 

0.25 

0.12 

0.21 

0.86 

0.44 

0.66 

1.39 

1.55 

5.64 0.50 0.763 0.156 12.30 1.57 

5.03 0.66 0.949 0.114 12.13 2.45 

5.34 0.62 0.856 0.159 12.22 1.84 

11.16 2.30 1.471 0.090 12.54 3.44 

9.58 0.30 2.934 0.134 19.89 0.29 

10.53 1.84 2.202 0.808 15.48 4.71 

9.01 2.89 0.746 0.256 7.26 0.73 

7.89 1.01 0.467 OC 4.05 0.14 

1.85 0.34 5.29 1.03 11.15 2.65 6.07 1.34 6.45 2.03 0.606 0.207 5.65 1.90 

3.18 0.08 12.57 0.90 20.77 8.69 6.56 2.76 19.02 7.96 1.227 0.191 

3.95 0.21 9.15 0.17 28.33 3.97 7.18 0.96 17.95 2.52 2.099 0.113 

3.56b 0.43 10.86 1.96 24.55 7.33 6.87 1.88 18.49 5.31 1.663 0.498 

6.54 2.39 

7.47 0.66 

7.01 1.65 

• Lung burden divided by mean lung weight of control group females or males. as appropriate. 

b Significantly difforent from control group value for both gendors at p < 0.05 by multiple comparison. 

C The mean vlue for this group represents two male rats with identical lymph node burdens. 

Table D.4 Body Weights. Lung Weights. and Lung Burdens of Particles of Rats Killed After 18 Months of Exposure 

Lung 
Burden/ 

Lung Lung Control Lymph Node 
Body Lung Weight/Body Lung Burden/ . Group Lung Lymph Node Burden/Lung 

Weight Weight Weight Burden Lung Weight WeightO Burden Burden 
_---"(g=) ____ ...:>(g<.:..) ___ ---"(g"'-/k--!:g<.:..) __ --'(=-m-"'g)=----__ ---:..(m-'g"--'/g=) __ -:.(m-,g,,-,/g=) ___ (~ (%) 

Group Gender Mean SD Mean SD M~an SD Mean SD Mean SD Mean SD Mean SD Mean SD 

Control Female 
group Male 

Low 
carbon 
black 

High 
carbon 
black 

Both 

Female 
Mal~ 

Both 

FeIllale 
Male 
Both 

Low Female 
diesel Male 
exhaust Both 

High Female 
diesel Male 
exhaust Both 

330 

471 

401 

308 

396 

352 

2!lU 

416 

356 

314 

456 

385 

247 

458 

352 

31 

17 

81 

19 

22 

52 

7 

33 

69 

11 

38 

82 

8 

11 
116' , 

1.45 0.44 

1.77 0.03 

1.61 0.33 

2.01 0.08 

2.69 0.69 

2.35 0.57 

3.71 0.44 

3.50 0.11 

3.60b 0.31 

2.24 

2.52 

2.38b 

4.59 

5.17 

4.88b 

0.12 

0.12 

0.19 

0.14 

0.37 

0.40 

4.47 1.65 

3.76 0.09 

4.12 1.12 

6.57 0.64 

6.79 1.74 

6.68 1.18 

12.50 1.22 

8.43 0.53 

10.47 2.38 

7.14 

5.54 

6.34 

18.63 

11.29 

14.96 

0.32 

0.36 

0.93 

0.60 

0.63 

4.06 

12.06 

15.96 

14.01 

22.64 

29.93 

26.29 

21.68 

29.32 

25.50 

41.18 

58.03 

49.61 

• Lung burden divided by mean lung weight of control group femilles or males, as appropriate. 

1.18 

1.12 

2.37 

5.98 0.36 

6.15 1.33 

6.06 0.88 

1.68 

1.31 

4.21 

6.15 0.75 

8.56 0.51 

7.36 1.44 

1.58 9.71 

2.55 11.68 

4.60 10.70 

4.98 8.96 

6.85 11.31 

10.67 10.14 

1.15 

1.29 

1.54 

1.01 

1.96 

1.90 

b Si!;nificantly different from control group value for both genders at p < 0.05 my multiple comparison. 
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10.04 

9.00 

9.52 

18.85 

16.88 

17.87 

18.05 

16.54 

17.29 

34.29 

32.73 

33.51 

0.98 

0.63 

0.93 

1.40 

0.74 

1.47 

1.31 

1.44 

1.48 

4.14 

3.87 

3.68 

1.478 0.152 12.30 

2.461 0.362 15.50 

1.969 0.593 13.90 

1.997 0.211 8.85 

4.318 1.150 14.42 

3.158 1.471 11.63 

1.258 0.085 

1.659 0.822 

1.458 0.530 

3.491 2.034 

2.428 1.024 

2.959 1.451 

5.96 

5.66 

5.81 

9.01 

4.02 

6.52 

1.32 

2.75 

2.61 

1.14 

3.66 

3.90 

0.96 

2.23 

1.41 

4.98 

1.10 

4.12 
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Table D.5 Body Weighls, Lung Weights, and Lung Burdens of Particles of Rats Killed After 23 Months of Exposure 

Body Weight Lung Weight 
(8) (g) 

Lung 
Weight/Body 

Weight 
(g/kg) 

Lung 
Burden/ 

Lung Burden Lung Weight 
(mg) (mg/g) 

Lung 
Burden/ 
Control 

Group Lung 
Weighta 

(mg/g) 

Lymph Node 
Lymph Node Burden/Lung 

Burden Burden 
(mg) (Ofu) 

Group Gender Mean SO Mean SO Mean SO Mean SO Mean SO Mean SO Mean SO Mean SO 

Control Female 
group Male 

Low 
carbon 
black 

High 
carbon 
black 

Both 

Female 
Male 
Both 

Female 
Male 
Both 

Low Female 
diesel Male 
exhaust Both 

High Female 
diesel Male 
exhaust Both 

266 

392 

329 

282 

377 

330 

2611 

329 

299 

305 

426 

366 

235 

327 

281 

44 

29 

77 

18 

17 

54 

19 

39 

43 

12 

31 

69 

4 

38 

56 

1.25 0.09 

1.99 0.19 

1.62 0.43 

2.42 0.31 

3.12 0.58 

2.77b 0.57 

4.95 0.13 

4.48 1.48 

4.72b 0.97 

2.·91 0.07 

3.26 0.38 

3.08b 0.31 

5.86 0.56 

5.98 0.37 

5.92b 0.43 

4.74 0.68 

5.06 0.39 

4.90 0.53 

8.55 

8.31 

8.43 

18.50 

13.45 

15.98 

0.58 

1.82 

1.21 

0.82 

3.46 

3.56 

17.29 

24.67 

20.98 

36.91 

40.13 

38.52 

9.53 0.15 36.30 

7.65 0.88 45.14 

8.59 1.18 40.72 

25.00 2.56 80.73 

18.54 2.97 90.13 

21.77 4.32 85.43 

• Lung burden divided by mean lung weight of control group females or males, as appropriate. 

3.64 

2.35 

4.88 

6.79 

1.78 

4.78 

7.47 

7.42 

8.24 

4.47 

4.15 

6.43 

7.16 

8.11 

7.64 

7.46 

9.70 

8.58 

1.25 

1.93 

1.56 

1.40 

3.46 

2.66 

13.89 

12.43 

13.16 

29.65 

20.22 

24.93 

2.92 1.782 0.449 10.40 

1.18 3.124 0.155 12.77 

2.15 2.453 0.795 11.59 

5.46 2.076 0.549 5.88 

0.89 4.448 0.584 11.06 

6.24 3.262 1.395 8.47 

2.21 

1.74 

2.20 

2.41 

1.08 

3.29 

12.45 2.36 29.15 6.00 1.458 0.916 3.52 1.93 

6.44 0.75 

4.98 2.06 

13.83 1.08 22.74 3.74 3.062 0.142 

13.14 1.81 25.95 5.69 2.260 1.070 

13.85 1.48 64.85 3.59 2.251 0.323 

15.11 1.41 45.41 2.09 4.029 0.323 

14.48 1.46 55.13 10.97 3.140 1.060 

2.75 0.20 

4.47 0.64 

3.61 1.07 

b Significantly dilferent from control group value for both genders at p < 0.05 by multiple comparison. 

APPENDIX E. Bronchoalveolar Lavage Fluid Results 

Table E.1. Concentrations of Con~tituents in Bronchoalveolar Lavage Fluids from Rats Killed After 12 Months of Exposure 

Parameter 

Tolul whito 
blood cells 

Macrophages 
Neutrophils 
Lactate 

dehydrogenase 
Beta 

gl ucuronidase 
Glutathione 

reductase 
Protein 

Units· 

103/mL 

103/mL 

mlUlmL 

mIU/mL 

mlUlmL 

mg/mL 

Control Group 
(n = 2F, 3M) 

Mean 

1174 

850 

14 

112 

0.26 

34 

0.37 

SO 

133 

148 

22 

9 

0.15 

19 

0.10 

" Units are given per milliliter of lavoge fluid. 

Low Carbon Black 
(n = 3F, 3M) 

Mean 

2,820" 

33 

0.62 

SO 

357 

556 

306 

48 

1.82 

0.10 

10 Significantly different from control group value at p < 0.05 by multiple comparison. 

High Carbon Black 
(n = 3F, 3M) 

Mean 

1,192 

l,417b 

653b 

48 

0.92 

SO 

1,075 

575 

559 

83 

0.92 

0.12 

Low Diesel Exhaust 
(n = 3F, 3M) 

\fean 

1,328 

1,641 

356b 

32 

0.57 

SO 

l,J24 

417 

1,330 

87 

1.28 

0.09 

High Diesel Exhaust 
(n = 3F, 2M) 

Mean 

1,911 

l,979b 

705b 

13.10b 

57 

1.28 

SO 

1,636 

957 

1,205 

124 

2.77 

0.22 
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Table E.2. Concentrations of Constituents in Bronchoalveolar Lavage Fluids from Rats Killed After 18 Months of Exposure 

C()ntrol Group Low Carbon Black High Carbon Black Low Diesel Exhaust High Diesel Exhaust 
(n = 3F. 3M) (n = 3F. 3M) (n = 3F. 3M) (n = 3F.3M) (n = 3F.3M) 

Parameter Unitsa Mean SD Mean SD Mean SD Mean SD Mean SD 

Total white 103/mL 591 112 2,149 1,264 3.899b 2,095 3,454b 1,198 4,889b 1,290 
blood cells 

Macrophages 103/mL 575 109 1.259b 376 1,877 1.576 1,227 466 1,765b 411 
Neutrophils 103/mL 9 14 865 997 1,976b 1.188 2,188b 943 3.033b 930 
Lactate mIU/mL 86 20 280b 90 553b 51 376b 99 832b 171 

dehydrogenase 
Beta mIU/mL 0.25 0.17 5.25b 2.97 11.13b 2.65 7.00b 2.46 19.62b 5.97 

glucuronidase 
Glutathione mIU/mL 20 32 52 40 10 72 13 

reductase 
Protein mg/mL 0.33 0.05 0.69 0.25 0.98 0.16 0.78 0.21 1.57 0.39 

• Units are given per milliliter of lavage fluid. 

b Significantly different from control group value at p < 0.05 by multiple comparison. 

Table E.3. Concentrations of Constituents in Bronchoalveolar Lavage Fluids from Rats Killed After 23 Months of Exposure 

Control Group Low Carbon Black High Carbon Black Low Diesel Exhaust High Diesel Exhaust 
(n = 3F, 3M) (n = 2F. 3M) (n = 3F.IM) (n = 2F.3M) (n = IF.3M) 

Parameter Unitsa Mean SD Mean SD Mean SD Mean SD Mean SD 

Total white 103/mL 064 176 1,583b 484 1,806b 367 2,892b 539 - c 

blood cells 
Macrophages 103/mL 060 178 726 153 855 207 1,482 472 

Neutrophils 103/mL 4 5 854 506 943b 268 1,410b 157 
Lactate mIU/mL 76 16 335b 96 535b 177 456b 96 740b 148 

dehydrogenase 
Beta mIU/mL 0.09 0.06 4.07b 1.38 9.63 4.56 6.06b 1.43 18.01b 5.88 

glucuronidase 
Glutathione mIU/mL 19 40b 6 51 12 49b 70b 15 

reductase 
Protein mg/mL 0.26 0.09 0.71 0.11 1.04 0.24 0.93 0.24 1.66 0.22 

" Units uro glvnn pur mi\lililnr of IDVDglI fluid. 

b Significantly different from control group value at p < 0.05 by multiple comparison. 

C Values were nol measured due to cell lysis from inadvertent contamination. 

APPENDIX F . Nonneoplastic Histopathology Results 

Table F.l. Summary of Incidence" and ~everityb of Major Nonneoplastic Lesions in Lungs of Rats Killed After Three Months of Exposure 

Control Group Low Carbon Black High Carbon Black Low Diesel Exhaust High Diesel Exhaust 

Incidence Severity Incidence Severity Incidence Severity Incidence Severity Incidence Severity 
_Le_s_io_n ____ -=-(A_f_fe_cl_ed_/_6'--) ....:.(M_ean ± SO) (Affected/6) (MBan ± SO) (Affected/6) (Mean ± SO) (Affected/6) (Mean ± SO) (Affected/6) (Mean ± SO) 

Chronic-active 
inflammation 

Alveolar 
macrophage 
hyperplasia 

Alveolar 
opithnlinl 
hyperplasia 

Alveolar septal 
fibrosis 

Focal fibrosis 
Alveolar 

protein os is 
Bronchiolar 

alveolar 
metaplasia 

Alveolar 
squamous 
metaplasia 

Squamous cyst 

o 

o 

o 

o 

o 
o 

1.00±0 

o 
o 

2.00 ± 0 

2.00± 0 

o 

o 

• Incidence = number affectod/number examined, as indicated in column heading. In each group. 3 females and 3 males were examined. 

1.00 ± 0 

0.33 ± 0.52 

bSeverity = mean ± SD of all rats examined (fur a discussion of the severity scale 1 to 4. see Appendix BJ. Severity was not scored for squamous cysts. 
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0.83 ± 0.41 

o 

o 
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Table F .2. Summary of Morphometric Data for the Right Diaphragmatic Lung Lobes of Rats Killed After Three Months of Exposurea 

Control Group Low Carbon Black High Carbon Black Low Diesel Exhaust High Diesel Exhaust 
Component (MeaniSD) (Meani SD) (MeaniSD) (MeaniSD) (Meani SD) 
------

Lobe weight (g) 0.35 i 0.07 0.36 i 0.05 0.41 i 0.06 0.41 i 0.20 0.41 i 0.10 
Fixed lobe external volume (cc) 2.55 i 0.49 2.21 i 0.42 2.61 i 0.68 2.10 i 0.44 2.64 i 0.64 
Alveolar lumenal airspace (%)b 71.26 ± 2.75 68.27 i 4.79 69.65 i 3.25 70.69 ± 2.16 69.23 i 2.07 
Alveolar lumenal single 

macrophage (%) 0.07 i 0.10 0.72 i 0.29 1.16 i 0.70 0.61 i 0.24 0.83 i 0.34 
Aggregated macro phages (%) OiO 0.03 i 0.08 0.10iO.l0 OiO OiO 
Alveolar interstitium(%) 19.62 ± 3.59 20.43 i 4.45 20.40 ± 1.37 21.05 i 1.72 20.86 i 1.99 
Macrophage associated 

fibrosis (%) OiO 0.03 i 0.08 0.14 i 0.13 OiO O±O 
Terminal bronchiolar 

airspace (%) 1.94 ± 1.80 2.23 i 1.39 1.51 i 0.95 1.52 ± 1.36 2.18 i 0.99 
Terminal bronchiolar 

macro phages (%) OiO OiO OiO OiO OiO 
Terminal bronchiolar wall (%) 0.12 i 0.16 0.17 i 0.20 0.18±0.19 0.13 i 0.12 0.12 i 0.19 
Nonparenchymal structures (%) 7.0 i 2.28 8.11 i 2.53 6.84 i 2.40 5.99 i 1.52 6.78 i 2.88 

• Values are expressed as means ± SD; n = 6. 

b Volume fractions of parenchymal and nonparenchymal components expressed as percentage of lobe volume. See Appendix B for definitions of components 
and explanations of calculations used to derive volume fractions. 

Table F.3. Summary of Incidencea and Severityb of Major Nonneoplastic Lesions in Lungs of Rats Killed After 6 Months of Exposure 

Control Group Low Carbon Black High Carbon Black Low Diesel Exhaust High Diesel Exhaust 

Incidence Severity Incidence Severity Incidence Severity Incidence Severity Incidence Severity 
Lesion (Affected/6) (Mean ± SO) (Affected/6) (Mean ± SO) (Affected/6) (Mean ± SO) (Affected/6) (Mean ± SO) (Affected/6) (Mean ± SO) 

Chronic-active 
inflammation 

Alveolar 
macrophage 
hyperplasia 

Alveolar 
epithelial 
hyperplasia 

Alveolar septal 
fibrosis 

Focal fibrosis 
Alveolar 

proteinosis 
Bronchiolar

alveolar 
metaplasia 

Alveolar 
squamous 
metaplasia 

Squamous cyst 

2.17±0.41 

2.00 ±O 

0.33 ± 0.52 

o 

• Incidence = number affected/number examined, as indicated in column heading. In each group, 3 females and 3 males were examined. 

1.33 ± 0.52 

1.17±0.41 

h Severity = mean ± SO of all rats examined (for a discussion of the severity scale 1 to 4, see Appendix B). Severity was not scored for squamous cysts. 

0.17 ± 0.41 

2.83 ± 0.41 

2.33 ± 0.52 

0.67 ± 1.03 

0.17 ± 0.41 

65 



Diesel Exhaust and Carbon Black: Neoplastic and Nonneoplastic Lung Lesions 

Table F .4. Summary of Morphometric Data for the Right Diaphragmatic Lung Lobes of Rats Killed After Six Months of Exposurea 

Control Group Low Carbon Black High Carbon Black Low Diesel Exhaust High Diesel Exhaust 
Component (Mean±SD) (MeantSD) (MeantSD) (MeantSD) (Mean t SD) 

Lobe weight (g) 0.35 ± 0.07 0.43 t 0.12 0.54 t 0.09 0.38 ± 0.08 0.55 t 0.07 
Fixed lobe external volume (cc) 2.81 t 0.52 2.91 t 0.96 3.18 ± 0.62 2.64t 0.68 3.19 t 0.43 
Alveolar lumenal airspace (%)b 70.24 t 3.08 67.75 t 2.61 69.43 t 3.46 68.85 t 2.03 67.63 t 2.83 
Alveolar lumenal single 

macrophage (%) 0.02 t 0.04 0.71 t 0.32 3.58 t 1.0 1.24 t 0.27 4.74 t 1.09 
Aggregated macro phages (%) oto 0.46 t 0.35 0.56 t 0.52 0.04 t 0.11 0.01 t 0.03 
Alveolar interstitium (%) 20.37 t 2.27 20.01 t 1.56 18.26 t 2.24 19.56 t 2.05 19.30 t 2.07 
Macrophage-associated 

fibrosis (%) oto 0.28 t 0.23 0;49 t 0.41 0.02 to.06 0.04 t 0.09 
Terminal bronchiolar 

airspace (%) 0.96 t 0.81 1.78 t 0.64 1.49 t 1.06 2.49 t 1.64 1.33 t 1.20 
Terminal bronchiolar 

macrophages (%) oto oto 0.20 t 0.05 Oto 0.03 t 0.04 
Terminal bronchiolar wall (%) 0.10 t 0.16 0.07 t 0.09 0.05 t 0.06 0.18 t 0.20 0.20 t 0.17 
Nonparenchymal structures (%) 8.31 ± 2.44 8.94 t 2.47 6.11 t 0.97 7.62 t 2.75 6.72 t 2.96 

• Mean ± SD. n = 6. 

b Volume fractions of parenchymal and nonparenchymal components expressed as percentage of lobe volume. See Appendix B for definitions of components 
and explanations of calculations used to derive volume fractions. 

Table F.S. Summary ofIncidencea and Severityb of Major Nonneoplastic Lesions in Lungs of Rats Killed After 12 Months of Exposure 

Control Group Low Carbon Black High Carbon Black Low Diesel Exhaust High Diesel Exhaust 

Incidence Severity Incidence Severity Incidence Severity Incidence Severity Incidence Severity 
Lesion (Affected!6) (Mean ± SO) (Affected!6) (Mean ± SO) (Affected!6) (Mean ± SO) (Affected!6) (Mean ± SO) (Affected!6) (Mean ± SO) 

Chronic-active 
inflammation 

Alveolar 
macrophage 
hyperplasia 

Alveolar 
epithelial 
hyperplasia 

Alveolar septal 
fibrosis 

Focal fibrosis 
Alveolar 

proteinosis 
Bronchiolar

alveolar 
metaplasia 

Alveolar 
squamous 
metaplasia 

Squamous cyst 

0.17 ± 0.41 

2.00 ± 0 

2.00 ± 0 

0.33 ± 0.52 

0.17 ± 0.41 

0.17 ± 0.41 

3.00 ± 0 

2.83 ± 0.41 

1.17 ± 0.98 

1.33 ± 0.52 

0.50 ± 0.84 

• Incidence = number affected/number examined. as indicated in column heading. In each group, 3 females and 3 males were examined. 

0.33 ± 0.52 

2.00 ± 0 

1.83 ± 0.41 

0.33 ± 0.52 

0.50 ± 0.84 

b Severity = mean ± SD of all rats examined (for a discussion of the severity scale 1 to 4, see Appendix BJ. Severity was not scored for squamous cysts. 
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Table F.B. Summary of Morphometric Data for the Right Diaphragmatic Lung Lobes of Rats Killed After 12 Months of Exposurea 

Control Group Low Carbon Black High Carbon Black Low Diesel Exhaust High Diesel Exhaust 
Component (Meani SD) (Meani SD) (MeaniSD) (MeaniSD) (MeaniSD) 

Lobe weight (g) 0.40 i 0.12 0.54 i 0.14 0.73 i 0.2B 0.51 i 0.10 1.00 i 0.12 
Fixed lobe external volume (cc) 3.46 i 0.82 3.81 i 0.90 4.13 i 0.69 3.41 i 0.84 4.39 i 0.66 
Alveolar lumenal airspace (%)b 70.41 i 5.14 67.87 i 4.09 67.36 i 3.00 70.24 i 3.28 63.50 i 3.40 
Alveolar lumenal single 

macrophage (%) 0.05 i 0.07 1.99 i 0.46 6.17 i 2.00 2.55 i 1.16 9.63 i 1.85 
Aggregated macrophages (%) OiO 0.70 i 0.59 0.84 i 0.37 0.42 i 0.41 0.99 i 0.50 
Alveolar interstitium (%) 18.20 i 1.53 18.21 i 1.05 16.42 i 1.63 19.11 ± 1.76 17.74 i 0.62 
Macrophage-associated 

fibrosis (%) OiO 0.41 i 0.35 1.15 i 0.35 0.29 i 0.25 1.20 i 0.55 
Terminal bronchiolar 

airspace (%) 0.84 i 0.58 1.33 i 1.29 1.18 i 0.51 1.08 i 0.82 0.98 i 0.60 
Terminal bronchiolar 

macrophages (%) OiO OiO 0.09i 0.09 OiO 0.02 iO.04 
Terminal bronchiolar wall (%) 0.13iO.17 0.20 i 0.21 0.10 i 0.18 0.07 i 0.09 0.08 iO.09 
Nonparenchymal structures (%) 10.37 i 4.02 9.29 i 2.40 6.67 i 2.62 6.24 i 1.50 5.87 i 2.65 

'Mean ± SD, n = 6. 

b Volume fractions of parencbymal and nonparencbymal components expressed as percentage of lobe volume. See Appendix B for definitions of components and explanations of 
calculations used to derive volume fractions. 

Table F.7. Summary of Incidencea and Severityb of Major Nonneoplastic Lesions in Lungs of Rats Killed After 18 Months of Exposure 

Lesion 

Chronic-active 
inflammation 

Alveolar 
macrophage 
hyperplasia 

Alveolar 
epithelial 
hyperplasia 

Alveolar septal 
fibrosis 

Focal fibrosis 
Alveolar 

proteinosis 
Bronchiolar

alveolar 
metaplasia 

Alveolar 
squamous 
metaplasia 

Squamous cyst 

Control Group Low Carbon Black High Carbon Black Low Diesel Exhaust High Diesel Exhaust 

Incidence Severity Incidence Severity Incidence Severity Incidence Severity Incidence Severity 
(Affected/B) (Mean ± SD) (Affected/B) (Mean ± SO) (Affected/B) (Mean ± SO) (Affected/B) (Mean ± SO) (Affected/B) (Mean ± SO) 

'Incidence = number affected/number examined, as indicated in column beading. In eacb group, 3 females and 3 males were examined. 
h Severity = mean ± SD of all rot. examined (for a discussion of tbe severity scnle 1 to 4, see Appendix BJ. Severity was not scored for squamous cysts. 
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Table F .0. Summary of Incidencea and Severityb of Major Nonneoplastic Lesions in Lungs of Rats Killed After 23 Months of Exposure 

Lesion 

Chronic-active 
inflammation 

Alveolar 
macrophage 
hyperplasia 

Alveolar 
epithelial 
hyperplasia 

Alveolar septal 
fibrosis 

Focal fibrosis 
Alveolar 

proteinosis 
Bronchiolar

alveolar 
metaplasia 

Alveolar 
squamous 
metaplasia 

Squamous cyst 

Control Group 

Incidence Severity 
(Affer.ted/6) (Mean ± SO) 

Low Carbon Black 

Incidence Severity 
(Affected/6) (Mean ± SO) 

0.67 ± 0.52 

3.00 ± 0 

3.00 ± 0 

2.83 ± 0.41 

0.33 ± 0.52 

1.33 ± 0.82 

0 

High Carbon Black 

Incidence Severity 
(Affected/6) (Mean ± SO) 

1.83 ± 0.75 

3.50 ± 0.55 

3.17±0.41 

3.00 ± 0 

1.33 ± 1.21 

1.83 ± 1.72 

2.50 ± 0.84 

Low Diesel Exhaust 

Incidence Severity 
(Affected/6! (Mean ± SO) 

1.17 ± 0.75 

3.17 ± 0.41 

2.83 ± 0.41 

2.67 ± 0.52 

0.33 ± 0.82 

1.50 ± 1.38 

1.63 ± 0.41 

• Incidence = number affected/number examined, as indicated in column hending. In each group, 3 females and 3 males were examined. 

b Severity = mean ± SD of all rats examined (for a discussion of the severity scale 1 to 4, see Appendix BJ. Severity was not scored for squamous cysts. 

High Diesel Exhaust 

Incidence Severity 
(Affected/6) (Mean ± SO) 

1.67 ± 0.82 

3.83 ± 0.41 

3.67 ± 0.52 

3.17 ± 0.75 

1.33 ± 1.21 

3.83 ± 0.41 

2.67 ± 1.21 

0.17 ± 0.41 

Table F.9. Summary ofIncidencea and Severityb of Major Nonneoplastic Lesiom in Lungs of Rats Killed 6 Weeks After Exposures Ended 

Control Grou~ Low Carbon Black High Carbon Black Low Diesel Exhaust High Diesel Exhaust 

Incidence Severity Incidence Severity Incidence Severity Incidence Severity Incidence Severity 
Lesion (Affected/34) (Mean ± SO) (Affected/18) (Mean ± SO) (Affected/12) (Mean ± SO) (Affected/25) (Mean ± SO) (Affected/13) (Mean ± SO) 

Chronic-acti ve 
inflammation 0.09±0.29 13 1.00 ± 0.77 12 1.75 ± 0.45 19 1.28 ± 0.84 13 1.77 ± 0.60 

Alveolar 
macrophage 
hyperplasia 0.06 ±0.24 18 2.89 ±0.47 12 3.42 ± 0.52 25 3.20 ± 0.41 13 3.62 ± 0.51 

Alveolar 
epithelial 

hyporplasia 0.18:t 0.52 18 3.06 ± 0.64 12 3.67 ± 0.49 25 3.16 ± 0.47 13 3.92 ± 0.27 
Alveolar septal 

fibrosis 0.03 ± 0.17 18 2.67 ± 0.49 12 3.00±0.43 25 2.80 ± 0.41 13 3.38 ± 0.65 
Focal fibrosis 0.50±0.86 0.75 ± 1.14 0.68 ± 1.14 1.31 ± 1.38 
Alveolar 

proteinosis 0 10 0.78 ± 0.81 12 3.50 ± 0.67 20 2.16 ± 1.21 13 4.00± 0 
Bronchiolar-

alveolar 
metaplasia 0.06 ± 0.34 17 2.00 ± 0.91 12 3.08±0.67 23 2.40 ± 1.00 13 3.54 ± 0.66 

Alveolar 
squamous 
metaplasia 0.11 ± 0.47 0.75 ± 1.14 0.04 ± 0.20 0.54 ± 0.88 

Squamous cyst 

'Incidence = number affected/number examined, as indicated in column heading. In each group, 3 females and 3 males were examined. 

b Severity = mean ± SD of all rats examined (for a discussion of the severity scale 1 to 4, see Appendix BJ. Severity was not scored for squamous cysts. 
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Table F.1D. Summary of Incidence" and Severityb of Major Nonneoplastic Lesions in Lungs of Female Rats That Died or Were Euthanized 
During thn FirRt 12 Monthll of Expo!!lIro 

Control Group Low Carbon Black High Carbon Black Low Diesel Exhaust High Diesel Exhaust 

Incidence Severity Incidence Severity Incidence Severity Incidence Severity Incidence Severity 
Lesion (Affected/l) (Mean ± SO) (Affected/3) (Mean ± SO) (Affected/3) (Mean ± SO) (Affected/7) (Mean ± SO) (Affected/5) (Mean ± SO) 

Chronic-active 
inflammation 

Alveolar 
macrophage 
hyperplasia 

Alveolar 
epithelial 
hyperplasia 

Alveolar 
septal 
fibrosis 

Focal fibrosis 
Alveolar 

proteino3is 
Bronchiolar

alveolar 
metaplasia 

Alveolar 
squamous 
metaplasia 

Squamous cyst 

1.67 ± 0.58 

1.00 ± 1.00 

0 

0 

2.00 ± 1.73 

1.00 ± 1.73 

0.33 ± 0.58 
0 

0 

0 

0 

• Incidence = number affected/number examined. as indicated in column heading. In each group, 3 females and 3 males were examined. 

1.86 ±0.90 

1.29 ± 1.25 

0.86 ± 1.46 

b Severity = mean ± SO of all rats examined (for a discussion of the severity scale 1 to 4, see Appendix B). Severity was not scored for squamous cysts. 

0.20 ± 0.45 

2.00 ± 1.23 

1.80 ± 1.30 

0.80 ± 1.10 

1.40 ± 1.95 

0.60± 0.89 

Table F.ll. Summary of Incidencea and Severityb of Major NOImeoplastic Lesions in Lungs of Male Rats That Died or Were Euthanized 
During tho First 12 Month!! of Exposure 

Lesion 

Chronic-active 
inflammation 

Alveolar 
macrophage 
hyperplasia 

Alveolar 
epithelial 
hyperplasia 

Alveolar septal 
fibrosis 

Focal fibrosis 
Alveolar 

proteinosis 
Bronchiolar

alveolar 
metaplasia 

Alveolar 
squamous 
metaplasia 

Squamous cyst 

Control Group 

Incidence Severity 
(Affected/6) Mean ± SO 

o 

o 

o 

Low Carbon Blackc 

Incidence Severity 
(Affected/-) Mean ± SO 

High Carbon Black 

Incidence Severity 
(Affected/4) Mean ± SO 

2.75 ± 0.96 

1.75 ± 0.98 

0.25 ±0.50 

o 

o 

Low Diesel Ex..'laust 

Incidence Severity 
(Affected/2) Mean ± SO 

3.00 ± 1.41 

3.00 ± 1.41 

2.00 ± 1.41 
o 

o 

• Incidence = number affected/number examined, as indicated in column heading. In each group, 3 females and 3 males were examined. 

b Severity = mean ± SO of all rats examined (for a discussion of the severity scale 1 to 4, see Appendix B). Severity was not scored for squamous cysts. 

C No male rats exposed to low carbon black died during this interval. 

d No standard deviations are given because only one rat was euthanized. 

High Diesel Exhaust 

Incidence Severity 
(Affected/l) Mean±SO 

2.00 ±-

3.00 ±-

2.00 ±-

3.00 ±-

o 
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Table F.12. Summary of Incidencee and Severityb of Major Nonneoplastic Lesions in Lungs of Female Rats That Died or Were Euthanized 
Between 12 and 18 Months of Exposure 

Control GrouL-__ .;::L:..:;o-,-w,-C=ar:..;:b:..:;oc.:;;n:....;B:....:I:..:;a:..:;ck,",-__ ~H:!Jiga::h::....::C:::ar"-'b::..:o~n:.:B::::I:.::a:::c.::k_ Low Diesel Exhaust High Diesel Exhaust 

Incidence Severity Incidence Severity Incidence Severity Incidence Severity Incidence Severity 
Lesion (Affectod/l0) (Menn ± SO) (Affected/6) (Mean ± SO) (Affected/12) (Mean ± SO) (Affected/14) (Mean ± SO) (Affected/9) (Mean ± SO) 

Chronic-active 
inflammation 

Alveolar 
macrophage 
hyperplasia 

Alveolar 
epithelia 
hyperplasia 

Alveolar septal 
fibrosis 

Focal fibrosis 
Alveolar 

proteinosis 
Bronchiolar

alveolar 
metaplasia 

Alveolar 
squamous 
metaplasia 

Squamous cyst o 

2.50 ± 0.55 

2.33 ± 0.52 

2.00 ± 0.63 
o 

0.67 ± 0.82 

o 

0.83 ± 0.94 

12 3.42 ± 0.52 14 

12 3.08 ± 0.52 14 

12 2.83 ± 0.39 13 

0.33 ± 0.78 

1.42 ± 1.08 

1.33 ± 1.07 12 

• Incidence = number affected/number examined. as indicated in column heading. In each group. 3 females and 3 males were examined. 

0.57 ± 0.85 

2.64 ±0.84 

2.57 ± 0.85 

2.21 ± 0.98 

0.21 ± 0.58 

1.00 ± 1.18 

1.71 ± 0.91 

b Severity = mean ± SD of all rats examined [for a discussion of the severity scale 1 to 4. see Appendix B). Severity was not scored for squamous cysts. 

0.56 ± 0.88 

3.67 ± 0.50 

3.56 ± 0.53 

3.22 ± 0.83 

3.67 ± 0.50 

2.89 ± 0.93 

0 
0 

Table F.13. Summary of Incidencea and Severityb of Major Nonneoplastic Lesions in Lungs of Male Rats That Died or Were Euthanized 
Betweon 12 ond 18 Months of Exposure 

Control Group Low Carbon Black High Carbon Black Low Diesel Exhaust High Diesel Exhaust 

Incidence Severity Incidence Severity Incidence Severity Incidence Severity Incidence Severity 
Lesion (Affected/14) (Mean ± SO) (Affected/32) (Menn ± SO) (Affected/28) (Mean ± SO) (Affected/19) (Mean ± SO) (Affected/17) (Mean ± SO) 

Chronic-active 
inflammation 

Alveolar 
macrophage 
hyperplasia 

Alveolar 
epithelial 
hyperplasia 

Alveolar septal 
fibrosis 

Focal fibrosis 
Alveolar 

proteinosis 
Bronchiolar

alveolar 
metaplasia 

Alveolar 
squamous 
metaplasia 

Squamous cyst 

o 

o 
o 

0.14 ± 0.54 

0.07 ± 0.27 

0.63 ± 0.35 

32 2.00 ± 0.51 

32 1.97 ± 0.82 

24 1.16 ± 0.88 

0.03 ± 0.18 

0.03 ± 0.18 

0.25 ± 0.59 

28 3.25 ± 0.58 19 

28 3.11 ± 0.79 19 

28 2.68 ± 0.86 15 

1 0.07 ± 0.38 

4 0.21 ± 0.57 

0.43 ± 0.74 

0.11 ± 0.57 

• Incidence = number affected/number examined. as Indicated in column heading. In each group. 3 females and 3 males were examined. 

0.11 ± 0.32 

2.53 ± 0.61 

2.47 ± 0.70 

1.63 ± 1.01 

b Severity = mean ± SD of all rats examined [for a discussion of the severity scale 1 to 4. see Appendix B). Severity was not scored for squamous cysts. 
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0.59 ± 0.80 

17 3.65 ± 0.49 

17 3.24 ± 0.75 

17 3.00 ± 0.71 

15 2.24 ± 1.30 

0.65 ± 0.79 

0 
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Table F.14 Summary of Incidencea and Severityb of Major Nonneoplastic Lesions in Lungs of Female Rats That Died or Were Euthanized 
Aftor 18 Months of ExpoBure 

Control GrouE Low Carbon Black High Carbon Black Low Diesel Exhaust High Diesel Exhaust 

Lesion Incidence Severity Incidence Severity Incidence Severity Incidence Severity Incidence Severity 
(Affected/59) (Mean ± SO) (Affected/75) (Mean ± SO) (Affected/72) (Mean ± SO) (Affected/55) (Mean ± SO) Affected/74) (Mean ± SO) 

Chronic-active 
inflammation 0.03±0.18 18 0.32 ±0.62 40 0.92 ± 0.90 20 0.49±0.72 49 1.11 ± 0.90 

Alveolar 
macrophage 
hyperplasia 0.03 ± 0.18 75 2.69 ± 0.54 72 3.35 ± 0.48 55 2.93 ± 0.47 74 3.85 ± 0.36 

Alveolar 
epithelial 
hyperplasia 0.09±0.34 75 2.73 ±0.62 72 3.43 ± 0.58 53 2.62 ± 0.81 74 3.62 ± 0.54 

Alveolar septal 
fibrosis 0.02 ± 0.13 71 2.29 ± 0.84 72 2.96 ±0.46 49 2.14 ± 1.03 72 3.12 ± 0.79 

Focal fibrosis 12 0.33 ± 0.81 22 0.58 ±0.95 6 0.16 ± 0.50 36 0.97 ± 1.09 
Alveolar 

proteinosis 14 0.23 ± 0.51 71 2.75 ± 0.87 44 1.69 ± 1.10 74 3.82 ± 0.53 
Bronchiolar-

alveolar 
metaplasia 44 0.96 ±0.91 69 2.74 ± 1.01 47 1.91 ± 1.09 73 3.38 ± 0.79 

Alveolar 
squamous 
metaplasia 0.11 ±0.42 17 0.36 ± 0.72 4 0.13 ± 0.47 13 0.34 ± 0.78 

Squamous cyst 8 0 10 

• Incidence = number affected/number examined, as indicated in column heading. In each group, 3 females and 3 males were examined. 

b Severity = mean ± SD of all rats examined (for a discussion of the severity scale 1 to 4, see Appendix BJ. Severity was not scored for squamous cysts. 

Table F.15. Summary of Incidencea and Severityb of Major Nonneoplastic Lesions in Lungs of Mlj.le Rats That Died or Were Euthanized After 
1 R Months of ExpoRuro 

Control GrouE Low Carbon Black High Carbon Black Low Diesel Exhaust High Diesel Exhaust 

Lesion Incidence Severity Incidence Severity Incidence Severity Incidence Severity Incidence Severity 
(Affected/78) (Mean ± SO) (Affected/67) (Mean ± SO) (Affected/68) (Mean ± SO) (Affected/76) (Mean ± SO) (Affected/81) (Mean ± SO) 

Chronic-active 
inflammation 0.04 ± 0.34 0.13 ± 0.42 21 0.53 ± 0.86 15 0.24 ± 0.51 51 1,05 ± 0.92 

Alveolar 
macrophage 
hyperplasia 67 2.28 ± 0.49 68 3.29 ± 0.52 76 2.96 ±0.60 81 3.69 ± 0.46 

Alveolar 
epithelial 
hyperplasia 0.04 ±0.25 67 2.16 ± 0.62 68 3.09±0.66 76 2.99±0.58 80 3.58 ± 0.63 

Alveolar septal 
fibrosis 0.01 ±0.11 61 1.82 ± 0.85 67 2.74 ± 0.76 74 2.65 ± 0.69 79 3.21 ± 0.72 

Focal fibrosis 0.06 ±0.30 15 0.44 ± 0.89 0.11 ±0.48 16 0.44 ± 0.94 
Alveolar 

proteinosis 17 0.38 ±0.73 0.04 ±0.26 78 3.05 ± 1.08 
Bronchiolar-

alveolar 
metaplasia 0.12 ± 0.33 44 1.27 ± 1.12 22 0.38 ± 0.71 67 1.89±1.16 

Alveolar 
squamous 
metaplasia 0.02 ± 0.12 0.06 ±0.34 0.01 ± 0.12 0.19±0.65 

Squamous cyst 

• Incidence = number affected/number examined. as indicated in column heading. In each group. 3 females and 3 males were examined. 

b Severity = mean ± SD of all rats examined (for a discussion of the severity scale 1 to 4. see Appendix BJ. Severity was not scored for squamous cysts. 
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APPENDIX G. Sequestration of Fluorescent Particles 

Table G.t Categories of Anatomic Locations Used to Evaluate the Sequestration of Fluorescent Particles 

Anatomic Location 
Other" 

Undetermined 

Extrncellular 

Bronchus-associated lymphoid tbsue 

Bronchiolar Region 

Bronchiolar Epithelium 

Alveolar Region 

Interstitium 

Thickened interstitium (rats killed at 18 
months only) 

Single alveolar macrophage 

Aggregated macrophages in the alveolar 
parenchyma 

Single alveolar macrophage in debris 
(rats killed at 18 months only) 

Debris (rats killed at 18 months only) 

Peribronchiolar Region 

Interstitium 

Single peribronchiolar macrophage 

Aggregated macrophages in the peri
bronchiolar region 

Debris 

Description 

Unable to identify location of bead 

Bead that is not within any cell or within the interstitium (with the exception of an extracellular bead that is 
on the cilia of the bronchiolar epithelium, or in association with debris) 

Bead within lymphoid tissue associated with a major airway (either in a macrophage or not) 

Bead (either within a macrophage or not) that is on the cilia of the bronchiolar epithelium 

Bead that lies within the septum of an alveolus but is not contained in a macrophage aggregate 

Bead that lies within the thickened tissue surrounding a macrophage aggregate, but not in a macrophage 
aggregate (also a bead within thickened areas due to type II cell hyperplasia, large granular cell leukemia, or 
in lymphoid tissue not associated with a bronchus) 

Bead contained by a macrophage that is not associated with more than one other macrophage 

Bead contained by a macrophage that is clumped within a group of three or more macrophages together 

Bead contained within a single macrophage thaI is in association with debris comprised ofsootb, proteinosis, 
and the remains of effete, soot-packed macrophages that are no longer intact (viable) cells 

Bead that is not within a cell but is associated with soot, proteinosis, and what looks like the remains of soot
packed macro phages that are no longer intact (viable) cells 

Bead that lies within the bronchiolar epithelium, basement membrane, or muscle of a terminal bronchiole (not 
on the cilia, but within the wall) 

Bead contained by a macrophage that is not associated with more than one other macrophage and is located 
immediately adjacent to a terminal bronchiole 

Bead contained by a macrophage that is clumped within a group of three or more macrophages and is located 
immediately adjacent to a terminal bronchiole 

Bead that is not within a cell but is associated with soot, proteinosis, and the remains of soot-packed 
macrophages that are no longer intact, and the head is in an area just adjacent to a terminal oronchiole 

• For the purpose of graphical representation of the data by regions, the categorias of undetermined, extracellular, and bronchus-associated lymphoid tissue were combined and labeled 
as "Other," The three remaining regions wece the bronchiolar region, the alveolar region, and the peribronchiolar region. 

bThe term "soot" is used here to Indicate either diesel exhaust soot or carbon black particles. 
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Table G.2 Summary of Locations of Retained Fluorescent MicrospHeres in the Lungs of Rats That Inhaled Microspheres After 3 Months of 
Exposuro. ExprnSRod OR PorcontagoR of Microsperos Observed 

Location 

Single alveolar 
macrophages 

Aggregated macro phages 
in alveolar parenchyma 

Control 
Group 

Days After 
Inhalation Meana 

1 77.77 
4 89.43 

28 
90 

1 

4 
28 
90 

4 
28 
90 

83.34 
75.68c 

0.00 
0.00 
0.00 
O.Ooc 

22.23 
10.57 
16.66 
24.32c 

SD 

4.50 
3.15 
8.80 
7.20 

0.00 
0.00 
0.00 
0.00 

4.50 
3.15 
8.80 
7.20 

Low 
Carbon Black 

Mean SD 

72.72 11.64 
79.99 1.41 
53.55 9.58 
49.75c 12.13 

1.17 0.62 
9.76 5.35 

26.53 10.87 
38.73c 7.63 

26.12 11.63 
10.26 5.32 
19.92 6.63 
11.52c 4.51 

• Mean ± SD: n = 4 per exposure group each time, except where noted by footnote b or c. 

h n= 3. 

c n =2. 

High 
Carbon Black 

Mean 

71.45 
65.13 
41.06 
42.24 

4.24 
22.46 
40.03 
44.02 

24.31 
12.41 
18.91 
13.74 

SD 

4.86 
5.45 
3.91 
4.54 

2.54 
6.46 
7.80 
6.05 

6.41 
1.53 

11.51 
7.77 

d All locations in the lung other than in single alveolar macrophages or in aggregated macrophages in the alveolar parenchyma. 

Low 
Diesel Exhaust 

Mean 

81.43b 

87.91 
78.16 
52.31 

0.25b 

1.17 
7.82 

33.64 

18.33b 
10.92 
14.01 
14.05 

SD 

4.40 
6.12 
3.89 
8.98 

0.42 
1.04 
6.21 
6.44 

4.67 
6.47 
8.97 
7.30 

High 
Diesel Exhaust 

Mean SD 

73.49 12.90 
64.40 10.75 
52.15 
56.68 

4.61 
19.10 
35.65 
29.72 

21.90 
16.50 
12.20 
13.60 

2.63 
3.51 

3.38 
4.89 
5.69 
4.24 

10.18 
6.17 
4.59 
0.87 

Table G.3. Summary of Locations of Retained Fluorescent Microspheres in the Lungs of Rats That Inhaled Microspheres After 18 Months of 
Exposure, Exprossod os Percentages of Microspheres Observed 

Location 

Single alveolar 
macro phages 

Aggregated macrophages 
in alveolar parenchyma 

Control 
Group 

Days After 
Inhalation Meana 

1 78.01 
4 82.12 

28 79.35b 

90 71.26c 

1 0.00 
4 0.11 

28 O.OOb 

90 0.68c 

21.99 
4 17.78 

28 20.65b 

90 28.05c 

SD 

7.65 
2.81 
8.70 
9.64 

0.00 
0.21 
0.00 
0.97 

7.65 
2.88 
8.70 

10.61 

Low 
Carbon Black 

Mean 

57.87 
59.64 
38.31 
4'8.71c 

9.25 
20.85 
47.55 
38.06c 

32.88 
19.51 
14.15 
13.23c 

SD 

5.25 
8.88 

12.38 
3.80 

3.26 
5.30 

15.45 
8.75 

7.97 
10.40 

5.03 
4.95 

• Mean ± SD, n = 4 per exposure group each time, except where noted by footnote b or c. 

b n= 3. 

c n=2. 

High 
Carbon Black 

Mean 

40.21 
45.93 
36.91 
38.43c 

22.50 
25.86 
52.09 
45.14c 

37.29 
28.21 
10.99 
16.43c 

SD 

4.50 
4.73 
8.77 

14.64 

4.12 
4.44 

13.26 
15.55 

2.92 
6.92 
7.25 
0.91 

d All locations in the lung other than in single alveolar macrophages or in aggregated macrophages in the alveolar parenchyma. 

Low 
Diesel Exhaust 

Mean 

54.63 
55.83 
37.47 
39.80b 

13.27 
21.82 
48.86 
53.78b 

32.09 
22.35 
13.67 
6.43b 

SD 

6.95 
5.69 

11.41 
10.01 

2.3/' 
1.69 

15.08 
8.77 

7.97 
6.55 
4.34 
3.49 

High 
Diesel Exhaust 

Mean SD 

37.99 4.58 
39.88 9.40 
37.19c 15.16 
35.09b 6.65 

22.81 3.36 
31.15 3.13 
48.04c 9.01 
46.58b 4.95 

39.20 1.78 
28.97 6.93 
14.77c 6.15 
18.32 7.94 
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Diesel Exhaust and Carbon Black: Neoplastic and Nonneoplastic Lung Lesions 

APPENDIX H. Histopathological Findings Listed for 
Individual Rats 

This appendix contains a listing of pulmonary his
topathological findings for individual rat lungs that were 
examined microscopically. It is available on request from 
the Health Effects Institute, 141 Portland Street, Suite 7300, 

Cambridge, MA 02139. 
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eBe]CB 
C 

EPA 
GSD 
HCB 
HDE 

HEPES 

ITRI 

LCB 
LDE 

MMAD 

MMDD 

carbon black labeled with beryllium-7 
controls (in figures) 
Environmental Protection Agency 
geometric standard deviation 
high carbon black (in figures) 
high diesel exhaust (in figures) 
N-2-hydroxyethyl-piperazine
N-2-ethane sulfonic acid 
Inhalation Toxicology Research 
Institute 
low carbon black (in figures) 
low diesel exhaust (in figures) 
mass median aerodynamic 
diameter 
mass median diffusion 
diameter 
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INTRODUCTION 

Diesel engines were developed at the end of the last 
century with the objective of improving the low thermal 
efficiency of the early spark-ignited gasoline engines. Be
cause of their efficiency and durability, diesel engines are 
predominantly used in heavy-duty trucks, buses, construc
tion equipment, locomotives, and ships. Despite their ad
vantages, potential health concerns are associated with the 
use of diesel engines because of their emissions. Diesel 
engine exhaust consists of a complex mixture of gases, 
liquids, and particulate aerosols [soot) (International 
Agency for Research on Cancer 1983,1989). The soot par
ticles are of particular concern because they are of a 
respirable size and have mutagenic and carcinogenic com
pounds, such as polynuclear aromatic hydrocarbons 
(PAHs)* and nitro-polynuclear aromatic hydrocarbons ad
sorbed to their surfaces. Diesel exhaust has been shown to 
induce lung cancer in rats when inhaled at high concentra
tions for a prolonged period of time. The International 
Agency for Research on Cancer (1989) has classified diesel 
exhaust as a potential human carcinogen; however, the 
extent of toxicity of the many exhaust components, alone 
or in combination with the other components, has not been 
fully evaluated. 

Since its inception in 1983, the Health Effects Institute 
(HEI) has funded research to improve our understanding of 
the potential health effects of diesel engine exhaust and its 
various components. Our objective is to provide the neces
sary scientific information to regulatory agencies so that 
they can conduct sound risk assessments. The first phase of 
HEI's diesel program began in the early 1980s when the 
Institute initiated research on the mutagenic constituents 
of diesel engine exhaust, particularly the nitropyrenes. In 
1986, in response to emerging information that exposure to 
high concentrations of diesel exhaust caused lung tumors 
in rats, HEI issued a Request for Applications (RFA 86-2) 
that solicited research proposals to determine the role of 
particulate matter in eliciting biologic responses, and to 
assess levels of exposure and dose. In response to this RF A, 
Dr. Joe Mauderly of the Inhalation Toxicology Research 
Institute in Albuquerque, NM, submitted a proposal enti
tled "Influence of Particle-Associated Organic Compounds 
on the Carcinogenicity of Inhaled Diesel Exhaust." The 
proposed work was linked to that of two other investigators, 
Dr. Kurt Randerath (Baylor College of Medicine, Houston, 

• A list of abbreviations appears at the end of the Investigators' Report for 
your reference. 

TX), and Dr. Alan Jeffrey (Columbia University, New York, 
NY), who submitted separate proposals. After Dr. 
Mauderly's proposal had undergone internal and external 
review, HEI approved the project, which began in March 
1988. Total HEI expenditures for this project were 
$918,415. Additional financial support from the Depart
ment of Energy was made available to the investigators to 
fund a portion ofthis project. The Investigators' Report was 
received at HEI for review in December 1992, and a revised 
report was accepted for publication by the Health Review 
Committee in November 1993. During the review of Dr. 
Mauderly's Report, the Review Committee and Dr. 
Mauderly had the opportunity to exchange comments and 
to clarify issues in the Investigators' Report and in the 
Review Committee's Commentary. The Health Review 
Committee's Commentary is intended to place the Investi
gators' Report in perspective as an aid to the sponsors of the 
Health Effects Institute and to the public. 

REGULATORY BACKGROUND 

Diesel engines are not only more fuel-efficient than 
spark-ignited gasoline engines, but they also are inherently 
low emitters of carbon monoxide and hydrocarbons. Diesel 
engines also offer a 10% to 25 % reduction in carbon dioxide 
emissions over gasoline engines (Deluchi 1992). Because of 
these advantages and issues related to fuel availability, 
balance of trade, and global warming, interest has been 
renewed in the use of diesel engines in this country. 

Despite these advantages, however, increased use of die
sel engines raises public health concerns because they emit 
much higher levels of particles and oxides of nitrogen than 
gasoline engines. The particles in diesel exhaust are of 
concern because they are of a respirable size and contain 
hundreds of organic compounds, some of which are mu
tagenic and carcinogenic, adsorbed to their surfaces. These 
organic compounds arise from the incomplete combustion 
of diesel fuel and engine lubricants. Because of concerns 
regarding the potential adverse health consequences of 
inhaling diesel exhaust, the U.S. Environmental Protection 
Agency (EPA) sets emission standards for diesel engines 
and vehicles under Section 202 of the Clean Air Act, as 
amended in 1990. 

Section 202(a)(1) of the Act directs the Administrator of 
the EPA to "prescribe (and from time to time revise) ... 
standards applicable to the emissions of any air pollutant 
from any class or classes of new motor vehicles or new 
motor vehicle engines, which in his judgement cause, or 
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contribute to, air pollution which may reasonably be antici
pated to endanger public health or welfare." Section 
202(a)(3)(i) of the Act, as amended by Section 201 of the 
1990 Amendments, specifically directs the Administrator 
to set standards for the "emissions of hydrocarbons, carbon 
monoxide, oxides of nitrogen, and particulate matter from 
classes ... of heavy-duty vehicles or engines .... " 

The EPA has taken a variety of regulatory actions with 
respect to diesel engines and vehicles under the authority 
given it by Sections 202(a)(1) and 202(a)(1)(i). The EPA has 
set emissions standards that are initially applicable to all 
engines and vehicles produced in a given model year. 
Engines and vehicles of the same class that are produced in 
the succeeding years also must comply with these existing 
standards, unless the EPA establishes a new set of stand
ards. 

With respect to heavy-duty diesel engines and vehicles, 
the EPA issued emissions standards in 1980 that specified 
limits for hydrocarbons, carbon monoxide, and oxides of 
nitrogen that were applicable to engines and vehicles pro
duced in th~ 1985 model year. New standards were later 
promulgated for the 1988 and 1989 model years; the 1988 
model-year standards, initially promulgated in 1985, added 
limits on particulate matter emissions. Emissions standards 
for the 1991 and 1994 model years also have been set by the 
EPA. Those standards were most recently revised by the 
EPA in 1989 and 1990. 

The 1990 Amendments of the Clean Air Act include several 
provisions that deal with diesel engines, vehicles, and fuels. 
Beginning in 1994, light-duty trucks must meet a particle 
emissions standard of 0.10 or 0.12 g/mile, depending on the 
size of the truck. For diesel engines in heavy-duty applica
tions, 1994 emissions standards for hydrocarbons, oxides of 
nitrogen, carbon monoxide, and particulate matter are 1.3, 5.0, 
15.5, and 0.10 gramslbrake horsepowerehour (glbhpehr), re
spectively. Several provisions in the 1990 Amendments focus 
on emissions for buses. Section 202(f) of the Act, as added by 
Section 207(b) of the 1990 Amendments, puts forth a more 
stringent standard for particulate matter emissions of 0.05 
glbhpehr for buses. In 1993, in order to achieve the more 
stringent particulate emissions standard, the EPA imple
mented regulations for diesel fuel quality. The new limits 
on sulphur content in diesel fuels represent a five-fold 
reduction over previously uncontrolled levels. 

At the time RF A 86-2 was issued, it was known that 
exposure to high concentrations of diesel exhaust caused 
lung tumors in rats; however, it was uncertain which con
stituents of diesel exhaust (soot particles, adsorbed organic 
compounds, or both) were responsible for the tumorigenic 
effect. Assessing the potential health risk for human popu
lations exposed to diesel engine exhaust relies heavily on 
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extrapolating data obtained from animal studies. Because 
animal studies usually require exposures to concentrations of 
diesel exhaust much higher than those encountered in ambi
ent environments, many uncertainties are involved in extrapo
lating data from animals to humans, or from high-dose 
exposures to low-dose exposures. Thus, identifying the key 
causative agents and knowing the mechanisms by which 
diesel exhaust induces carcinogenesis in rats would allow 
better estimates to be made for humans. Such information also 
would direct the development of emissions-control technol
ogy and reformulated fuels. Dr. Mauderly and coworkers were 
funded by HEI to help determine the relative contribution of 
soot particles and particle-associated organic compounds to 
carcinogenesis induced by diesel exhaust in rats. Such re
search is essential to the informed regulatory decision-making 
required by the Clean Air Act. 

SCIENTIFIC BACKGROUND 

Diesel engine exhaust consists of gases, vapors, and soot. 
The soot consists of carbon particles with adsorbed organic 
compounds, inorganic salts, and metals. It is both physi
cally and chemically complex, and contains over 450 or
ganic compounds (International Agency for Research on 
Cancer 1989). These organic compounds arise from incom
plete combustion of fuel and engine lubricants. Due to their 
submicron aerodynamic diameter, diesel particles are read
ily respirable and deposited in the lungs; 7% to 13% ofthe 
particulate mass inhaled by a human is estimated to be 
deposited in the lungs and airways (Yu et al. 1986). The 
organic compounds adsorbed to the carbon particles consist 
of aliphatic and heterocyclic compounds and their deriva
tives, and PAHs and their derivatives. Some of the P AHs 
present in diesel soot, such as benzo[a]pyrene and the 
nitropyrenes, are genotoxic and have been found to cause 
cancer in laboratory animals. The gases and vapors include 
oxides of carbon, nitrogen, and sulphur; nitric and nitrous 
acids; aliphatic compounds; heterocyclic compounds; and 
water. In the vapor phase, toxic organic species include 
acrolein, ammonia, benzene, 1,3-butadiene, formaldehyde, 
formic acid, hydrogen cyanide, hydrogen sulfide, methane, 
methanol, and toluene (International Agency for Research 
on Cancer 1989). 

A number of factors cause concern about the potential 
carcinogenicity of diesel exhaust; the topic has been re
viewed extensively by the International Agency for Re
search on Cancer (1989) and Mauderly (1992). One of the 
first indications of the potential carcinogenicity of diesel 
exhaust was the work of Kotin and coworkers (1955), who 
used acetone to extract diesel exhaust particles from filters 
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and painted the extracts on the skin of C57 black mice. In 
this experiment, skin tumors were produced, the first one 
appearing after 13 months. Of the mice thus exposed, 85% 
grew tumors, and approximately 65% of the tumors were 
carcinomas. In other early studies, benzo[a]pyrene, a known 
constituent of diesel exhaust, was shown to induce tumors in 
skin painting tests with mice and other animals (reviewed by 
International Agency for Research on Cancer 1983). These 
early findings supported the hypothesis that carcinogenic 
PAHs were the tumorigenic agents in this simple animal 
model. Skin painting studies in SEN CAR mice have been 
used to assess tumor initiation, promotion, and complete 
carcinogenicity for several exhaust extracts of diesel en
gines, spark-ignition gasoline engines, and coke oven emis
sions (Nesnow et al. 1982, 1983). Overall, a rough 
correlation has been shown between the potency of an 
emission extract in the skin tumorigenesis assay and its 
benzo[a]pyrene concentration. 

In the late 1970s, EPA researchers conducted bacterial 
mutagenicity bioassays with diesel soot extracts (Huisingh 
et al. 1978). They used methylene chloride to extract or
ganic matter from soot particles that were collected from 
two light-duty diesel engines, and found that the organic 
matter was mutagenic in the Salmonella typhimurium as
say. Although this assay (Ames et al. 1975) was intended to 
be a screening assay and not a proof of carcinogenicity, the 
findings were consistent with the hypothesis that the mu
tagenic and carcinogenic organic compounds adsorbed to 
the carbon core were tumorigenic, and that the carbon core 
acted as a vehicle for these com pounds to come in contact 
with the respiratory tract. In view of the anticipated in
crease in the use of diesel engines in the U.S. light-duty 
truck fleet at that time, considerable effort was made in 
bioassay-directed fractionation protocols to identify mu
tagens and potential carcinogens. Some 450 chemicals were 
identified in diesel exhaust and many have tested positive 
in one or more mutagenicity assays (International Agency 
for Research on Cancer 1989). The organic matter ex
tractable from diesel exhaust particles has been shown to 
cause gene mutations, DNA damage, and chromosomal 
effects in mammalian systems (International Agency for 
Research on Cancer 1989). Efforts directed at identifying 
key mutagens have revealed that, in the Salmonella mu
tagenicity assay, 55% of the mutagenic activity is contained 
in 19% of the organic mass, and that this active mass 
fraction contains PAHs (Bechtold et al. 1984). In 1986, 
Wong and associates (1989) demonstrated that, in the lungs 
of rats exposed chronically to the same concentration of 
diesel exhaust that caused an increased incidence of lung 

cancer, the level of DNA adducts increased as well. Biodi
rected fractionation suggested that nitro-PAHs, some of 
which are potent mutagens, contributed the majority of the 
bacterial mutagenicity (Howard et al. 1990). 

The importance of organic compounds in the carcinogenic 
response to diesel exhaust exposure also was suggested by 
experiments conducted by Grimmer and colleagues (1987) 
who reported that, when the hydrophobic fraction of an ex
tract of diesel exhaust was implanted in the tracheas of rats 
(20 mg of fraction/rat), it produced a lung tumor incidence 
comparable to that found in inhalation experiments (Heinrich 
et al. 1986). When the hydrophobic fraction was separated 
into its component parts, it yielded four subfractions repre
senting different classes of P AHs and their derivatives. The 
sub fractions that contained nonaromatic compounds, 
polynuclear aromatic compounds with 2 or 3 rings, and the 
polar-polynuclear aromatic compounds were devoid of car
cinogenic activity even though they comprised more than 
95% of the weight of the original carcinogenic fraction. 
Therefore, these investigators concluded that the majority 
of the carcinogenic activity resided in the subfraction that 
contained PAHs with 4 to 7 rings, which include most of 
the well-known PAH carcinogens such as benzo[a]pyrene, 
benz[a]anthracene, and the dibenzanthracene and diben
zpyrene series of isomers. Furthermore, when the hydro
phobic subfractions were reconstituted and tested again, 
they produced the same carcinogenic response as the origi
nal unfractionated hydrophobic fraction, which suggests 
that nearly all of the carcinogenic activity in this assay of 
diesel exhaust extract originated from the subfraction of 
P AHs with 4 to 7 rings. 

The question of whether the contents of the organic 
compounds of diesel engine exhaust are actually available 
for biologic reactions when diesel soot is deposited in the 
respiratory tract has been addressed by several investiga
tors. Early investigations (Brooks et al. 1980; Siak et al. 
1981) indicated that the mutagens in the organic surface 
layer of diesel exhaust particles may not be bioavailable. 
Sun and coworkers (1984) showed that, when F344 rats in
haled radio labeled benzo[a]pyrene coated onto diesel exhaust 
particles, the majority of the particle-associated radioactivity 
that was retained in their lungs was from benzo[a]pyrene (65 % 
to 70%); 13% to 17% was metabolized to benzo[a]pyrene-phe
nols, and 5% to 18% was metabolized to benzo[a]pyrene-qui
nones. A similar experiment by Bond and coworkers (1986), 
in which rats inhalated either pure areosol of radiolabeled 
1-nitropyrene or radiolabeled 1-nitropyrene coated onto die
sel exhaust particles, demonstrated that within one hour after 
the exposure, more than 90% of the radiolabeled 1-nitropy-
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rene was metabolized; furthermore, the lungs of the rats 
exposed to 1-nitropyrene coated onto diesel exhaust parti
cles contained nearly five times more radioactivity than 
those exposed to a pure aerosol of radiolabeled 1-nitropy
rene. These results suggest that some ofthe benzo[a]pyrene 
and 1-nitropyrene bound to diesel exhaust particles is 
bioavailable, and that these PAHs may be retained in the 
lungs longer when they are associated with diesel exhaust 
particles than when they are not. However, it is not clear 
whether the way these radiolabeled compounds were 
bound to the surface of diesel exhaust particles in these 
experiments is comparable to the way organic compounds 
are adsorbed onto the carbon matrix of diesel exhaust 
particles during the combustion process. 

In the 1980s, several long-term inhalation bioassays us
ing rats, mice, and Syrian hamsters exposed to diesel engine 
exhaust were conducted by different investigator groups. 
These studies have been reviewed by the International 
Agency for Research on Cancer (1989). In general, the 
results of these studies were negative for hamsters (Bright
well et al. 1986; Heinrich et al. 1986) and equivocal for mice 
(Pepelko and Peirano 1983; Heinrich et al. 1986; Takemoto 
et al. 1986). However, lifetime exposures of rats to suffi
ciently high concentrations of airborne diesel soot caused 
an increase in lung tumor frequency (Heinrich et al. 1986; 
Ishinishi et al. 1986; Iwai et al. 1986; Mauderly et al. 1987; 
Brightwell et al. 1989). All of the lung tumors were of 
epithelial origin, and included benign and malignant forms 
of adenomatous and squamous tumors. The tumor types 
appeared to arise from areas of the lung in which a prolif
eration of the bronchiolar epithelium and swelling of type 
II cells of the alveolar epithelium was apparent (Ishinishi 
et al. 1986). Soot particle accumulation, cell damage, in
flammation, and fibrosis seemed to be associated with 
tumor formation (Ishinishi et al. 1986; Mauderly et al. 
1987). A notable feature of these long-term exposure regi
mens was the progressive accumulation of particles in the 
lungs and impairment of the clearance functions. 

The animal bioassays discussed above also provided 
some evidence that particles play a role in lung tumors 
induced by diesel exhaust. When groups of rats were ex
posed to whole diesel exhaust and compared with other 
groups exposed to filtered exhaust from which the particu
late phase had been removed, no tumors were observed in 
the rats exposed to filtered diesel exhaust; however, tumor 
incidence was significantly increased in the rats exposed to 
the unfiltered diesel exhaust (Heinrich et al. 1986; Iwai et 
al. 1986; Brightwell et al. 1989). This indicated that the 
particulate phase was important, but did not prove whether 
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the organics bound to the particles, or the particles them
selves, or both had a role in tumor induction. However, in 
one study with mice, filtration of diesel exhaust did not 
affect tumor incidence (Heinrich et al. 1986). 

Theoretical caluclations also point to the importance of 
the particulate matter itself, rather than the adsorbed or
ganic compounds, in the results of the rat bioassay. Using 
data from a study in which rats were exposed by inhalation 
for 2.5 years to diesel exhaust at 4 mg/m3

, Heinrich and 
associates (1986) estimated that approximately 6 to 16 mg 
of total organic matter was bioavailable in the rat lung. They 
then calculated that the total deposition ofbenzo[a]pyrene 

would be approximately 0.1 to 0.5 Jlg over the life time of 
the rat. Based on the known tumorigenic potency of 
benzo[a]pyrene, Heinrich and coworkers concluded that 
this amount ofbenzo[a]pyrene was not sufficient to induce 
the numbers of tumors observed in the rats exposed to 
diesel exhaust. Another study that pointed to the impor
tance of particles in the rat tumorigenic response was that 
of Kawabata and associates (1986), who found that acti
vated carbon particles instilled into the tracheas of rats 
caused lung tumors. 

Vostal (1986) noted three factors that limited the use of 
the animal bioassay data. First, the tumors were produced 
only when animals were exposed to high concentrations of 
inhaled particles. Second, the inhalation experiments did 
not show a linear, dose-dependant relation between the 
delivered dose and the production of tumors; tumors were 
produced only after a definite amount of particles had 
accumulated in the lung. Vostal argued that the existence 
of a no-effect level (below the threshold) was not typical for 
chemical carcinogens. Third, exposure to high concentra
tions of other insoluble particles, such as silica, titanium 
dioxide, and shale and coal dust, also caused lung tumors 
in rats, which suggested a possible role for diesel exhaust 
particles in the carcinogenic process. 

Concurrent with the rat bioassays and bioassay-directed 
fractionation experiments, epidemiologic studies were con
ducted to evaluate the potential carcinogenic hazard of 
exposure to diesel exhaust (reviewed by the International 
Agency for Research on Cancer 1989 and Mauderly 1992). 
The epidemiologic evidence indicates a modest increase 
(relative risk of approximately 1.2 to 1.5) in lung cancer 
incidence associated with occupational exposure to diesel 
exhaust. In most studies, confounding factors such as ciga
rette smoking were not taken into account, and no data are 
available on the airborne concentration of diesel exhaust 
particles at the actual time of exposure. 
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Hence by 1986, evidence had accumulated that diesel 
exhaust is carcinogenic in rats under conditions of high 
particle lung burdens; however, it remained to be deter
mined whether the observed lung tumors were induced by 
(1) a genetic mechanism mediated by the mutagenic hydro
carbons bound to the diesel particles, (2) an epigenetic 
(nonmutagenic) mechanism associated with high particle 
lung burdens resulting in cell proliferation, hyperplasia, 
and cancer, or (3) a combination of genetic and epigenetic 
effects. Determining which of these mechanisms applied to 
carcinogenesis induced by diesel exhaust in the rat model 
could be resolved only experimentally. Dr. Mauderly and 
coworkers set out to address this question by comparing the 
relative carcinogenicities of diesel exhaust and carbon 
black in F344/N rats. Carbon black is similar to the elemen
-tal carbon core of diesel exhaust particles; however, the 
carbon black selected for this study (Elftex-12) contains 
significantly less organic material bound to its surface than 
diesel exhaust particles. Furthermore, although extracts of 
diesel exhaust particles are mutagenic in bacterial assays, 
similar extracts of carbon black show little or no response. 
At about the same time, researchers at the Fraunhoffer 
Institute in Germany also initiated similar studies in which 
female Wistar rats were exposed to diesel exhaust and a 
different type of carbon black (Printex 90). A summary of 
the results of the German study has been published recently 
(Heinrich et al. 1994) and is discussed later in this Com
mentary. 

RATIONALE FOR THE STUDY 

Studies addressing the potential health effects of diesel 
engine exhaust have been part of the Health Effects Insti
tute's research program since its inception. In 1986, when 
animal bioassays indicated that long-term exposure to 
whole diesel exhaust caused lung tumors in rats, the HEI 
Research Committee identified two major areas in which 
further research was needed. Applications for research 
proposals to address these issues were therefore solicited 
under RFA 86-2. 

First, the HEI Research Committee determined that re
search was needed to clarify the role of diesel engine 
exhaust particles in the induction of lung tumors in rats, 
particularly with respect to the heavy burdens of particles 
found in the lungs of exposed animals where tumors devel
oped. Two sets of proposals were sought: (1) to evaluate the 
influence of the physical and chemical characteristics of 
diesel exhaust particles on various in vivo or in vitro 
toxicological endpoints relevant to the carcinogenic proc-
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ess; and (2) to assess the impact of emerging technologies 
that would control emissions on the reduction of exhaust 
particles and their associated biological activity. 

Second, the Research Committee noted that techniques 
to estimate effective doses of diesel engine emissions 
needed to be developed and applied to laboratory animals 
and exposed human populations. The Committee was spe
cifically interested in improving the methods used to detect 
and quantify DNA and protein adducts. Methods for deter
mining the actual exposure of selected human populations 
to diesel engine emissions also were solicited. 

In their original application, Dr. Mauderly and coworkers 
indicated that their main goal was to compare the tu
morigenic effect of chronic exposure of F344/N rats to high 
concentrations of diesel engine exhaust with those pro
duced by carbon black. This part ofthe study would provide 
information on the relative contributions of carbon parti
cles and particle-associated organic compounds in causing 
lung tumors in laboratory rats. They also proposed to exam
ine particle clearance, and the formation of DNA adducts 
induced by diesel exhaust and carbon black in the lungs 
and other regions of the respiratory tract, and chromosomal 
aberrations induced in the circulating blood cells. 

Some modifications were made to the original design as a 
result of discussions between the HEI Research Committee 
and Dr. Mauderly. The major modification to Dr. Mauderly's 
proposal was that the studies on genetic changes were to be 
conducted in collaboration with two other applicants. One of 
the applicants, Dr. Kurt Randerath of Baylor College of Medi
cine, proposed to measure adducts in DNA extracted from the 
lungs of rats exposed to diesel exhaust, carbon black, or clean 
air throughout the course of the study. He also proposed to 
compare the pattern of adducts found on the skin of mice 
painted with diesel exhaust extract to the pattern reported for 
adducts found from cigarette smoke exposure. The other ap
plicant, Dr. Alan Jeffrey of Columbia University, proposed to 
examine hemoglobin adducts, and to identify the major 
genotoxic components in diesel particulate extract. The 
Research Committee decided that the exposures and tu
morigenesis studies would be conducted by the investiga
tors in Dr. Mauderly's laboratory, and the genotoxicity 
issues were to be primarily addressed by Drs. Randerath 
and Jeffrey. An interlaboratory comparison of the DNA 
adduct studies was to be conducted after three and six 
months of exposure to ensure that, if an exposure-related 
difference in the nature and level of adducts was observed, 
the results were common and consistent among the three 
laboratories. The Research Committee thought these three 
projects represented a comprehensive set of studies that 
would address questions about the relative contribution of 
the diesel exhaust particles and the associated organic 
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constituents to carcinogenesis induced by diesel exhaust. 
Furthermore, they also would allow the genetic changes 
induced by exposure to diesel engine exhaust and carbon 
black to be correlated with lung tumor formation. (Dr. 
Randerath's report will be published in 1995 as Part II of 
this Research Report. Because of technical problems, Dr. 
Jeffrey's study was not completed; the draft final report of 
his project is available upon request from HEL) 

TECHNICAL EVALUATION 

OBJECTIVES AND STUDY DESIGN 

The principal objective of Dr. Mauderly's study was to 
determine whether prolonged exposure of rats to either 
carbon black or diesel exhaust produced comparable lung 
tumor response. The effects of other factors linked to the 
development and progression of carcinogenesis, such as 
tissue injury, clearance and translocation of inhaled parti
cles, genetic changes in target tissues, and chromosomal 
aberrations in circulating blood cells, also were assessed. 
The specific aims of the study follow. 

1. To compare the pulmonary carcinogenicity of diesel 
exhaust soot and carbon black in rats exposed by 
inhalation for 24 months to two concentrations of 
particles (2.5 or 6.5 mg/m3

)." In his original applica
tion, Dr. Mauderly proposed evaluating one concentra
tion of each test material (6.5 mg/m3

), which, on the 
basis of other experiments, was expected to result in a 
lung tumor incidence of approximately 30% in the 
animals exposed to diesel exhaust. Financial support 
for the second set of exposure groups at 2.5 mg/m3 was 
provided by the Department of Energy. The second 
exposure concentration was expected to produce a 
lung tumor incidence of 10% in the animals exposed 
to diesel exhaust, and would provide important dose
response information. 

Carcinogenicity among the groups was to be compared 
on the basis of (1) the occurrence of lung neoplasms, 
(2) the prevalence of neoplasms over time, (3) neo
plasm type, and (4) growth of neoplastic tissue trans
planted subcutaneously into nude mice. Because the 
carcinogenicity of diesel exhaust in rats was thought to 
be linked to the development and progression of non-

• Dr. Mauderly and associates exposed rats to two levels of diesel exhaust 
and carbon black on the basis of the particle concentration. Therefore, the 
exposure levels of 2.5 mg and 6.5 mg of diesel exhaust are given in 
milligrams of particles per cubic meter of exhaust, which contained other 
vapors and gases. The exposure levels of 2.5 mg and 6.5 mg of carbon black 
are given in milligrams of particles per cubic meter of air. Throughout the 
Investigators' Report and Commentary, both exposure concentrations are 
referred to as diesel exhaust or carbon black at 2.5 mg or 6.5 mg/m3

• 
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cancerous lesions, this study also compared nonneo
plastic responses of rats to diesel exhaust and carbon 
black. 

Beginning at 7 to 9 weeks of age, male and female 
F344/N rats were exposed by inhalation for 16 hours 
per day, 5 days per week, for 24 months to concentra
tions of diluted whole light-duty diesel engine exhaust 
or carbon black at 2.5 mg or 6.5 mg/m3

• The control 
group was exposed to filtered air. The majority of the 
rats were observed throughout their life span to evaluate 
carcinogenicity. In addition, information was obtained 
on body weight, survival time, markers of inflammation 
in lung lavage fluid, and nonneoplastic lung lesions. 
Exposures were terminated at 24 months, and the re
maining rats were held in the exposure chambers 
ventilated with filtered air until overall mortality 
reached approximately 90% to allow the tumors to 
develop. Suspected neoplasms in the lungs were exam
ined microscopically. A portion of tissues from the 
lung neoplasms discovered at necropsy were used for 
histopathological measurements; a portion of the re
maining tissues were transplanted subcutaneously into 
immunodeficient nude mice to observe the growth 
characteristics of the neoplasms and to propagate tis
sue for future use. 

2. To determine the genotoxicity of inhaled diesel ex
haust soot and compare it with that of carbon black. 
Dr. Mauderly evaluated DNA adduct levels in lung 
tissues and alveolar type II cells. They analyzed DNA 
adducts in type II cells because of evidence that these 
cells can metabolize mutagenic organic compounds, 
such as those associated with diesel soot (Bond et al. 
1988). Furthermore, they are thought to be progenitor 
cells for replacing damaged type I epithelium, and 
therefore are important in assessing responses to expo
sure in the epithelial proliferative process (Adamson et 
al. 1974). Evidence also indicates that type II cells are 
progenitors of at least some types of peripheral lung 
tumors in rats (Belinsky et al. 1990). Because markers 
of exposure to diesel exhaust and the resulting geno
toxicity would be useful in epidemiologic studies, Dr. 
Mauderly conducted an exploratory evaluation of 
whether or not chromosomal damage in circulating 
lymphocytes might reflect diesel exhaust exposure. 
Because their preliminary findings at three months did 
not indicate chromosomal damage, they did not repeat 
the assays at later time points . 

3. To evaluate the role of particle overload in tumors 
induced by diesel exhaust in rats by comparing clear
ance kinetics, ,and the translocation and sequestration 
of diesel exhaust soot and carbon black. 
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Dr. Mauderly and his coworkers conducted a very well
designed and thorough study. Two strengths of this inves
tigation were that a large number of rats were studied, and 
statistical methods were applied that enabled the investi
gators to draw quantitative inferences. Pathologic examina
tion of the neoplastic and nonneoplastic lesions was 
conducted in an exemplary manner. The study was con
ducted according to Good Laboratory Practices, and em
ployed quality assurance procedures designed to meet U.S. 
EPA and U.S. Food and Drug Administration standards. 
The Quality Assurance Project Plan developed and ap
proved by both the Inhalation Toxicology Research Insti
tute and HEI specified quality control checks of all data, 
study inspections at approximately three-month intervals 
for conformance to protocol and standard operating proce
dures, an audit of all types of data at the end of the study, 
and an audit of the final report for conformance to the 
protocol. The data audits performed for this study exceeded 
those prescribed in the Quality Assurance Plan. 

In summary, the overall goals ofthe study were achieved. 
The methodology was carefully conceived and rigorously 
vaJidated. The experimental data are consistent and the 
interpretations and conclusions drawn by the investigators 
for the most part are appropriate. 

ASSESSMENT OF METHODS 

Test Atmospheres 

Diesel exhaust was generated by two 1988-model LH6 
General Motors light-duty engines. The carbon black 
(Elftex-12, Cabot, Boston, MA) was aerosolized using an air 
jet dust generator and diluted with filtered air to the appro
priate concentration before exposure. Both particles were 
generally similar in their mean aerodynamic particle size; 
however, compared with diesel soot particles, the carbon 
black had approximately 100 times less organic material 
associated with its carbon core, and, compared with ex
tracts of diesel soot particles, similar extracts of carbon 
black showed little or no response when tested in a bacterial 
mutagenicity assay. 

The investigators measured particle concentration 
gravimetrically after collecting the samples on a filter. They 
carefully examined the size distribution ofthe carbon black 
and diesel exhaust particles using two different instru
ments, a cascade impactor and a flow diffusion battery. 
These data indicate that although the mean aerodynamic 
size of the two types of particles were similar, important 
differences were apparent in the size distributions. Carbon 
black and diesel exhaust aerosol particles had a bimodal 
(large and small) size distribution, with carbon black con-
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taining a greater proportion (approximately 67%) of parti
cles in the large-size mode, and diesel exhaust containing 
a greater proportion (approximately 77%) of particles in the 
small-size mode. These bimodal distributions are useful for 
estimating inhaled particle deposition, which is deter
mined by inserting the data from the smaller-mode (diffu
sion-dominated) and the larger-mode (inertia-dominated) 
particles into two separate equations, the sum of which can 
predict the initially deposited dose. If a single instrument, 
such as a multistage low-pressure impactor had been used, 
it is likely that a single-modal distribution would have been 
observed and this information would have been lost. 

The fraction of particle mass constituted by the organic 
material adsorbed on diesel exhaust and carbon black par
ticles was determined by extracting filter samples of diesel 
exhaust or raw samples of carbon black (because of the very 
low mass associated with carbon black) by ultrasonication 
in methylene chloride. The results suggest that the diesel 
exhaust soot used in this. study contained approximately 
100 times more extractable organic matter than the carbon 
black. Using a modified Ames Salmonella assay, the inves
tigators determined that the mutagenic activity of a 
methylene chloride extract of diesel exhaust was higher in 
strain TAl 00 than strain T A98. In strain TAl 00, the specific 
mutagenic activity of diesel exhaust extract was 83-fold 
higher than the extract from carbon black; in strain TA98 
the difference was 40-fold. 

It is possibile that ultrasonication with the solvent 
methylene chloride might not have been sufficiently rigor
ous to extract all bound organic constituents from the 
particles. Therefore, the HEI Review Committee investi
gated whether a greater amount of organic material bound 
to the carbon core could have been extracted, and whether 
the measured mutagenic activity would have increased, if 
more rigorous extraction procedures had been used. An 
independent consulting firm first extracted the carbon 
black particles using methylene chloride and ultrasonica
tion. The methylene chloride extract was separated by 
filtration, and the carbon black residue then was extracted 
further with toluene under heat using a Soxhlet apparatus. 
It was determined that the total mass ofthe organic material 
associated with carbon black that was extracted by 
methylene chloride and ultrasonication and then by tolu
ene using a Soxhlet was in the same range reported by the 
investigators when they used only methylene chloride and 
ultrasonication. The mutagenicity results with TA98 were 
similar to those reported by Dr. Mauderly and his cowork
ers; with TA100 there appeared to be a small increase in 
mutagenic activity, suggesting that some additional PAHs 
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might have been extracted with the Soxhlet. These results 
confirm Dr. Mauderly's observation that the carbon black 
they used contained significantly less (approximately 100 
times) organic material associated with its carbon core than 
diesel exhaust, and that carbon black extracts showed little 
or no response in bacterial mutation assays. 

Histopathology 

Dr. Mauderly and coworkers focused their histopathologi
cal evaluations on the lungs. Lung neoplasms were scored as 
present or absent, and nonneoplastic lesions were scored 
using a severity grading scale. The primary lung neoplasms 
were categorized as adenomas, adenocarcinomas, squamous 
cell carcinomas, squamous cell carcinomas arising from 
squamous cysts, adenosquamous carcinomas, malignant neo
plasms, or neoplasms not otherwise specified. The diagnosis 
of cancer was based on the presence of anyone of the following 
criteria: cellular (largely nuclear) atypia, including frequency 
of mitosis; vascular invasion; pleural invasion; and transplant
ability. The nonneoplastic lesion types were categorized as 
alveolar-macrophage hyperplasia, alveolar epithelial hyper
plasia, alveolar proteinosis, squamous metaplasia of alveolar 
epithelium, bronchiolar-alveolar metaplasia, bronchiolar epi
thelial hyperplasia, septal and focal fibrosis, chronic active 
inflammation, uremic pneumonia, alveolar histiocytosis, or 
squamous cyst. 

At the request of the HEI Research Committee, a panel of 
three pathologists met with two pathologists from Dr. 
Mauderly's team during the course of the study to discuss 
the results of the pathologic evaluation, and to perform an 
independent evaluation of selected lung lesions. These 
pathologists, who had extensive experience with cancers of 
the respiratory tract in animals and humans, reviewed and 
discussed a spectrum oflesions, and also classified selected 
lesions independently. In general, the pathologists agreed 
on the classification of most lesions. There was, however, 
disagreement on the classification of the neoplastic lesions 
classified as squamous cysts. The crux of the disagreement 
was whether or not the morphologic features of the epithe
lium that lined the cysts were indicative of neoplasia. Four 
of the five pathologists considered that more evidence of 
the neoplastic nature of these cysts was required, and 
therefore classified the squamous cysts as nonneoplastic; 
one pathologist consistently classified these lesions as be
nign neoplasms. The classification of the lesion by the 
investigators in this report, therefore, can be taken to repre
sent a majority, but not a unanimous, view of the current 
thinking of expert pathologists. A list of panel members and 
the details of the panels' findings can be found in Appendix 
B of the Investigators' Report. 
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Upon completion of the study, the HEI Review Commit
tee requested that an independent pathologist (Dr. Marvin 
Kushner, Huntington, NY) review representative lesions 
from animals killed at different intervals during the study. 
These included seventeen neoplasms, fourteen squamous 
metaplasias or squamous cysts, and four typical lesions 
(two lesions each from animals exposed to carbon black or 
diesel exhaust) from each of the 3-, 6-, 12-, 18-, 24-month, 
and final necropsies. Dr. Kushner was essentially in agree
mentwith diagnoses of Dr. Mauderly's team of pathologists. 
He also concurred with the diagnosis of the squamous cysts 
as nonneoplastic lesions. He noted that the serial changes 
of these lesions emphasized their origins in areas of 
squamous metaplasia that became confluent and then ex
tended by recruiting bordering alveoli. Centers of alveolar 
metaplasia were observed in ghost outline in the kerati
nized centers of the lesions, as were foci of incorporated 
pigment. 

Genotoxicity 

A subset of rats was killed at intervals during the exposure, 
and lung tissue was obtained for DNA adduct analysis of lung 
cells and lung alveolar type II cells. The results of DNA adduct 
analysis in the alveolar type II cells have been published (Bond 
e~ al. 1990). A discussion of Dr. Mauderly's analysis of DNA 
ad ducts in lung tissue from the three-month exposure samples 
will be included in Part II of this Research Report, which will 
be published in 1995. 

Chromosomal damage was determined by measuring sis
ter chromatid exchanges and micronuclei in circulating 
white blood cells. As mentioned earlier, because the three
month samples did not show any differences related to 
treatment, the investigators did not conduct further analy
ses of chromosomal damage. 

Particle Lung Burden 

Particle lung burden was evaluated by measuring the 
concentration of diesel exhaust and carbon black particles 
in the lungs and lung-associated lymph nodes at regular 
intervals during exposure. For their lung measurements, 
the investigators used a light absorption method, which 
compares curves describing the extinction of light at a 
620-nm wavelength by homogenates of the lung tissue with 
standard curves prepared from tissue samples spiked with 
known amounts of diesel soot or carbon black particles. 
Because particles can aggregate, and because factors such 
as size, structure, number, and impurities of these aggre
gates can influence the measurements of light scattering 
and absorption, it· is possible that this method produced 
artifacts and, thus, did not produce a precise measure of 
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particle lung burden. It is also important to note that total 
particle lung burdens were estimated by analyzing portions 
of lung tissue, assuming that carbon presence was uniform 
throughout the lung; this assumption was not verified by 
histologic evaluation. 

Measurements of particle burden in lung-associated 
lymph nodes were made using a different procedure. The 
nodes were digested and the inorganic carbon was converted 
into carbon dioxide that was measured spectrophotometri
cally. The spectrometer was calibrated by constructing stand
ard curves generated by spiking lymph node tissue with 
known amounts of diesel soot or carbon black particles. This 
digestion and oxidation method avoids some of the pO,tential 
artifacts of the light scattering and absorption methods used 
for particle lung burden, and thus it yields more reliable 
data. Because of these uncertainties in particle burden 
measurements, the investigators appropriately have not 
placed undue emphasis on the quantitative estimates of 
particle lung burden. 

Particle Clearance 

Particle clearance was evaluated in a subset of animals 
by using 7Be-Iabeled carbonaceous ((Be]CB) tracer parti
cles that were prepared from the same lot of carbon black 
used for the chronic exposure. After three months of 
chronic exposure to either diesel exhaust or carbon black, 
the animals were exposed to a single dose of radiolabeled 
(Be]CB; thoracic radioactivity was measured at intervals 
from 0 to 126 days after exposure to the radiolabeled tracer 
particles to determine the effects of lung particle burden on 
clearance mechanisms. The chronic exposure to diesel ex
haust or carbon black continued, and clearance was evalu
ated again after 18 months of exposure by a second 
inhalation of radio labeled (Be]CB. At both clearance evalu
ation times (3 and 18 months), the measurements on days 
o through 7 were variable; therefore, the investigators re
ported clearance measurements starting seven days after 
exposure to the tracer particles. Thus, it is not known what 
fraction ofthe initially deposited tracer load the day-seven 
"baseline values" represent. 

Particle Translocation 

In order to determine the movement and location of the 
inhaled particles, a different subset of rats received a single 
exposure by inhalation to an aerosol mixture of fluorescent 
latex micro spheres (1 JlIIl in diameter) and (Be]CB once after 
3 months and once after 18 months of chronic exposure to 
diesel exhaust or carbon black. The initial microsphere lung 
burden was estimated by measuring radioactivity and deter
mining the ratio of the latex microspheres to the [7Be]CB 

lE[ 

particles. To determine the concentrations and sites where 
the fluorescent tracer microspheres deposited at different 
times, selected rats from each exposure group (diesel exhaust, 
carbon black, and control) were examined at 1,4,28, and 90 

days after they inhaled the microspheres. Histopathologic 
analysis of sections of fixed lung and lung-associated lymph 
node tissues was conducted to determine the anatomic loca
tions of the fluorescent microspheres. Because the primary 
interest was in examining the movement of particles into 
macrophage aggregates, the data were categorized into per
centages of micro spheres in either single alveolar macro
phages, aggregated macrophages, or other locations. Liquid 
displacement volume of the lung was determined, and 
morphometric measurements of the volume fraction of the 
lungs occupied by aggregated or single macrophages were 
used to determine the concentration of the microspheres. 
Because of the large variation in the microsphere data, and 
the fact that the measurements of initial microsphere lung 
burdens were estimates, the reported percentages of the fluo
rescent micro spheres indicate relative distributions of parti
cles in single or aggregate alveolar macrophages, and not 
quantitative amounts distributed in these compartments. 

STATISTICAL METHODS 

Dr. Mauderly and coworkers analyzed changes in a num
ber of endpoints measured over time. These analyses were 
thorough and appropriate, and are described clearly in the 
Investigators' Report. Statistical analyses were conducted 
on measurements of body weight, lung weight, bron
chioalveolar lavage parameters, DNA adducts, survival, 
nonneoplastic lesions, lung neoplastic responses, and par
ticle clearance and translocation. In general, the methods 
used by the investigators are reasonable and the inferences 
reported are appropriate and valid. As discussed below, 
some uncertainties exist in the analyses of the effects of 
exposure and gender on the nonneoplastic lesions and 
particle clearance. 

Neoplastic lesions 

The investigators examined the significance of group 
differences in the lung neoplastic response to exposure 
using a logistic regression model of neoplasm prevalence at 
the times the rats died or were euthanized or killed. (Neo
plasm prevalence is defined as the probability that a rat 
living at a given time had a lung neoplasm). The investiga
tors determined crude neoplasm incidence (percentage of 
rats with neoplasms), the lifetime incidence estimated by 
logistic regression, and the multiplicity of neoplasms (neo
plasm-bearing rats having more than one neoplasm). The 
measurements of lifetime incidence were conducted rigor-
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ously. However, in the analyses of neoplasm prevalence by 
gender and exposure, because of early mortality of many 
male rats, use of life tables that provide the numbers of rats 
that had died and the numbers of rats at risk at each time 
point would have been preferable. The investigators gave a 
detailed description of the multiplicity of neoplasms; how
ever, a trend analysis also would have been informative. 
Finally, in the analysis of comparing the prevalence of 
neoplasms in the two genders, the investigators appropri
ately emphasized gender differences. Although logistic re
gression modeling did not demonstrate a significant 
difference between the genders, this was primarily due to 
large statistical errors, which were due, in turn, to the small 
number of surviving males during the last time period of 
the study. A clear gender difference was observed in occur
rence of neoplasms. Overall, the statistical analysis of neo
plasms was conducted thoroughly and is one of the 
strengths of this study. 

Nonneoplastic Lesions 

Evaluation of the effects of exposure and gender on 
nonneoplastic lesions was conducted by logistic regression 
analysis. This analysis had two problems. First, the inves
tigators compared dichotomized severity scores rather than 
comparing the rats on the basis of the raw severity scores. 
Second, the points of division on the severity scale were 
different for each lesion and were not predetermined, but 
rather were selected to show best the progression from a low 
prevalence at early death times. Because the endpoints 
were defined after examining the raw data, this method has 
limitations. A more suitable method would have been to 
analyze the raw severity scale as a continuous endpoint, 
using analysis of variance (ANOVA). This approach would 
have solved the problem of data-dependency and provided 
more statistical power. However, even this method has 
potential limitations. Because severity scales are typically 
nonlinear, the assumptions of ANOVA could have been 
hard to defend. Over all, in the present analyses, the data
dependant dichotomizing of severity scores is acceptable 
because the logistic regression was executed clearly and 
proficiently. 

Particle Clearance 

After 3 and 18 months of exposure, clearance experi
ments were conducted on a subset of rats of each gender 
from each exposure group. Therefore, these were paired 
data on the same animals and should have been analyzed 
by a method that took into account that each animal was 
studied twice. Maximum statistical power for comparing 
exposure groups would have resulted from analyzing the 
changes in clearance kinetics between 3 months and 18 
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months within each animal. Instead the investigators ad
dressed the differences among the five exposure groups at 
3 months and at 18 months. No apparent recognition was 
made of the paired design. 

The investigators also conducted whole-body measure
ments at intervals after the inhalation of radioactive tracer 
particles, and compared animals, genders, and exposure 
groups. Two different analytical methods were applied to 
generate a single clearance curve. First, a repeated-meas
ures ANOV A was conducted. This method compared the 
pattern of successive whole-body measurements among 
animals, genders, and exposure groups. Repeated-measures 
analysis ties each animal's data together without assuming 
any particular mathematical form for the pattern of clear
ance, thus gaining value in generality although possibly 
losing value in statistical power. The repeated-measures 
analysis was performed on the combined genders, but sepa
rately for the 3- and 18-month data. As already mentioned, 
statistical power would have been improved by combining 
the 3-month and 18-month data and exploiting the paired 
design. Second, a biexponential function was used to de
scribe clearance kinetics in terms of two "compartments," 
one fast-clearing and the other slow-clearing. The parame
ters of this mathematical model were the two rate constants 
and the respective percentages of particles cleared. In the 
construction of the biexponential curves, the data were 
inappropriately pooled across animals at each time point 
for the purpose of producing one composite curve for each 
exposure group. No precision estimates were provided for 
the fitted parameters on which to base comparisons be
tween exposure groups. Despite the concerns mentioned 
above, the essential results of the clearance experiment can 
be inferred from the repeated-measures analysis. The plot
ted data in the Investigators' Report (see Figure 24) tell a 
clear story, even if, for the sake ofillustration, some pooling 
has been done that would be inappropriate for statistical 
analysis. 

RESULTS 

Survival 

Male rats in the treatment groups survived significantly 
shorter time periods than female rats; after 24 months, only 
8% ofthe male rats survived in the group exposed to diesel 
exhaust at 6.5 mg/m3

, and 1% in the group exposed to 
carbon black at 6.5 mg/m3

, compared with approximately 
35% survival for female rats in the same exposure groups. 
The fact that fewer male rats survived when exposed to 
carbon black at 6:5 mg/m3 than to diesel exhaust at 2.5 
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mg/m3
, despite the fact that these two groups had similar 

particle lung burdens, suggests that survival depended on 
the particle exposure concentration rather than the particle 
I ung burden. 

Lung and Body Weight 

Lung weights increased significantly and body weights 
reduced significantly in a dose-related manner by both 
carbon black and diesel exhaust exposures. Rats exposed to 
carbon black at 6.5 mg/m3 exhibited a greater increase in 
lung weight and a greater decrease in body weight com
pared with rats exposed to diesel exhaust at 2.5 mg/m3

, 

again suggesting a dependance on exposure concentration 
rather than lung burden. 

Particle Lung Burden 

The investigators made two notable observations regard
ing particle I ung burdens. First, accumulation of both diesel 
soot and carbon -black particles in the lungs was related to 
exposure concentration. However, the two materials accu
mulated at different rates; diesel exhaust soot accumulated 
more rapidly than carbon black particles. This difference in 
particle accumulation may have been due to the bimodal 
particle size distribution. It is possible that carbon black 
particles, which had a greater proportion of the large-sized 
particles, deposited proximally in the pulmonary lobe, and, 
thus, were cleared more rapidly in the 0- to 7-day period 
after exposure to tracer particles, for which the data are not 
reported. In comparison, the diesel exhaust particles, 
which had a greater proportion of the small-size particles, 
may have deposited more deeply in the lung, requiring a 
longer time to be cleared. Second, when the carcinogenic 
response was evaluated as a function of exposure concen
tration, diesel exhaust soot and carbon black caused similar 
carcinogenic responses. However, when carcinogenicity 
was expressed as a function of lung burden, rats exposed to 
carbon black had a greater carcinogenic response than those 
exposed to diesel exhaust. The investigators report that, 
after 24 months of exposure, the mean particle lung burden 
for rats exposed to carbon black at 2.5 mg/m3 was 21 mg, 
and at 6.5 mg/m3 was 38.5 mg; the same mean particle lung 
burden for rats exposed to diesel exhaust at 2.5 mg/m3 was 
40.7 mg, and at 6.5 mg/m3 was 85.4 mg. However, these data 
should be interpreted cautiously because, as discussed ear
lier, the measurements of lung burden may not have been 
sufficiently accurate to allow quantitative comparisons to 
be made. 

The concentrations of diesel exhaust soot and carbon 
black in the lung-associated lymph nodes were similar 
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throughout the exposure; the rate of accumulation de
creased after 18 months at the higher exposure levels for 
both diesel exhaust and carbon black. 

Particle Clearance 

Both carbon black and diesel exhaust exposures caused 
dose-dependant and time-related delays in the clearance of 
[7Be]CB tracer particles, and the patterns of clearance were 
similar for both exposure groups. However, a statistically 
significant difference was observed between male and fe
male rats in the clearance of both diesel exhaust and carbon 
black particles, with clearance rates being slower for female 
rats than for male rats in all exposure groups at 3 months, 
but faster at 18 months. When the investigators analyzed 
differences among exposure groups, however, by combin
ing data from female and male rats they found significant 
differences in clearance at both 3 and 18 months. At 3 
months, particle clearance rates for rats exposed to diesel 
exhaust soot or carbon black at 2.5 mg/m3 was faster than 
for the rats exposed to the same materials at 6.5 mg/m3

; 

however, at 18 months, the particle clearance for both 
exposure concentrations of both particles was nearly iden
tical and markedly depressed. Despite the limitations in the 
statistical methods applied to this part of the study, the 
results suggest that for the particle concentrations used in 
this study, clearance essentially had stopped after three 
months of exposure to either type of particle. 

Translocation and Sequestration of Tracer Particles 

After 3 and 18 months of chronic exposure to either 
carbon black or diesel exhaust, inhaled fluorescent micro
spheres were localized in four primary regions of the lung 
categorized as alveolar, peribronchiolar, bronchiolar, and 
other. Overall, for all groups and at all times, the majority 
of the retained microspheres were found in macro phages in 
the alveolar region, the alveolar interstitium received a 
considerable exposure to fresh particles that were not en
closed in macrophages, and the pattern and kinetics of 
particle sequestration were the same for carbon black and 
diesel exhaust exposures. 

DNA Adducts 

The investigators demonstrated the presence of DNA 
adducts in type II alveolar epithelial cells isolated from the 
lungs of rats exposed for three months to carbon black 
particles or diesel exhaust soot at 6.2 mg/m3 or to fresh air 
(Bond et al. 1990). The chromatographic patterns of indi
vidual adducts were similB! among these three groups. The 
total levels of DNA adducts were similar in rats exposed to 

87 



"I..r[ Commentary rC------------=-

diesel exhaust or carbon black, and these levels were sig
nificantly greater than in control rats. Also, both test atmos
pheres increased the levels of most individual DNA adducts 
in the type II cells above those observed in the control rats. 
None of these adducts were identified, and they did not 
comigrate with an authentic benzo[a]pyrene diolepoxide 
adduct standard. 

Dr. Mauderly also measured DNA adducts in the lung 
tissues of animals that were killed at three months. A full 
discussion of these results will be reported in an Appendix 
of Part II of this Research Report, which will present Dr. 
Randerath's analyses of lung DNA adducts at multiple time 
points. 

Nonneoplastic Responses 

Markers of inflammation and cytotoxicity (white blood 
cells, selected cytoplasmic and lysosomal enzymes, and 
total protein) increased in a dose-related manner in rats 
exposed to diesel exhaust or carbon black. While the in
crease in the numbers of white blood cells was the same for 
rats exposed to carbon black at 6.5 mg/m3 and rats exposed 
to diesel exhaust soot at 2.5 mg/m3

, the increase in protein 
and enzyme levels was greater in rats exposed to carbon 
black at 6.5 mg/m3 than in rats exposed to diesel exhaust 
soot at 2.5 mg/m3

. 

The investigators evaluated increases in the severity of 
nonneoplastic lesions, as determined by histopathologic 
scores, over time. Table 1 of this Commentary summarizes 
the occurrence of these lesions at different times. 

At the early time points (three and six months), macro
phage hyperplasia, alveolar epithelial cell hyperplasia, and 
chronic active inflammation were observed. The magnitude 
of severity and incidence was similar for each of these 
lesions. The portion of the lung volume occupied by single 
macrophages in the alveolar lumen increased in a dose-re
lated manner. In the groups exposed to either carbon black 
or diesel exhaust at 6.5 mg/m3

, the macrophages were 
localized in the centriacinus, and the zone of involvement 
in this region was greater at six months than at three 
months. 

At 12 months, the severity and the histologic charac
teristics of the lesions were generally similar to those ob
served at six months, except that the extent of each lesion 
increased for each exposure group. The volume of the lung 
occupied by single macrophages was greater in animals 
exposed to diesel exhaust soot at 6.5 mg/m3 than in animals 
exposed to carbon black at 6.5 mg/m3

; however, the in
crease in aggregated macrophages was similar for both 
exp~sure groups. At 18 months, the incidence and severity 
of some ofthe lesions increased in both groups at 2.5 mg/m3

• 

Table 1. Progression of Nonneoplastic and Neoplastic Lung Lesions in F344/N Rats Exposed to Diesel Exhaust 
or Carbon Blacka 

Time of Observation 
(months) 

Lesions 3 6 12 18 23 More Than 23 

Macrophage hyperplasia + + + + + + 
Alveolar epithelial cell hyperplasia + + + + + + 
Chronic active inflammation + + + + + + 
Septal fibrosis 0 + + + + + 
Alveolar proteinosis 0 + + + + + 
Bronchiolar-alveolar metaplasia 

(alveolar bronchiolization) 0 0 + + + + 
Interstitial aggregation of 

macro phages containing particles 0 0 0 + + + 
Focal fibrosis 0 0 0 0 + + 
Squamous metaplasia 0 0 0 0 + + 
Squamous cyst 0 0 0 0 + + 
Neoplasms 0 0 0 +b + + 

8 A + indicates the presence of lesions and a 0 indicates their absence. 

b First tumor appeared at 15 months (see the Neoplastic Lung Lesions section of the Investigators' Report). 
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An increase in particle-containing aggregated macro phages 
in the interstitium also was apparent, as well as an increase 
in the amount of carbon black and diesel exhaust associated 
with alveolar proteinosis or debris. 

At 24 months, focal fibrosis, squamous metaplasia, and 
squamous cysts were observed. In addition, the severity and 
the incidence of the lesions found at the earlier time points 
had increased slightly with dose; however, the severity 
scores were similar between the two exposure groups. Also, 
the lung alveoli were filled with particles, debris, protei
naceous material, macrophages, and inflammatory cells. 
This filling ofthe alveoli with particle debris and dead cells 
increased further by six weeks after the end of exposure (at 
the final scheduled necropsy). At that time point, the inci
dence of focal fibrosis increased in the groups exposed at 
2.5 mg/m3

, and the incidence of squamous cysts increased 
in the group exposed to carbon black at 2.5 mg/m3

. Similar 
responses were observed in rats that died before the final 
scheduled necropsy. 

Finally, the investigators reported differences in the dis
tribution of alveolar macrophages in the lungs of rats ex
posed to diesel exhaust or carbon black. The independent 
pathologist engaged by the HEI Review Committee con
curred with this observation, and noted that the lungs of 
rats exposed to diesel exhaust had more widespread in
volvement and more diffuse distribution of macrophages, 
and that the macrophages contained small amounts of pig
ment. Many of the alveoli in the lungs of rats exposed to 
carbon black were free of pigment-laden macrophages; 
however, the macro phages in peribronchiolar locations 
were heavily loaded with particles. These distributional 
differences were striking enough so that the nature of expo
sure for each rat was recognizable on microscopic exami
nation. These observations support the view that the 
bimodal particle size distribution between animals exposed 
to diesel exhaust and those exposed to carbon black led to 
differences in initial deposition and distribution, and to the 
subsequent translocation and ultimate lung burden of par
ticles, which is consistent with the more proximal deposi
tion of the carbon black particles compared with the soot 
particles from the diesel exhaust. 

Neoplastic Effects 

Prolonged exposure (24 months) to either carbon black 
or diesel exhaust caused dose-related increases in the inci
dence of malignant and benign lung neoplasms in F344/N 
rats. No significant differences were noted in the neoplastic 
responses to these two exposure regimens as determined by 
logistic regression modeling. The neoplasms appeared late 
in life (15 to 18 months), and they appeared slightly earlier 
in rats exposed to carbon black than in rats exposed to diesel 

exhaust; however, this difference was not statistically sig
nificant. The crude incidences (percentage of rats with 
tumors), the lifetime incidences estimated by logistic re
gression analysis, and the multiplicity of neoplasms (neo
plasm-bearing rats having one, two, three, or more 
neoplasms) were slightly higher among rats exposed to 
diesel exhaust than in rats exposed to carbon black, but 
again the differences were not statistically significant. A 
higher incidence of neoplasia occurred in female rats than 
in male rats, possibly due to the shorter life span ofthe male 
rats exposed to both concentrations of particles. In this 
study, lung neoplasm response was more closely related to 
particle exposure concentration than to measured lung 
burden. 

The primary lung neoplasms were classified as ade
nomas, adenocarcinomas, squamous cell carcinomas, ade
nosquamous carcinomas, and one malignant neoplasm not 
otherwise specified. Adenomas and adenocarcinomas were 
the dominant neoplasms. They were further subclassified 
depending on their morphologic patterns. Of the squamous 
cell carcinomas, two arose from the epithelium of the 
squamous cysts and were subclassified as squamous cell 
carcinomas arising from squamous cysts. All the primary 
neoplasms appeared to arise from the parenchyma and not 
the conducting airways where gas exchange occurs. The 
morphologic features of the adenomas and adenocarci
nomas suggest that they arose from the alveolar epithelium. 
No neoplasm type or structure was distinctive for carbon 
black or diesel exhaust exposure. The primary neoplasms 
occurred in all treatment groups, except that no squamous 
cell carcinomas were found in rats exposed to carbon black 
at 2.5 mg/m3

• The neoplasms occurred more often in fe
males than in males. This gender difference was most 
striking at the exposure level of 6.5 mg/m3 for both diesel 
exhaust soot and carbon black. In contrast, more squamous 
cell carcinomas occurred in male than in female rats. 

When tumor tissues were transplanted subcutaneously 
into nude mice, the histologic appearance of the primary 
tumors did not differ between the two exposure atmos
pheres. Overall, 33 % of the adenocarcinomas and 60% of 
the squamous cell carcinomas grew after transplantation, 
suggesting that the squamous cell carcinomas had more 
aggressive growth characteristics than the adenocarci
nomas. None of the lesions classified as squamous cysts 
grew when transplanted, further supporting the investiga
tors' view that these lesions should not be classified as 
neoplasms. In earlier studies, these lesions either have been 
reported as benign squamous tumors (Heinrich et al. 1986), 
have not been observed or reported (Iwai et al. 1986), or 
have been reported as benign tumors (Mauderly et al. 1987). 
The consensus to classify these lesions as cysts rather than 
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neoplasms is a majority opinion, rather than a unanimous 
one, among pathologists evaluating animal lung lesions. 
Some pathologists still prefer to consider these lesions as 
neoplasms, and others as nonneoplastic (Boorman et al. 
1985; Internati"onal Agency for Research on Cancer 1992). 

The carefully documented results of this study suggest 
significant events relative to the pathogenesis of lung neo
plasms associated with prolonged exposure to diesel ex
haust and carbon black. Although a progression from 
squamous metaplasia to benign squamous neoplasm to 
squamous cell carcinoma was not clearly evident, the study 
showed an interesting sequence of cellular changes leading 
toward neoplasm (see Table 1 of this Commentary). First, 
with one exception, neoplasms developed only after 18 
months of exposure. Second, bronchioalveolar metaplasia 
and interstitial aggregation of particle-containing macro
phages were noted in the first neoplasm-bearing rat. This 
appeared to be a significant aspect of tumor induction. 
Third, the late appearance of neoplasms coincided with 
bronchioalveolar metaplasia, aggregation of particle-con
taining macrophages in the interstitium, and focal fibrosis. 
In the focal lesions, an accumulation of debris, comprised 
to a significant degree of dead macro phages was evident; 
these cells had disintegrated and released particulate mat
ter permitting more extensive exposure of local tissues to 
the effects of particles, as well as to degradation products 
from the disintegrating macrophages. 

INTERPRETATION 

In Dr. Mauderly's study, chronic exposure to high con
centrations of carbon black and diesel exhaust induced 
similar nonneoplastic and neoplastic responses in F344/N 
rats. Because the dose-response relation correlated to the 
particle concentration rather than the amount of mutagenic 
organic material associated with the carbon core, the results 
suggest that, in this rat model, the effects of the particles 
rather than the soot-associated mutagenic organic com
pounds most likely determine the pathogenesis of lung 
tumors associated with exposure to diesel exhaust. How
ever, the data leave unanswered the questions of whether 
the particle-associated organic compounds play any role in 
rat pulmonary carcinogenicity and whether they are impor
tant in the pathogenesis of human lung cancer. 

Dr. Mauderly's findings on particle-induced lung neo
plasms in rats agree with the preliminary data published by 
Heinrich and coworkers (Heinrich et al. 1993; Heinrich 
1994), who chronically exposed Wistar rats to high concen
trations of diesel exhaust, carbon black (Degussa Print ex-
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90), titanium dioxide (P 25), or to clean air (control group). 
As in the present study, the nonneoplastic disease of the 
lung was progressive and similar for rats exposed to diesel 
exhaust, carbon black, and titanium dioxide. A significant 
increase in the number of lung tumors was caused by all 
three exposures. The pulmonary carcinogenic potency of 
these materials, based on the incidence of tumors per unit 
of particle lung burden, were highest for titanium dioxide, 
intermediate for carbon black, and lowest for diesel soot. 
Both the Heinrich and Mauderly studies clearly demon
strate that carbon black and diesel soot are carcinogenic in 
rat lungs when inhaled chronically at high concentrations. 

A diverse group of solid, poorly soluble, nonfiber particles 
also cause tumors in rats exposed to high concentrations by 
either chronic inhalation or intratracheal instillation (Pott et 
al. 1994; Pott and Roller 1994). The list includes several 
particles (quartz, carbon black, titanium dioxide, talc, and coal 
dust) that have no significant content of organic mutagens, 
some of which previously were thought to have little or no 
cytotoxicity. 

The mechanism of particle-induced lung tumorigenesis 
in rats is unknown. It has been hypothesized that the 
tumorigenic effect of high particle exposure is associated 
with a phenomenon called particle overload, which occurs 
when insoluble particles are deposited in the lungs at a rate 
faster than they can be cleared. It has been speculated that 
particle overload causes inflammation, epithelial prolifera
tion, and lung fibrotic reactions, and eventually leads to 
lung tumors if the particle exposure continues for a suffi
ciently long time (Morrow 1988, 1992). 

One mechanism by which proliferative responses such 
as inflammation and hyperplasia might result in neoplasia 
is through the activation of oncogenes or the loss or inacti
vation of tumor suppressor genes. Expression of such genes 
is known to require proliferating cells (Sager 1992). Alter
natively, genotoxicity and other forms of cell injury could 
result through the release of oxygen species by activated 
macrophages, which are a potential source of oxygen free 
radicals, such as superoxide anion, hydrogen peroxide, and 
hydroxide ion. Oxygen free radicals also can cause the 
formation of 8-hydroxyguanine-DNA adducts, which have 
been associated with some types of cancer in laboratory 
animals (Weiss 1989; Floyd 1990). 

It is also possible that in a highly proliferative environ
ment, such as that following particle overload, cytokines or 
growth factors are released by activated macrophages, 
phagocytes, and other cells; the cytokines and growth fac
tors lead to an increase in cell division and ultimately to 
cancer. Several i:pvestigators have discussed the impor
tance of chronic mitogenesis (increased cell division in the 
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target tissue) for many human cancers. Examples include 
the importance of hormones in breast cancer, hepatitis B or 
C viruses or alcohol in liver cancer, high salt or bacterial 
infection in stomach cancer, and papilloma virus in cervi
cal cancer (Ames and Gold 1990; Preston-Martin 1992). It 

also has been suggested that increased cell proliferation, in 
addition to the genotoxic effects of various chemical expo
sures, may contribute to tumor development in humans. 
For example, cigarette smoking is known to cause bladder 
cancer in humans, perhaps due to the hyperplastic effect on 
the urothelium, in addition to the probable genotoxic dam
age that occurs (Cohen and Ellwein 1990). 

Regardless of the mechanisms involved, the findings of 
this study and those of Heinrich and coworkers (Heinrich 
et al. 1993; Heinrich 1994) negate the hypothesis that the 
carbon matrix of the diesel soot particle simply acts as a 
vehicle that permits adsorbed mutagenic and carcinogenic 
organic compounds to come in contact with the respiratory 
tract and thus induce cancer in rats. They indicate that the 
small, respirable soot particles are primarily responsible for 
lung cancer developing in rats exposed to high concentra
tions of diesel exhaust. However, at this time, a role for the 
'organic carcinogens found in diesel exhaust cannot be 
completely excluded from the etiology of lung cancer. It is 
possible that these compounds induce molecular changes 
that, in the presence of active cellular proliferation, sub
sequently result in neoplasia. However, it may not be pos
sible to detect these changes in rats because they may be 
masked by the massive hyperplasia caused by large particle 
burdens, or because they may be below the detection limits 
of the animal bioassay. Finally, at lower exposure concen
trations of diesel soot where massive epithelial hyperplasia 
is not the preponderant pathologic response, the mutagenic 
organic constituents could play an important role in a small 
fraction of the exposed population. Even though this popu
lation size may be too small to allow detection of an increase 
in lung neoplasms in an animal bioassay, such a response 
nevertheless would be of concern for human populations. 

REMAINING UNCERTAINTIES AND 
IMPLICATIONS FOR FUTURE RESEARCH 

The results ofthis study, rather than providing definitive 
answers about diesel carcinogenesis, evoke a series of in
vestigative issues and questions. Although the findings 
clearly implicate particles as a causal factor in the induction 
of lung tumors in rats exposed chronically to high concen
trations of diesel exhaust, the results have not been repro
duced in another species. It is uncertain whether the initial 

stimulus for tumors is genetic or epigenetic, and the reason 
for the late occurrence of tumors has not been elucidated. 
It also is not clear what the association is, if any, between 
retarded clearance of the inhaled particles and resulting 
tumor induction. 

Because the investigators did not study a dose range that 
included low levels of diesel exhaust comparable with 
environmental exposures, it is not known whether similar 
results would be observed under a scenario closer to human 
experience than the high exposure concentrations used in 
this study. The entry of particles into the rat lung initiates 
a chain of molecular and cellular events that results in 
chronic inflammation, epithelial proliferation, fibrosis, and 
ultimately tumors. Future studies are needed to provide 
information on the molecular and biochemical changes in 
laboratory animals exposed to diesel exhaust or other fine 
particles. Similar biochemical and molecular studies in a 
human population with known exposures to particles,such 
as coal miners, or in workers exposed chronically to carbon 
black or similar particles would provide a basis for extrapo
lating data on the basis of mechanisms of action. 

REGULATORY IMPLICATIONS 

This study demonstrates that the dose-response relation 
between exposure to diesel exhaust or carbon particles and 
the neoplastic and nonneoplastic response in rat lungs 
favors the particle rather than the adsorbed organic chemi
cals as the causative agent for pulmonary neoplasms in this 
species. The data call into question, and virtually disprove, 
the hypothesis that particle-associated mutagenic organic 
compounds alone induce these lung neoplasms in rats. 
Furthermore, the data raise the question of whether it is 
valid to extrapolate lung tumor incidence in rats exposed 
chronically to high concentrations of particles to estimate 
cancer risk in humans exposed to low levels of particles for 
prolonged time periods, using either the delivered dose of 
soot-associated organic compounds or the lung burdens of 
particles as the comparative dose term. Although the results 
of the Mauderly study point to particle dose as the relevant 
factor for extrapolation, this assumes that the mechanisms 
that operate in humans exposed to low doses are similar to 
those that operate in rats exposed to high doses; this as
sumption has not been validated. 

Numerous attempts have been made to develop quanti
tative estimates of cancer risk for humans from diesel ex
haust exposure (Smith and $tayner 1990; Pepelko and Chen 
1993; U.S. Environmental Protection Agency 1993). A com
mon approach for measuring carcinogenic potency is to 
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calculate unit cancer risk. This is an estimate of the excess 
or added probability that an exposed individual will de
velop cancer due to continuous exposure to one unit of dose 
of a chemical. It assumes a linear relation between dose and 
incremental probability at a low-dose level. One problem 
with assessing risk quantitatively for complex mixtures 
such as diesel exhaust is the difficulty of identifying the 
agent(s) responsible for the observed neoplasms. A second 
problem is the uncertainty inherent in extrapolating animal 
bioassay data to humans. 

In the mid 1980s, cancer risk factors for diesel exhaust 
were based on the assumption that the soot-associated 
organic compounds were responsible for the lung tumors 
observed in rats exposed to diesel exhaust. They were 
calculated by comparing the mutagenic potencies of diesel 
exhaust extracts with other known human carcinogens 
(Albert et al. 1983; Lewtas et al. 1991). As preliminary data 
from the Mauderly and Heinrich studies became available, 
risk assessors abandoned this approach and used the carbon 
core of the diesel particles as the comparative dose term 
(Pepelko and Chen 1993; U.S. Environmental Protection 
Agency 1993; California Environmental Protection Agency 
1994). 

The results of Dr. Mauderly's study and recent findings 
from other laboratories indicate that the diesel soot particle, 
rather than the adsorbed organic carcinogens, cause pulmo
nary neoplasms in rats exposed to high concentrations of 
diesel exhaust. However, a number of uncertainties are 
associated with the use of particle exposure concentration 
as the comparative dose term. 

It is not known whether the rat response to inhalation of 
high concentrations of fine particles is unique to that spe
cies. Long-term inhalation of high concentrations of diesel 
exhaust does not cause lung neoplasms in hamsters, and the 
results in mice are equivocal. The inflammatory response 
in the lungs of the rats exposed to high concentrations of 
irritant particles is more severe" than that observed in the 
hamster, and this factor may be responsible for the observed 
differences in lung neoplasms in the two species. Because 
lung neoplasms induced by diesel exhaust have been ob
served in rats only under conditions where the lung particle 
burden has been so high that clearance mechanisms are 
greatly reduced or even cease completely, a major question 
is whether the rat or the hamster is a better predictor ofthe 
human response to inhaled particles. Additional questions 
are whether there is a threshold for the neoplastic response, 
and whether a linear extrapolation from high to low expo
sure concentrations is appropriate. Also, at this time, the 
possibility cannot be excluded that the carcinogens found 
in the diesel exhaust may playa role in cancer of the lungs 
or other organs. 
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As the mechanisms of lung carcinogenesis in different 
species become more thoroughly understood, a more ra
tional approach can be taken to extrapolate from the high
dose data in animal experiments to low-dose natural 
exposures, and thereby to assess the risk faced by human 
populations exposed to diesel exhaust. 

CONCLUSIONS 

Dr. Mauderly and coworkers performed a carefully con
trolled animal bioassay, together with associated studies, to 
determine the relative contribution of soot-associated or
ganic compounds and particles" in the induction of lung 
tumors in rats exposed chronically to two levels of either 
diesel exhaust or carbon black. The investigators used carb
on black particles that were similar to those of diesel ex
haust soot; however, approximately one hundred times less 
organic material could be extracted from the carbon black 
than from the diesel exhaust particles, and the carbon black 
extracts produced little or no response in bacterial mu
tagenicity assays. Thus, the carbon black served as a surro
gate for diesel exhaust carbon particles without the 
adsorbed organic constituents. The investigators exposed 
F344/N rats to either diesel exhaust or carbon black at two 
exposure levels (2.5 or 6.5 mg particles/m3) for 24 months. 
These concentrations of diesel exhaust were known to 
cause lung cancer in this strain of rat. A number of other 
endpoints that are thought to be linked to the development 
and progression of I ung cancer also were measured. 

The investigators found that prolonged exposure to the 
same particle concentrations of carbon black or diesel ex
haust produced nearly identical carcinogenic and noncar
cinogenic effects. The neoplasms were predominantly 
adenomas and adenocarcinomas. No significant differences 
were noted in tumor incidence or histopathologic charac
teristics between rats exposed to diesel exhaust or carbon 
black. Both particles accumulated progressively, and clear
ance was impaired after three months in all exposure 
groups. Markers of cytotoxicity and nonneoplastic changes, 
such as inflammation, epithelial cell proliferation, and 
fibrosis, were progressive and related to dose. Changes in 
most of the above parameters were related to exposure 
concentration. The sequestration and translocation of tracer 
particles were similarly affected by both exposures. The 
investigators also measured DNA adducts in the rat lung 
after three months of chronic exposure to diesel exhaust 
and carbon black. These results will be discussed together 
with the results from studies by Dr. Randerath, who meas
ured lung DNA adducts at multiple time points, in Part II 
of this Research Report. 
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The results of this study support the findings of other 
investigators that, at sufficiently high exposure concentra
tions, insoluble particles induce pulmonary tumors in the 
rat. Furthermore, they show that lung cancer induced by 
high concentrations of diesel exhaust in the rat can be 
attributed to the particle exposure rather than the soot-as
sociated mutagens. However, the results do not completely 
refute a possible role for the mutagenic organic compounds 
found in diesel exhaust. The possibility exists that these 
compounds may contribute to lung cancer risk if exposure 
occurs at lower levels for longer periods of time. Interpret
ing the significance of these findings for human health 
assessments is difficult because it is not known whether the 
rat response to exposure to high concentrations of particles 

, is unique to that species or if there is a threshold' for the 
neoplastic response. Although the present results indicate 
the importance of particles rather than the amount of de
posited organic material as the comparative dose term, 
caution should be exercised before either constituent of 
diesel exhaust is used for quantitative risk assessment. 
Additional studies of mechanisms are needed to provide an 
adequate scientific basis for extrapolating the data from 
lung tumors induced by diesel exhaust or particles in rats 
to potential risk for humans. 
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