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INTRODUCGTION

Diesel engine emissions are highly complex
mixiures. They consist of a wide range of organic
and inorganic compounds distributed among the
gaseous and parficulate phases. The potential
health effects of long term exposure to diesel
exhaust include cancer, cardiovascular disease
and chronic lung disease. More recently thera
have been concerns about premature death in
sensitive populations due to shott-term exposure
to particulate matterio whichdiesel emissions are
important contributors. Tris presentation
provides a brief overview of the potential health
effects of exposure to diesel exhaust (reviewed
by Health Effects Institute [HEI in 1995) and
discusses the approaches to cancer r1isk
assessment taken by international, national, and
state organizations.

EXPOSURE

It has heen difficult to obtain accurate estimates
of human exposure to diesel engine emissions
because of their complexity, the contribution of
other polltants to the ambient air, and the
changes in diesel emissions due to improved
engine technology and fusl composition. In some
occupations where ecuipment powered by diesel
enginesis used in enclosed spares, the levels of
diesel particulate matier have bzen estimated to

range from. 100 to 1,700 ug/m® (eight-hour

averages). The estimates for most workplaces
are from 1 to 100 pgym® ambient exposures in
the Untied States generally range from 1 to 3
pg/m®, with occasional short-term peaks of 10 1o
30 pg/m®.

CARCINOGENICITY OF DIESEL ENGINE
EMISSIONS

A number of conslifuents of diesel engine
emissions have the potential to cause cancer.
Diese! exhaust contains more than 35 chemicals
that have been demonstrated {o be mutagenic in
bacterial and mammalian cells, At least 15 of
these chemicals have also been shown to be
animal carcinogens. Moreover,. ciesel engine
smissions contain fine respirable particles and
other irritants that could act as promoters.

The carcinogenic activity of diesel emissions has
been convincingly demonstrated in rats. Nearly
lifetime exposure for 35 hours or more per week
to high concentrations of diesel exhaust
particulate matter (2,00010 10,000 yg/m°) causes
anexposure-dependent increase in the incidence
of lung tumors in rats. Prolonged exposure to
diesel emissions does not produce lung tumors in
hamsters; the results In mice are equivocal,
These findings suggest that species-specific
factors play = critical rele in the induction of fung
tumoers by diesel emissions.

Surprisingly, the particls-associated organic
chemicals in diessi exhaust play little or no role in
the development of lung tumorsin the rat. Diesel
exhaust acisiike a number of other poorly soluble
nonfibrous particles that produce lung fumors in
rais by a mechanism involving lung overload.
There is currently an active debate about the
relevance of the rat as a model! for hazard and
risk characterization of such particulate materials,
The International Life Sciences Institute - Risk
Sciences Institute is preparing a report on this
topic.

The epidemiologic data are consistent in showing
a 1.2- 1o a 1.5-fold increase in the relative risk of
fung cancer in workers exposed to diesel exhaust
from older, uncontrolled engines. However, using
the resuits of these studies fo estimate human
cancer risk is limited by a lack of quantitative
exposure data. Exposures o diese! engine
exhaust were generally assessed qualitatively
based on job titles or years of vehicle use, rather
than actual measurements of diesel exhaust.

CANCER RISK ESTIMATES

Several organizations have reviewed the
spidemiologic, toxicologic, and experimental data
on diesel engine exhaust and have classified {or
proposed lo clasgsify) the mixture as a potential or
probable human carcinogen. There is, however,
considerable disagreement on the magniiude of
that risk and how to characterize it. Much of the
controversy revolves around whather gither the
animal orexisting epidemiologicdata can baused
to predict risks in the general population.

In the 1980s qualitative risk assessments of
diesel exhaust [ssued by the National Institute for
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Occupational Salety and Health {1988) and the
International Agency for Research on Gancer
{1980) regpectively clascified diesel engine
exhaust as either a polential occupationzl
carcinogen or a probable human carcinogen. in
1996, the World Health Organization’s
international Programme on Chemical Sajety
(IPC8) also classified diesel exhaust as probably
carcinogenic to humans. The IPCS noted that, in
its view, no guaniilative epidemnioclogic data were
available for estimating human risk and
developed a unit cancer risk estimate (3.4 X 10°
for 1 pg/m®) using the rat bioassay data. (This
value, which gives the upper limit of risk, means
that it is estimated that or every 100,000 people
exposed to 1 ug/m® of dies=l exhaust over a 70-
year lifetime, 3 to 4 will develop lung cancer.)

More recently, the Stale of Califarnia
Environmental Protection Agency has completed
its Diesel Risk Assessment (California EPA,
1998). The agency concluded that “a reasonable
and likely explanation for the increased rates of
lung cancer observed in the epidemiological
sludies is a causal association ketween diesel
exhaust exposure and lung cancer.” The
California EPA relied on epidemiologic data for
railroad workers to develcp cancer risk estimates
and reported a range of unitcancer risk estimates
(1.3 X 10* to 24 X 10% with the “more
scigntifically valid unit risk values . . . near the
lower end of this range.” Using data on the
annualambient exposures (0 diesel exhaust (2 to
3 ug/m®), staff estimated that the upper limit of
potentiai additional lung cancer cases over a 7C-
year lifetime was 200 io 3,800 for every one
million Californians. Bassed on this ns<
assessmenti, the California Air Resources Board
identified diesel exhaust particulate matter as a
ToXic Air Contaminant.

The .8, Environmental Protection: Agency (EPA)
is also assessing the risks of exposure 1o dlesel
angine exhaust. The EPA Issued draft health
assessment documents for public comment in
1990, 1994, and most recently in February 1988.
In the 1998 version, diesel emissions were
considered to be a “probable human carcinogen.”
Although this designation is consistent with the
Agency's earlier eva:uations, the quantitative risk
estimales and the procedures for devefoping
them have evolved in response to emerging data
on the mechanisms of diese! exhaust-induced
lung tumors in rats. The EPA presented cancer
risk estimates ranging from 1 x 10° (based on
animal data) 1o 2 x 10 (based on ep demiclogic
data). The EPA Clean Air Science Advisory
Committee {which has a legislative mandate to
review and ‘approve such documents) has
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returmned the February 1998 draft to staff for
revision.

In addifion to the documenis cited above, an
evaluation of the carcinogenicity of diesel exhaust
has been published by the Mine Safety and
Health Administration (1998} and othersare being
developed by the American Conference of
Governmenial Industrial Hygienists and the
National Instiiute of Envitonmental Health
Sciences.

NEW RESEARCH INITIATIVES

As the above discussion indicates, a large body of
evidence supportsthe qualitative assessment that
there is an increased risk of lung cancer in
workers exposed to diesel emissions. However,
there are still significant uncerainties in using
gither the existing epidemiologic or animaldatato
develop quantitative estimates of the magnitude
of that risk and to characterize the risk of ambient
axpesuras. We need new epidemiologic and
rmechanistic data fo reduce these uncertainties.
At the present time epidemiclogic studies of
workers exposed 1o diesel emissions are
underway in the United States (the Nationai
Cancer Institute/National Institute of Occupational
Healkth study of nonmeial miners), Germany
(potash miners} and Denmark {rural and urban
bus drivers). The Health Effects Institule has also
initiated a Diesel Epidemiology Project. As part of
that project, an Expert Panel is evaluating the
strengths and limitations of wusing existing
epidemiologic data 1c¢ develop cancer risk
estimates for diesel exhaust and will make
recommendations for the design of new studies,
HE! is also funding new resesarch o reduce the
uncertainties associated with using human data
for risk assessments of diessl engine exhaust.
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STATUS OF INFORMATION ON AMBIENT LEVELS
AND SOURCE EMISSIONS TO THE ULTRA FINE
FRACTION OF PARTICULATE MATTER

Paul J. Lioy, Ph.D., Deputy Director
Environmental and Occupational Health Sciences institute

A fundamental concept of expesure io
environmental levels of diesel emission is the
following: how many fimes a day you breathe
diesel emissions and how do these compare to
the levels and exposure from other sources of
particles. How you come into “contact”with PM or
any other pollutant will provide an opportunity to
determine the rafationship between the exposure
to pollutanis, and actual or potential hezith
effects. For example, an asthma attack can be
triggered in many ways. You can have an urban
child playing on the kitchen floor in the middle of
winter. The buitding boiler is inopsrable, and the
residents must use the stove for heating. In such
situations, children with asthma have been shown
to suffer attacks caused by exposure nitrogen
oxide emissions from the stove. €.9., gas stove.’
incontrast, a neighborhood in Houston, Southern
California or New Jersey is exposed to ozone and
probebly particulate matter during the summer.
On any given day when therg is relatively high
ozone, a propottion of the asthmatics will respond
to the outdoor ¢zone exposure, and some will go
to the emergeney room ordoetor. 2 Thus, thero is
more than one compoenent of the poliution that
can iritale the lung and it is esseniial fo
determine the total orincremental exposures from
one or more poliutants ‘which car be associate
with or cause a health effect.

Al this time we are unable to define the acute or
long term heafth effeclts czused by ulira fine
patticles in the environment. This is partially due
1o the lack of information on the location, levels
and accumtlation pattemns of ulira fine particles,
and the frequency and intensily of exposures that
result from contact with ulira fine particles. The
following will briefly describe the current state of
knowledge about levels of ultra fine particles in
the atmosphere, and the types of information
needed o establish patterns of human exposure
to ultra fine particles.

Ultra Fine Particles

Ultra fine particles’ may be produced in many
microenvironments (outdoorandindoor), andcan
result from emissions of primary and secondary
pariicles produced by a varisty of sources. A
‘simple characterization for such particles is the

following items: 1) diamslers less than 100
nanometers, 2) many thousands in the air at a
given point in space and time, and 3) the largest
numbers are found near the souice. Included,
are emissions for diesel engines and any other
ype of combustion sources.

However, uitra fine particles contribute little 1o the
mass of the atmosphericaerosol.® Thus, we have
a contradiction with respect to the new National
Ambient Air Quality slandard for fine particles
{PM2.5)* It is based upon mass. Thus, if uitra
fine -pairticles cause health effects obsetved in
urban areas of the US they will not be addressed
using conventionat control strategies. The basic
reason is the large numbers of particles less than
0.1 um in diameter are not reflecied proporiionally
by the measured mass. Therefore, if one is to
have high exposure to uitra fine pariicles, the
individual will inhale large numbers at locations
near a source.

From the Figure 1, you can see thatin contrast to
number concentration, the volume (mass)
concentration becomes higher in the
accumulation mode, the range from 0.1 to about
1 umin diameter. What happens is that pariicles
<0.1 umin diameter come together via number of
physical and chemical processes fo form particles
in the accumulation mode. However, the
accumulation mode particles reach a point where
they stop forming larger particles because, the
colfision cross section becomes too small.

The deposition of ultra fine particles in the deep
iung is greater than 70%, but only about 20% of
the accumulation mode particles deposit in the
same region of the lung.® The deposition of large
coarse parlicles occurs in the nose. [n addition,
there is also the potential for having high
deposition efficiency of ultra fine particles in the
nose.” Now the nasal region is an important
consideration because when you are close to a
source, this will b2 one of the best opportunities
for “contact” and high exposures to ultra fine
particles and lead to efficient deposition in the
respiratery system.

Ultra fine particles are formed by homogenous
nucleation and heterogenous nucieation
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processes, which lead to formation by the
clustering of vapor molecules on embryo vepors,
and by clustering of molecules on foreign
substances or surfaces (particles), respectively.

Evaporation and nucleation of nanometer .

paiticles ocour continuously, since clusters are
formed and rermmain together only in favorable
thermodynamic conditions: namely, a super
safurated atmaosphere. For hetsrogencus
formation of ullra fine particles, a solid nucleusis
at the center of the particle and vapor phase
species condense on it. Species canalso adsorb
to a surface, and cause chemical reactions. For
example, organic vapors condense and react on
ultra fine parficles.

Ultra fines are formed from diesel emissions and
emissions form other combustion sources. A
typical example would be in an urban area neara
freeway with high traffic density. High exposure
to ullra fine particles, can cceur in situations
where individuals are standing near the highway,
or have a home or a school with apen windows
near the highway. The result would be exposure
to particles that conform to the iri-medal
distribution, shown in Figure 1: which contains
ulira fine (nhuclei) mode, the accumulation mode
and the coarse mode particles. The material in
the coarse mode would be derived from re-
suspended road dust or srosion of s0il. The
coarse particles (which are greater than 2.5 un in
diameter), may include materials that were
deposited in the road dust from dissels, or
gasoline power vehicles.!

Glenn Cass, et al, was one of the first groups to
take ambient measurements of the ultra iine
fraction.” The ambient ultra fine particles are
composed of different organic and inorganic
materials, including metals, elemental carbon,
organic carbon (e.n. polycyclic aromatic
hydrocarbon), andsome sulturic acid. One of the
few examples of the chemical composition of
ultra fine particles in the ambient atmosphere is
shownin Figure 2.7 Although it shows the general
classes described abova, about 25% is unknown.
From the same study, Figure 3, it is also apparent
that the levels of ultra fine particles. can te
influenced by the fime of day, dzy cf the week,
and the mix of local fruck and automabile traffic at
a road side sampling location. '

Ultra fine particles can also be emitted by sources’

in the home, including cooking, smoking, and
space heaters {wood burning stove}, Figure 4,
and the room air number distribution peaks at

50 nm.! The amount of material emitted by
sources in the home is not equivalent to readway
levels but an individual usually will be closer 10
these sources, and will be in “contact” for a much

o0

longer period of time. This does not discount the
potential importance of diesel emissions into the
ambient air, but itprovides a cautionary note that
other sources of ultra fine combustion particles
can lead to exposure. However, we must again
return to subsiantive issue: ls it the mass or, the
number of particles, or the composition of ulira

_fine paricies that are associated with exposures

that may lead to health effects. It is a question
that nesds much more research.

Ultra fine particies can also be emitted by vacuum
cleaners® At first glance, one may think that
there is little contact; However, hotel dieaning
personnel may vacuum many hours 2 day on
shift. Further about §% of American households
vacuum twice a day. Emission rates of ulira
particles and fine paticles are from the vacuum
cleaner motors and the emissions can be high,
since few vacuum cleaners have high efficiency
filtets located on the bag. They are caused by
arching of the commutator brushes used on
standard motors. These brushes are made of
carbon and have organic binders. As shown in

_ Table 1 and Table 2, the arching will lead to high

ulira fine and fine particle emission rates, of
greater then 10 and 10° particles/min.,
respectively. In this case, the uncerainty
associated with health risks are associated the
toxieity and the exient of “contact” with and
exposure to the ultra fine particles. However, it's
another source that is patt of the equation of total
exposure to the orgamic and inorganic
components of ulira fine paricles.

Fine particles will acquire ultra fine particles on
their surface after coagulation. Coagulation
oceurs mostly between small and large particles
because large particies provide a good target,
and small particles will move past each other.
Thus, the pariicles collide less frequently in the
atmosphere. ' Particles, greater than 0.2 um in
diameter, collide with ultra fine and they
accumuiate the ultra fine particles. Theywill grow
within the accurmulation mode, and the net result
is a larger particle which can remain suspended
in the air for 2-5 days. Thus our concern is not
just with the unattached ulira fine particies, but in
many cases with the toxic constifuents in the ultra
fine fraction that attach themselves to a larger
accumulation mode particle. The sources of the
ultra fine patticles can be direct combustion
emissions secondary chemical reactions. As
previously shown, Figure 2, the chemical
composttion of ulira fine particles suggests a
mixiure of ambient air sources, including diesel
and automobile emission, and power plants.

An interesting chamber experiment conducted in
our lahoratory shows what happens when we



introduce ozone and reacted it with typical levals
of indoor generated organic chemical.
Homogenous reactions. occur to form ulira fine
particleswhich immediately coagulate to formfine
particles. Ultimately, the ozone producec fresh
fine particles from 0.1 to about 2 microns in
diameter. Now this Is a typical dark phase
reaction for outdoor pollutants, but it was a
simulation of emissions from a typical household
air freshener with ozone levels that typically
penetrate from outdoor alr indoors. Therefore,
outdoor air reacting with an indoor hydrocarbcns
can produce ulira fine and then fine particles.
However, the composition then would be different
from particle form by emissicns from diesal
engines. It is also an issue requiring further
research. .

Ultra fine particles exist as free entities near
indoor and outdoor sources, and have highest
numbers of any size fraction in the atmosphere.
They have very short lifetimes, particle size, but
can still have identifiable mass coniributions near
large sources, e.g., freeways. As shown In
Figure 5, ultra fine particles emitted by diesel
engines ocour.n the size range, from 10 to less
than 100 meters in diameter.”® This is also tue
for natural gas, propane gas, and wood burning
stove, Figure Bto 8.* Further, propane fuel used
in many homes in southeastermn Uniled States for
open space heafing have ullra fine particle
emissions in the same size range. For each
household source the organic components ¢f the
ulira fine mode are unknown and need to be
characterized for composition and eventually for
exposure. Taking wood stove emissions, one
step further, it can be seen in Figure 8 that the
characteristics of ultra fine smissions change for
the different phases of a wood stove burn cycle.
Inthe start up phase and the ‘ntermediate phase,
the emissions are the highest and in the final or
shut down phase, the ultra fine particle emissions
decrease. The emissions ¢ycle Is important for
exposure because wood burning stoves leak and
can be operated to release ulitra fine emissions
indoors and outdoors. Thus, people will bs
exposed to particle emissions from stoves when
they're breathing indoorairand breathing outdoor
air in neighborhaods surrounding their home.

In conglusion, the naiure of the atmospheric
levels of ulira fine paticles is pootly
characierized, but it is apparent that free ulira fine
particles will be highest near the source;
ultimately ultra fine particles will coagulate and
form or attach to accumulation mode patticles.
Combustion processes emit primary ulira fine
panicles and ultra fine particles secondary
condsansation processes, and chemical reactions
can produce ulira fine particles. Diesel engines

as well as other ocuidoor combustion sources
produce ullra fine particles, and indoor
combustion saurces will also produce ultra fine
parlicles. Thus, any attempt to complete an
exposure assessment for the general public or
sensitive subgroups of the population will require
defining the incremental contiibutions derived
from indoor and outdeor exposures to fresh ulira
fine paricles orulira fine particles attached o fine
particles{accumulatlon mode) because of sources
operated in specific types of locations, and for
specific activities.

REFERENCES

1. Speizer, F.G., Fenis, B.G., Bishop, MM,
and Spengfer J. “ReSplratory Disease
Rates and Pulmonary Funclion in Children
Associated With NO, Exposure. * Am. Rev._
RBsp. Dis., (121, 3-10, 1980).

2, Weisel, CP., Cody, R, Loy, P..
“Relationship Between Summerstime
Ambient Ozone Levels and Emergency
Department Visils for Asthma in Central

Newdersey,” Environ. Health Perspectives,
(103, Supp. 2, 97-102, 1995.)

3. Seinfeld, JH. and Pandis, S.N.,
“Atmospheric Chemistry and Physics,” J.

Wiley and Sons. inc. NYC. NY, {pp. 1326,
1998).

4. Federal Register, “National Ambient Air
Quality Standards for Particulate Maltter-
Final Rule,” (62, (138), 38651-36760,
1997).

5.  Lippmann, M., “Size-Selective Heaalth
Hazard Sampling,” Air_Sampling
Instrumentts, 8" Edition, ACGIH, Cincinnati,
OH, (81-120, 1995).

6. Cheng, Y.S., Smith, S.M., Yeh, H.C., Kim,
D.8B., Cheng, K.H., Swift, D.L., “Deposition
of Ultra Fine Nasal Airways of Young
Children”, Aerosol Science and
Technology, (23, 541-552, 1998).

7. Hughes, L.8., Cass, G.R., Gons, J., Ames,
M. and Olmez, I., “Physical and Chemical
Characterization of Atmospheric Ultra Fine
Particles in the Los Angeles Area”, Env.
Scl. &Tech., (32, 1153-1158, 1998).

8. L, W. and Hopke. PK., “nitial Size
Disiributions, and Hygroscopicity of indoor
Combustion Aerosol Parlicies, Aerosol
Science and Technology”, Aerosol Science

and Technoloqy, (19, 305-316, 1893,
91



10.

11.

92

Lioy, P.l, Walnman, T., Zhang, J.J,
Goldsmith, S., “Typical Household Vacuum
Cleaners: The Collection Efficiency and
Emissions Characteristics for Fine Particles”,
J. Air and Waste Management Assoc., (In
Press).

Kermenen, V.M., Makela, T.E., Ojanen,
G.H., Hillano, R.E., Vilhunen, J.K,
Rantenen, L., Hauers, N., Bohlen, A,
Klockow, D. “Characterization of Patticle
Phase inthe Exhaust from Diesel Car®, Env.
Sci. & Tech., (31, 1883-1889, 1997).

Hoglin, C.H., Carcauf, C.H., Burtscher,
“Distribution and Photoeleciric Activity of
Particles in Wood Combustion Exhaust”, J.
Acrosol Bei., (25, Suppl. 1, 5113-5114,
1984). :



&0 "

5
=
{

dv/dlog(D,), pm’ cm®
=S
! |

i H

f

i

Urban + Freeway

plogzs’ _'

1w

Paiticle Diameter, D,,

Figure 1 Aerosol volume distributions next to a source {freeway} and for average urban

conditions.

a3



Passdena, CA  January 29, 1995 Ratottss UK Fabisrnd, 1805
Size range: 0.056 - 0,087 um [Pasadama. “ ;-Fm.f ot denig
Consentration 0.64 pgm3 rangs: :0.058.50.097

Pasa._d;ena;@& February 1 X Pasadena, CA Fabi,uaxy‘l?. 1858
Size range; 6 0.087 pm- Size range: 0.058 - 5,097 um
‘Concentration. (.67 g w3 Concentration 0.78 pgme3

Figure 2 The chemical composition of wintertime uitra fine partictes of size 0.058 <d, <0.097 .an
measured at Pasadena, CA. The most abundant trace elements other than NA and Mg are shown
at the molecular weight of their common oxides.

L. s Hughes, et al., Environmental Science & Technology, 1998, 32, 1153-
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Figure 3 Time series of 24-h average ultra fine particle (0.017 <d, <¢.1 zm) number

concentrations, as measured by the DMA/CNC combination showing (a) Tuesday, January 23,
1986, with high concentratiens near midnight and at the time of the morning traffic peak, and (b}
Saturday, February 10, 1996, a day with early morning fog.

L. S. Hughes, et al., Environmental Science & Technology, 1998, 32, 1153-
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ULTRA FINE EMISSION RATES

Vacuum Total CF CF/min UltraFines
Cleaners 0.01-0.3 um #/min
G 1.4xt0® 60.5 8 5x10™
Jy 3.9x10° 87.2 3.4x10%
Jy 3.8%10° < 793 3.0x107
Figure §a)
Lioy ot al., Journal Air and Waste Management Association, 1998 (in press}

“Total Emission Rates of Fine Particles (0.3 to 3.0 z2m in diameter) from
Motor Wear of Using Typical Operating Parameters of
Vaconnm Cleaners
" Vacuum ‘Total Number | Total Number | Total Fine Mass
Cleaners of Fine of Particles {.afmin}
Particlesgmin b -voum {estimated)
min 0-3to30um
Diameter
A 3.34x10° 2.83x10° 68.2
B "4.87x10° 1.61x10° i 74.7
c '0.48x10° '0.34x10% 18.7
D 0.61x10" 0.50x10° 8.2
E 0.12x10° 0.079x10" 6.5
E ' 0.20x10° '0.26x10° 3.6
G 2.88x10° 2.18x10° 176
H 0.48x10° 0.40x10° 127.1
'} '0.38x10° '0.20x10° 128.8
Sy 0.91x10° 0,74x10¢ 31.3
N 0.00096x10* 0.00081x10* 0.028

T HEPA Fileer

¥*  (No HEPA Filter): Not Recommended operating condition

Figure 5b)

Lioyetal., Journal Air and Waste Management Association, 1998 {in press)
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RECENT EPIDEMIOLOGICAL EVIDENCE FOR HEALTH EFFECTS OF FINE
AND ULTRAFINE PARTICLES

Douglas W. Dockery, ScD
Environmental Epidemiology Program, Harvard School of Public Health

Our quantitative knowledge of the health effects
of particulate air pollution exposures can be
traced back to the London fog episode of 1952,
During the flrst week of December, 2 high
pressurs system settled over Londen, trapping
coal emissions from domestic heating. Particle
levels increased dramatically, reaching
approximately 4500 ug/m® on the 7" (Figure 1).
Particulate air pollution concentrations remained
high until the 9" when a cold front passage
brought concentrations back towards normal
(although still high by today=s standards. Counts
of daily deaths showed a similar rise and fall
maiching the alr pollution exposures. This
gpisode left no doubt that air pollution at high
concentrations couid be associated with acute
increases in deaths and other health oticomes. In
response, restrictions were placed on ceal
combustion in London, which ultimately led to

5 1000

Deaths

Black Smokes (mgm3}

December 1552

Flgure 1. Black Smoke {# ) and deaths { )
by day for the first two weeks of Decembear
1952, London, England.

much lower sulfur oxide and pariculate air
poliution exposures in the city. .

In December 1391, there was another air pollution
episode in London. As in the 1952 episode, an
anticyclone had settled over southern England.
Air pollution levels rose dramatically from the 12"
through the 18™. Levels were considerably lower
than the 1952 episode, and the mix of poliutanis
painted ta motor vehicle emission ratherthan cozl
burning. NQ, concentrations reached a maximum
24-hour avaerage of 198 ppb, more the twice the

World Health Organization guidaiine of 90 ppb.
Black smoke concentrations reached 148 pg/m?®
for 24 hours, also abovs the WHO guidelins of
125 pa/m®.  Anderson and colleagues (1995)
reported that daily deathe incroased by 10% (85%
Cl 2% 1o 19%) during this episcde, respiratory
morttality increased by 22%, and cardiovascular
mottalityIncreased by 14%., Hospital admission of
the elderly during the episcde incroasad by 19%
for all respiratory diagnoses, 36% for chronic
obstructive pulmonary disease, and 97% for
asthrea. These results showed that trafilc related
air pollution can produce the same iypes of health
effecis observed with coal emissions earlier in
this century.

Why are diesel emissions of speeffic concern as
a potential health problem? Compared to

" automobiles, diesel engines produce much higher

emission of paiticles and nitrogen oxides. The
gas phase componenfs of diesel emissions
contains many initants and toxins. Recent
advances have reduced the mass of particles
emilted from diesel engines, but have increased
the numbetrs of parficles being emitted. Hundreds
of chemicals {including many known carcinogens
and-mutagens) are adsorbed onto the surface of
these particles. If diesel particle controls are to be
designed which most effectively reduce the
potential for adverse health effects, information is
needed regarding the specific characteristics of
paricles {mass, surface area, or number
concentrations) most directly related to observed
health effects.

The epidemiologic evidence for health efiecis of
particles is largely based on measures of ihe
mass concentration. This simply reflects the fact
that almost all of the available particle data are
mass measurements as required by

. Environmental Protection Agency regulations.

However, the mass of particles is only one
measure of the concentration of particles in the
air, and may not reflect the concentration of the
underlying toxic component of the particles. it
may be that the important characteristic of
particles in determining their toxicity is not the
mass, hut the surface area orthe total number of
particles. This has important implications for the -
size of the parlicles associated with health effects.
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Particle number concentrations are deminated by
he smallest size ranges, less than 50 to 100 nM
{0.05 to 0.1 pm), frequently referred to as the
uftrafine particles. Patticle surface area Is
dorninated by sub-micren size particles, 100 to
500 nm {0.1 o C.5 pm). Paiticle mass Is
dominated by the larger particles, greater than
500 nm (>0.5 um). Alternatively, parlicle toxicity
may be defined by the composition, e.g. sulfate,
actdity, cr carbon concentrations.

in this paper we teview the recent epidemiologic
literalure on the acute effects of particles with
specific attention 1o indicators of particles most
directly relevant to diesel emisgions. In
addressing the effects of acuts exposures, we will
not consider the carcinogenic effects, or the
effects on chronic disease. No studies have
direct measures of diesel exposure, but insights
can be gained from analyses of studies of
exposure 1o indicators of diesel emissions
including studies of inhalable and fine pardicle
mass, Black Smoke, ulirafine particle number,
and traffic volume.

INHALABLE PARTICLES

Recent epidemiologic evidence has clearly
implicated particulate air pollution as being

associated with increased mortality, hospital .

admissions, emergency department visits, and
symptormn. Episodes of particulate air poliution are
associated with exacerbation of chronic
Trespiraiory diseases such as asthina and chronic
obstructive pulmonary disease (emphysema and
bronchitis). Dockery and Pope (1994)
summarized the observed associations of acute
parficulate matter (PM,,) exposures on vatious
classes ol respiratory iliness (Table 1). More
recent work has shown that particulate air
pollution episodes are also associated with
increased cardiovascular events including
hospital admissions for ischemia, dysrhythmias,
and heart failure (Bumett et al, 1995; Schwartz
and Morris, 1995; Schwariz 1997).
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TABLE 1. Estimated % change in health
indicator for each 10 pg/m?® increase in
PM,;. (after Dockery and Pope, 1994)

Increase in Daily Mortality

Tolal Deaths 1.0%
Respiratory Deaths 3.4%
Cardiovascular Deaths 1.4%

Increase in Hospital Usage (Respiratory)

Admissions 0.8%
Emergency Visits : 1.0%
Exacerbation of Asthma

Asthmatic Attacks 3.0%
Bronchodilator use ' 2.9%
Emergency Visits 3.4%

Hospital Admissions 1.9%

increase in Respiratory Symptoms

Lowear Respiratory 3.0%
Upper Respiratory 0.7%
Cough 1.2%

Decrease in Lung Function
Forced expired voiume 0.15%
Peak expiratory flow 0.08%

Limited data are avallable on the effects of the
mass concentration of smaller particles.
Schwartz, Dockery, and Neas (1998) reported
that daily mortality in six US cities was specifically
asscciated with the mass concentration of
particles less than 2.5 ym aerodynamic diameter
{PM,,), rather than larger pariicles. Several
studies have shown that lung function of children
measured as peak axpiratory flow rate is aleo
specifically related to these smaller size ranges.
Thus while most of the epidemiological studies
have been based on PM,, measurements, limited
data suggests these effecis are specifically
relatad to the smaller size ranges.

BLACK SMOKE

Black smoke is the most common measure of
particulate air pollufion in Europe. Parlicles are
collected on a filter sirip, and the "blackness* of
collected nparficles is measured by optical
reflectance. Historically, it was considered an
indicator of coal combustion emissions, but today
it is considered to be an indicator of diesel
emissions. indeed, diese! exhaust particles
contain large amounts of elemental carbon, and



it is the elemental carbon which is the primary
determinant of the klackness of the patticles.
Sampling near busy roads has shown that there

is a high correlation between elemental carbon

concentrations and the traditional Black Smoke
measuremesnis.

The APHEA (AirPoliution and Health: a European
Approach} Study is a mulfi-center European
collaborative assessmentof the short-term effects
of air pollution on health using time seres
. methods (Katsouyanni et al, 1997). Baily morality
and hospital admissions data were analyzed in
fitteen cities in ten European countries. In the
western European cities {Athsns, Batcelona,
London, and Paris), daily moaorality was
associated with Black Smoke and S0,
conaentrations {Katsouyanni ct al, 1997). Black
Smoke and O, concentrations were associated
with adults= respiratory hospital admissions in
Amsterdam, Rotterdam, Lohdon, Patis and

Barcelona {Spix et al 1998). Black Smoke and

NO, were associated with hospital admissionsfor
asthma in three citiss (Barcelona, London, and
Paris) (Sunyer et al, 1997). Table 2 shows the

recults for the analysis of particulate air poliution

measured as Black Smoke.

Table 2. Estimated effect of each 10 pg/m®
increase in Black Smoke on health in
APHEA Study.

increase {95% CI)

Daily Mortaiity " 0.6% {0.4%, 0.7%)
Respiratory Hospital  0.7% (0.2%; 1.2%)
Admissions
Asthma Emergency  0.4% (-0.3%, 1.2%)
Visits

ULTRAFINE PARTICLES

Rudell and colleagues (1996} have reporied the
results of a controlled human exposure study in

which human volunteers wera exposed o filtered .

and unfiitered diesel exhaust. A particle frap
removed 46% of the parlicle numbers, reducing
the number concentration from 2.6 million to 1.4
million particles per cm®. Despile this halving of
number concentratior, there was not detectable
reduction in the response ie the diesel exposure
as measured by symptom raports or measures of
bronche constriction, This suggests that particle
number concentration is not involved in these
effects.

To date, there have been only two epidemiologic
studies of the health effects of ultrafine paricles

as indicated by particle number concentrations.
Both are winter studies of panels of subjeots who
periormed daily measures of lung function (peak
flow) and respiratory symptoms in Europe.

Peters and colleagues (1997) studied 27 adult

-nonsmoking asthmatics in Erfurt, Germany during

the winter of 1991/02. Particle concentrations
were measured as PM,,, estimated PM,,, and
number concentrations in various size ranges.
Evening peak flow measurements were
significantly decreased in association with PM,,,
PM, 5, and number concentration less than.1 ym
{NC 44} (Figure 2}. The authors interpreted these
results as showing that ultrafine, particle mass
was mest strongly associated with peak flow.
However, there is no slatistically significant
difference in effect size for any of thesc particle
exposure measures.

' Diffsrence In PEF{L/min)
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Figure 2. Estimated change in evening peak
flow among asthmatics in Erfurt, Germany
associated with a change equal to mean in
PMy, (59 ug/N°, PM,; (51 ug/m®, and NC,,,
(11,230 cmm™). {Peters et al, 1997}

Pekkanen and colleagues (1997) studied 2 panel
of 39 asthmatic children in Kuopio, Finland during
the winter of 1993/94. Daily peak flow and
respivatory symptom reports were compared to
particles concentrations measured as PM,,, Black
8moke, and number concentrations in various
size ranges. Morning peak flow was sighificantly
associated with PM,,, but not with Black Smoke
nor gither of the measures of ulrafine number
concentrations ( NC g, of NC,5) {Figure 3).
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Figure 3. Estimated change in evening peak
fiow among asthmatic children In Kuaopio,
Finland associated with an interquartile range
change in PM,, (13 wg/m®), Black Smoke
(10 pg/m®, NC, (20,700 cm™), or NC g4,
{13,170 cm™). {Pekkanen et al, 1997)

Thus while the authors of these studies come to
apparently different conclusions with respect fo
the association of number concentrations of
ultrafine particles with decreased peak flow in
asthmatics, they both found significantly lower
peak flow associated with PM,,.

Interest in the effects of ultrafine particles remains
high in Europe, and there are three major studies
currently underway.

» Analysis of daily monality and ulirafine
patticle concenirations in Erfur, Germany for
period 1995-98 {funded by Health Effects
instituie).

+  Measurement of ultrafine expeosuras in Erfunt,
Germany, Alkmaar, the Netherlands; and
Helsinki, Finland in 1996/97 {funded by the
European Uniony.

+ Effects of ulirafine particle exgosures on
acuts cardiovascular and respiratory endpoint
in elderly patients in Finland, Gemmany, and
the Netheriands during winter of 1998/89
(funded by European Union).

TRAFFIC VOLUME

Edwards and colleagues {1994) compared the
traffic volume exposuras of children admitted to
hospital for asthma with those of patients
admitled for other causes (and also community
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controls) in Birmingham, England. The relative
odds for asthmatic patients increased with
proximity to a major road and elso with the
amount of traffic on that road {Figure 4)

Rel 0dds of Asthma

<14 10 23 27 35 »>36
1000 cars/day

Flgure 4. Relative odds for asthma hospital
admission versus traffic volume on nearest
major road by distance to road - 4 <200 m
from road, B >200 m from road. (After
Edwarde et al, 1994),

In 1993, Wist and colleagues reporied a study of
the resplratory health ol fourth grad school
children in Munich compared to traffic volume.
Counts of cars were delemmined for the street with
the highest volume (7,000 to 125,000 cars per
day} in each of the 117 school districts in Munich.
Average lung function and respiratory symptom
rates of fourth grade school children were
compared to the disirict specifis traffic volume,
adjusting for parental asthma, smoking and
education, pius the use of gas or voal for cooking
andfor heating. Lung function was reported io
decrease with inqreasingtrafﬁcvolume {Figure 5}.
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Figure 5. Percent diiference in Peak

Expiratory Flow (PEF) versus traffic volume
within the school district in Munich (after Wjst
et af, 1993).

Brunekreef et al (1997) reported a study of 877
school children, 7-12 years of age, living in six
communities inthe Netheriands. All children lived,
within one kilometer of a major roadway.
Questiohnaires and lung function tesls were
administered to all the children, Blask smoke and
NO, concentrations were measured in the
schools. Average truck and automobile traffic
volume on the nearby road was determined. The
mean lung function of the children was found {o
decrease with Black Smoke znd NO,
concentrations. Mean lung function also
decreasad with truck traffic volume (Figure 6), but
not with automobile traffic volume.

CONCLUSIONS

Short-term exposures to inhalable particles are
consistently associated with increased daily
deaths, hospital admissions, emergency room
visits, exacerbation of asthma and chronic
obstructve pulmonary disease, respiratory
symptoms and decrease iung function. Black
Smoke is a potential marker for diesel emissions
and has been associated with increased daily
deaths, hospital admissions, respiratory
symptoms, and decreased lung funciion in
epidemiological studies in Europe. The

’

epidemiological data for effects of ultrafine
particles is limited at present to two winter studies
from Europe. One study suggests decreased lung
function more strongly associated with number
couni than particle mass, while the other study
suggesis decreased peak flow more strongly
associated with particle mass. European studies
consistently suggest adverse health effects
associsted with measured traffic voluma in the
vicinity of subjects. The newest studies are
painting to a specific association with truck traffic.
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Figure 6. Adjusted lung function {FEV1) of
schoal children in six communities in the
Netherlands versus truck tvaffic on nearby
roadways (after Brunekreef et al, 1837).
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TOXICITY OF ULTRAFINE PARTICLES

G. Oberdorster
University of Rochester
Department of Environmental Medicine

Particles below 100 nm in diameter are regular
constituents of the urban atmosphere. They are
derived from a number of different combustion
processes and from gas to pariicle conversions.
Particles ofthis size range ara defined as ultrafine
patticles, and such particles also oceur in some
occupetional settings at the workplace. While
workplace ultrafine paricles such as fumes ¢an
be highly iritating and acuiely toxic, ulirafine
particles in the urban afmosphere seem 1o be
more benign and potentially may cause effects
only in susceptible subpopulations, but will not
cause effects in the healthy organism at the
existing low concentrations, However, although
ultrafine particles ocourring at the workplace are
not appropriate surrogates for ambient ultrafing
pariicles, the study of their behavior in terms of
deposition, disposition and potentially also their
effects may give some clues as to the potential of
ambient ultrafine panticies 1o cause effects in the
compromisad respiratoty tract. Thus, this paper
will describe toxicologicalfindings of anextremely
toxic ultrafine particle .at the warkplace, /o,
polytetrafluoroethylene (PTFE, Teflon®) fumes,
and results from studies with benign ulirafine
particles, ie., carbon, as surrogates for urban
particies.

Figure 1 shows the size distribution of a typical

PTFE fume with a count median diameterof ~16 -

nm and a geometric standard deviation of 1.43.
Rats exposed to these fumes at a concentration
of ~50 rg/m®for 10-15 mins. develop within 4 hrs.
post-exposure severe breathing difficulties with
marked pulmonary edema and influx of a large
number of polymorphonuclea- calls inte the
alveolar space as well as protein exudation and
red cell extravasation (Seidel ef al,, 1991; Warheit
et al, 1990; Cberddrster et al,, 1995). - Since
PTFE fumes in addition to particles alsc contain
gas phase compounds such as HF, the question
as to whether ultrafine pasticles alone can cause
these effects was explored in studies in which
groups of 10-wk. old rats were exposed either o
the gas phase alone or the particles alone, or the
total fume {gas + particle phase) (Oberddrster et
al., 1997). Sham-exposed animals served as
controls. As can bs seen in Figure 2, gas phase
components alone or ultrafine PTFE particles
alone did not cause significant inflammatory

responses as determined by the absence of
increased neutrophils and protein in lung lavage
4 hra. after exposure, only the total fumes caused
the previously described very high inflammatory
response in the lungs. Measurements of fluoride
in the gas phase showed that both in the group
exposed to the total fume and the group exposed
fo the gas phase only about 4 ug F/liter could be
measured, whereas in the parlicle only group
fluotide levels were near background. This resulf
indicates that both the gas phase compounds as
well as the ulirafine particles are necessary to
cause the exireme toxicity of PTFE fumes. This
may suggest that the ultrafine particles due 1o
their high surface area can act as a carrierforgas
phase constituents, which otherwise are absorbed
in the upper respiratory tract and do not reach the

" deep. lung, or reach theé lower respiratory tract

only when inhaled at 100-fold higher
concentrations (Stavert et af,, 1991),

Obviously, PTFE fumes are not a surrogate for
ambient ultrafine pariicles, yet certain
characteristics are gommon fo all ultrafine
particles. One is the coagulation behavior of
ulirafine particles which- present an important
mechanism for particle number reduction. Figure
3 shows a typical trimodal particle size distribution
of the urban aerosol, with a nucleation (ultrafine}
mode, an accumulation mode and a coarse
pariicle mode. Ultrafine particies tend to
coagulate onfo themselves via homogeneous
coagulation if a certain number concentration has
been reached (Hinds, 1982} buta more important
mechanism is heterogeneous coagulation of
ultrafine particles onto accumulation mode
pariicles which is a 10-100 limes faster process
than homogeneous accumulation (NRG, 1979).

. Thismechanism of heterogeneous coagulationis

extremely important for keeping ambient ultrafine
pariicles at a low level. A reduction of
accumulation mode particles by spedilic
measures 10 clean the urban air may in fact
increase the persistence and, thereby, number
concentration of ultrafine particles. Such an
increase in ultrafine paticle concentrations has
been repotied for the city of Erfurt, Germany,
following succassful clean-up measuresto reduce
fine panticle mass {Tuch et al., 1987). Ourresults
with laboratory-generated ulirafine carbon
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particles demonstrate the homogeneous
coagulation of these pariicles when they are left
at a high initial conceniration of 1x107
particles/om® in an animai exposura chamber with
no flow (Fig. 4). Within minutes the initially ~30
nm parlicles coagulate to a larger size above
100 nm.

Coagulation of ultrafine particles and {ormation of
larger particles may alse impact on the healta
eftects of these particles. Schwartz and Marcus
{1990) summarized daily rnortality data from ths
London poliution episodes from 1958 to 1972 and
found a gurvilinear relationship between particle
mass concentration and daily martality: Al low
concentrations, below ~130 po/m?®, the slope of
the exposure-response curve was steeper,
whereas above this concentration the responssz
curve flaitened, seemingly showing a lower
toxicity rate per particle mass at higher exposure
concentrations (Fig. 5). This result, however, is
consistent with a greater potential for ambient
ultrafine particles to cause adveise effects per
given mass since there can be many more
ultrafine particles present at low total mass
concentrations, whereas et higher mass
concentrations ulirafine particle numbers are
quickly reduced by the aforementioned
mechanism of heterogeneous coagulation.
Although this phenomenon provides a plausiblz
explanationforthe curvilinear exposure-responss
relationship, other interpretations of these
exposure-response data may exist as well.

Generally, the mass conceniration of ulirafine
urban particles is very low at about 2-8 zg/m® but
with a high number concentration of 2-4x1¢*
particles/fom® (Brand ef al,, 1892; Hughes et al,
1988). However, during episodic events, uitrafine
patticles can reach extremely high values, up fo
3x10° particles/cm®, with a concomitant mass
concentration approaching 40-50 ..g/m® (Brand et
al, 1992). Figure 5 shows the result of
measurements of ambient aerosol particles of the
Brand et af. (1992) study in Frankfurl, Germany,
before, during and after an episodic event,
demonstrating that the mass concentration of the
ultrafine and accumwilation mode particles wers
about the same during the event with an averags
total mass concentration of ~100 .g/m®.

Evidence that ambient ulirafine pasticles or
surrogate ultrafine particles may have significant
adverse effects comas from both epidemiological
and toxicological studies. Peters &t al (1997)
studied the association betweenfine and ultrafine
particles and respiratoryheaith in 27 non-smoking
asthmatics in the city of Erfurl, Germany. They
found that the effects showed a stronger
association with ultrafine particies than with
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pariculate matter smaller than 10 um. Their
study coincided with the aforementioned increass
in ultrafine particle number concentration in the
city of Erfurt after initiation of clean-up measures. -
However, another epidemiological study
(Pekkanen ef af, 1997) did not find a stronger
effect of ultrafine particles than larger-sized
particles on respiratory parameters in asthmatic
children. Thus, epidemioclogical studies are not
yet conclusive regarding the potential adverse
effects of urban ultrafine parficles.

There are a number of potential mechanisms that
can coniribute to an increased toxicoiogical
potency of ultrafine particles compared o larger-
sized particles. These machanisms relate largely
to dosimetry and include a high particle number
per mass for ultrafine particles as well as & large
surface area per given particle mass (Table 1).
Specifically, the larger surface area canact as 2
carrier for radicals or reactive groups and gases
to be administered to the deep Ilung.
Furthermote, deposition of the inhaled singlet
ulirafine particles is very high in the lower
respiratory tract. As shown in Figure 8, predicted
deposition of 20 nm pasticles can be up t0 50% in
the alveclar region of the human respiratory tract,
and depositionin the fracheobronchial region can
aisobe vary high. Infact, if the large difference in
surface areas of the conducting airways and of
the alveolar region Is iaken into account.
deposited dose per unit surface area is several-
fold higher in the tracheobronchial region
compared to the alveolar ragion for inhaled
ultrafine particles. After deposition, the
disposition of ultrafine pariicles alsoappearsto be
different from larger-sized particles in that a fast
penetration to epithelial and interstitial sites
cecurs (Steamns et al, 1994). This fast
penetration of ultratine particles can even reach
endothelial sites and thusthevascularcomponent
s0 that some ultrafine particle translocation after

_ inhalation exposure to remote organs such asthe

liver has been cbserved {Kanapilly and Diel,
1980).

These dosimetry-related characteristics predicta
highertoxicity per given mass for inhaled ulirafine
particles. Indeed, our studies with ultrafine {(~20
nmj) and fine (~250 nm} TiO, particles confirmed
the greatertoxicity per given massforthe ultrafine
particles. Figure 7 shows dose-response curves
with respect fo lavagable neutrophils in rats 24
hrs. afterintratracheal instillation of doses ranging
from 32 pg to 500 wg for ultrafine TiO, particles
and 125 - 2,000 pg for fine TiQ, particles. Itis
cvident from Figure 7 that the dose-response
relationship for the ultrafine paricles is much
steeper than that for the fine parlicles, a finding
which might be compared to the different slopes



Table 1. Texicological Importancs of Ultrafine Particles

NUMBERS AND SURFACE OF MONODISPERSE
PARTICLES OF UNIT DENSITY OF DIFFERENT SIZES
AT A MASS CONCENTRATION OF 10 ng/m®:

Particle Diamter Particle Number Particle Surface Area, .m’
um per cm® air per cm® air
.02 2,400,000 3,016
0.1 . 19,100 © 600
0.5 153 120
1.0 19 60
24

25 12

of the exposure-response relationship of the
epidemiological - data shown in Figure 5.
However, if the dose of the administered TiO,
patiicles is expressed as particla surface area,
the dose-response relationship of both the
uitrafine and fing TiO, fall on the same curve as
shiown in Figure 8, Similar results have been
ohserved by Li et al (1996) who found
significanily greater effects of ultrafine compared
to fine carbon particles upon instillation of 100 ug
into rats.

Given these results, it is tempting to predict the
pulmonary inflammatory potential of nucleation
mode particles relative to accumulation mode
particles in humans. If onhe assumes that the
composition of the two particie types is the same
and, fuithermore, that the resuiting toxicity is
propostional to. the deposited dosa when
expressed as particle surface area (as shown with
fine and ultrafine TiO, and carbon particles), one
can deduce that the relative predicted toxicity of
the ultrafine particles is mora than 30-fold greater
per given mass than that of accumuiation mode
particles (Table 2). .This toxicity factor is
composed of a factor for alveolar deposition and
a factor for increased surface area of ulirafines.
Expressed in terms of ambient particle mass
concentration this means that 10 ug/m® of
ambient ultrefine particles are toxicologically
equivalent to 3680 xg/m® of accumulaiion maode
patticles. Further studies are needed io test this
prediction of the relafive toxicities of inhaled
ambient nucleation and accumulation mode
particles.

Several factors can modify responses to inhaled
ultrafine particles. These include age, disease,
co-poliuiant exposure, and pre-exposure history.

We have performed several studies to evaluate
these factors with laboratory-generated ultrafine
carbon particles. The size distribution of these
particles generated by electric arc discharge is
shown in Figure 8, with a count median diamieter
of 24 nm and a geometric standard deviation of
1.88, We have also generated ultrafine platinum
patticles by the same methodology and exposed
18-month old and 8-week old mice with moderate
pulmonary emphysema (induced by instillation of
elastase) for 8 hrs. at a concentration of ~115
ng/m® to both particle types. A small, yet
significant, increase in leukocyles in lavage fluid
24 hrs. after exposure was seen only in the old
mice, but not in the young mice (Fig. 10).
Healthy, hon-emphysematous old mice, howevet,
did not show any response fo these types and
concentrations of ultrafine particles. in another
maodel of genetic emphysema in mice (Tsk mice,
developing mild to moderate emphysema by
about 12-months of age), preliminary results
indicate that these mice also show a slight
increase of inflammatory cells in lung lavage,
whereas 18-month old healthy mice do not
{Fig. 12) (Oberdbister et al, 1998). Further
siudies are necessary fo validaie this mouse
strain as a useful model for people with chronic
obstructive pulmonary disease.

Epidemiological studies have shown that
increased morbidity and mortality can occurinthe
elderly populationwith a compromised respiratory
tract such as pneumonia. Using inhalation of
endotoxin as a meode! for inflammatory events
induced by a bacterial infection in the lung, we
could show that such endotexin-priming of the
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Table 2. Relative Toxicity of Ulirafines vs. Accumulation Model

Accumulation- vs. Nucleation-(ultrafine) Mode Particles:
Pulmonary Inflammatory Potential in Humans

Assumption:

~ Compaosition of 2 particle types Is the same

— Toxicity is proportional to deposited dose,
expressed as particle surface area

(example: fine and ultrafine Ti0,)

Accumulation Mode Particle Ultrafine Particle
(~250 nm) (~20 nm)
Rel, alveolar deposition 3.6
Rel particle surface area 10
Rel. predicted toxicity 36*

10 pg/in® uw.f. wed 360 pg/m?® accum. mode

*Additional factors need to be considered:
Increasce interstitial translocation —» extrapulmonary cffects

respiratory tract caused a significant increase ¢f
pulmonaryinflammaiory parameters by instiliation
of 50 ng of ultraline TiO,, but not after instillation
of 50 ug of fine TiO,. Furthermore, using the
same endotoxin model to sensitize the respiratory
tract, we observed in rats that co-exposure of
ultrafine carbon particles with an oxddant pollutam,
ozone, caused a significant increase of the
inflammatory response. Siatistical analysis ofthe
results confirmed that, indeed, inhaled singlet
uftrafine carbon particles do have a significant
effect at a concentration of ~105 pg/m® inhaled
over a 8-hr. period in rats. Although this
soncentration appears high, 100 .g/m? for the rat
is approximately equivalent to 50 ng/m® for
humans in terms of the deposited dose in the
alvaolar region. The increased effect of a
combined uitrafine particle/ozone exposure may
be due fo the aforementioned carriermechanisms
of ozons absorbed oo the large surface area of
even low mass concentrations of ultrafine carhon
particies. ‘

Finally, the importance of pre-exposure history on
the effects of ufirafine particles needs o be
addressed. This can be demenstrated with the
highly toxic ultrafine particles of PTFE fumes
introduced at the beginning of this paper. A 15-
min. exposure of rats at an ultrafine PTFE patticle
concentration of 50 ug/m® results in severe
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damage and high monzlity by 4 hrs. post-
expesure, However, animals receiving for three
days a 5-mnin. exposure each day of the same
PTFE fume concentration developed complete
tolerance and showed no puimonaryinflammatory
response on day 4 after a 15-min. normally iethal
expasure (OberdSrster ef al., 1995).

In summary, urban ultrafine particles sccurinhigh
number but generally low mass concentrations,
they coagulate onto accurnulation mode particles
which is an important mechanism to reduce their
number concentration. Rasults from toxicological
studies show that ultrafine pariicles per given
mass induce significantly greater inflammatory
responses than accumulation mode particles;
their large surface area also may act as a earrier
for ambient gaseous pollutants. Deposition
madels predict that ultrafine parficles have a very
high deposition efficiency in the lower respiratory
tract, and available data indicate that after
deposition rapid translocation to epithelial and
interstitial sites can occur. At fow mass
concenirations these ultrafine paricles are
unlikely to cause etfects in the healthy organism,
either young or old. However, they may elicit an
increase in alveolar inflammatory responses in
the compromised aged organism, in the
sansitized respiratory tract and in combination
with gaseous pollutant co-exposures such as



ozone. The responsa o ulirafine particles may
also highly depend on pre-exposure history which
may confer resistance to those particles.

REFERENCES

1.

10.

8rand, P., Ruob, K., and Gebhart, J.
Performance of a mobile aerosol
spectrometer for an in situ characterization
of environmental aerosols in Frankfurt City.
Airmospher. Emviron. 26A{13), 2451-2457,
1982, ' '

EPA. Air Qualily Criteria for Particulate
Mearter, Vol. 1l of [ll, EPA/BDO/P-85/001cF,
Apnl, 1998,

Hinds, W.C. Time for number concentration.
to halve and paricle size io double by
simple monodisperse coagulation. Aerosol
Technology, John Wiley, New York, pp. 235-
239, 1982).

Hughes, L.S,, Cass, G.R., Jones, J., Ames,
M. and Olmeg, L. Physical and chemical
characterization of atmospheric ultrafine
particles in the Los Angeles area. Env. Sci,
Tech. 32:1153-1161, 1998,

" Kanapilly, GM. and Diel, J.H. Ulrafine

29pyQ, aerosol generation, characterization
and short-tenm inhalation study in the rat.
Health Phiysics 39: 505-518, 1980,

Li, X.Y., Gimow, P.S., Donaldson, K.,

MacNee, W. Free radical activity and pro-
inflammatory effects of particulate air
pollution (PM,y) in vivo and in vitro, Thorax
51: 1216-1222, 1996. :

NRC. Aitbotme Particles. University Park

Press, Baltimore, MD, 1979, 343 pgs.

Oberddrstar, G., Gelsin, R.M., Ferin, J., and
Weiss, B., Association of parlicle air
pollution and acute mortality: Invelverment of
ultrafine particles? Inhalation Toxicol
7:111-124, 1995. .

Cberdbérster, G., Finkelstein, J.N,, Johnston,
CJ., Gelein, R., Baggs, B., Mercer, P, and

Corson, N. Tolerance against ultrafine:

particle-induced acute lung Injury. The
Toxicologist 36 (No. 1, Part 2): Abstract
#36, pg. 7, March, 1997,

Cberdbrster, G., Gelein, R., Johnston, C.J.,
Mercer, P., Corson, N. and Finkelstein, J.N.
Ambient ultrafine particles: Inducers of
acute lung Injury? In: Relationships

v

1.

12,

14.

15.

18.

17.

18,

between respiratory disease and exposure
1o ait pollution. Dungworth, D.L., et al., eds.,

iLSI Press, Washington, DC, pp.216-229,
1988.

Pekkanen, J., Timonen, K.L., Ruuskanen, J.,
Reponen, A., Mirme, A, Effects of ultraiine
and fine particles jn urban -air on peak
expiratory flow among children with
asthmatic symptoms. Eav. Res. 74: 24-33,
1997.

Peters, A.Wichmann, H-E., Tuch, T.
Heinrich, J. and Heyder, J. Respiratory
effects are associated with the number of
ultrafine particles. Am. J. Respir. Crit. Care -
Med. 185: 1376-1383, 1897.

Schwartz, J. and Mareus, A. Mortality and
air pollution in London: A time series
analysis, Amer. J Epidemiol. 181{(1): 185-
194, 1980.

Seidel, W.C., Scherer, K.V, Jr., Cline, D.,
Jr., Olson, A.H. Bonesteel, J.K., Church,
D.F., Nuggehalk, S.,and Pryor, W.A. {1991).
Chemical, physical, and toxicological
characterization of fumes produced by
heating tetrafluorethene homopolymer and
it's copolymers with hexafluorpropene and
periluoro(propyl vinyl ether). Chem. Res.
Toxicof, 4:229-2386.

Stavett, D.M., Archuleta, D.C., Lehnert, B.E.
Relative acute toxicities of hydrogen fludride,
hydrogen chioride and hydrogen bromide in
nose and pssudo-mouth breathing rats.
Fundamental and Applied Toxicology 16:
638-655, 1931.

Steams, R.C., Murthy, G.G.K. Skornik, W.,
Hatch, V., Katler, M., and Gedleski, J.J.
Detection of ultrafine copper oxide patticles
in the Iungs of hamsters by electron
spectroscopic Imaging. ICEM 13 Paris, July
47-22: 763-764, 1994,

Tuch, Th., Brand, P., Wichmann, H.E. and
Heyder, J. Variation of particle number and
mass concentration in various size ranges of
ambient aerosols in Eastem Germany.
Atrnospheric Environment 31(24): 4193-
4197, 1997.

Warheil, D.B., Seidel, W.C., Carakostas,
M.C., Haroky, M.A., (1890). Attenuation of
perfluoropolymer fume pulmonary toxicity:
Effects of filters, combustion method and
aerosclage. Exper. Mol. Path. 52: 309-329.

111




e s s S
e

cle Size Distribution

PTFE Fume Parii

1

igure

F

Lung

n

n

Is) and Protei

Inflammatory Cells (Neutrophi

PTFE Fume Exposure;

ne

Ultrafi

Figure 2.

112




} =
Bova

PR
e RS e v ¢

B Figure 4. Coagulation of u rbon particles in exposure
chamber under no flow conditions

113



< .

Figure 5. Dally mortailty and particulate air poliution in London, 1958-1972. Exposure-response
relatlonship and regression lines; with inflaction point at ~130 .g/m?.

' 'Fig'il;é‘ 6. Volume size t(iistributionsﬂof ambient aerosol particles befo;'é {1}, during (2) and after
(3) episodic event in Frankfurt, January/February, 1989 {from Brand et al., 1992).
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Figure 7. Deposition model of Inhaled particl
International Commission on Radiological Protection (/ICRP, 7595).
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spo;is / bf neutrophils iﬁml'ti'ng\l'airége ﬁuiﬂ
following instillation of different dases of ultrafine and fine TiO, particles in rats.
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as pariicle surface area.
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Figure 11. Effscts of inhaled ultrafine carbon and plati}\um'particles (~110 zgfm®, 6 hr.-axpo;ure) on
occurrence of inflammatory cells in lung lavage In emphysematous young (8 wks.) and old (18 mos.)

A

mice. Compared to sham-exposed controls, only the old emphysematous mice showed a significant
response. . '
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) I;-'igure“lz. i-lealtlﬁy v;ovut‘lg.(ﬂ wks.f‘oi;'old {18 mos.) mice do not show r;si;onse to Iﬁhaled
ultrafine carbon particles (125 »g/m® € hr)). Preliminary data in 12 month-old Tsk mice with
genetic lung emphysema indicate some response.
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PROGRESS IN EMISSIONS PARTICULATE DOSIMETRY AND TOXICOLOGY

Joe L, Mauderly, DVM, Gregery L. Finch, PhD, Kristen J. Nikula, DVM, PhD, and
Richard A. Westhouse, DVM
Lovelace Respiratory Research Institute, Albuquerque, NM

INTRODUCTION

Under a cooperative agreement with the Office of
Heavy Yehicle Technologies, U.S. Department of
Energy, the Lovelace Respiratory - Research
Insthtute is conducting research and developmernt
to provide heaith-related guidanee for heavy
vehicle engine, fuel, and exhaust after-treatment
technology development. Advances in engine
design, fuels, and exhaust after-treatment
technologies aimed at reducing diesel particulate
mass and nitrogen oxides have changed the
nature of emissions. An example is the potential
trend toward emission of increased numbers of
ultrafine {« 0.1 micror) particles of organic
condensate, which may accompany the reduction
of elemenial carbon particles (Bagley, 1996).
Existing epidemiclogical and laboratory animal
data on the toxicity of diesel particuiate emissions
are derived from exposures t¢ emissions from
older-technology engines. It is possible for
- changes inemissions to result in either greater or
lesser toxicity; thus, haalth informaiion is needed
to help guide choices among strategies to
increase engine efficiency and reduce emissions.

The current sffort at Lovelace has two facets:
1) developmentof standardized short-term in vitro
{using cuitured cells and tissues) and in vivo
(using intact animals) toxicity assays for
comparing the toxicitizs of pafliculate emissions;
and 2) evaluation of the disposition (clearance,
penetration, and translocation to other organs) of
inhaled ultrafine particles deposited in the
respiratory tract, Standardized raoid assays of
biological activity are needed because it is riot
practical to conduct long-term animal studies of
the influence of each change in diesel technology
on the toxicity of the resulting emissions, and
epidemiological studies of newer emissions will
notbe possibleformany years. Ulirafine particles
are thought to peneirate lung tissues more
rapidly, translccate to other organs o & greater
degree, and have greater toxicity per unit of mass
than larger fine particles, but existing information
is largely anecdotal. There are no quantitative
data on the distributicn of ultrafine particles after
deposition in the lung. Thus, improved rapid-
response comparative toxicity assays and new
informationon the disposition of ultrafine particles

are needed io estimate the potential hesith
implications of the different diesel technologies
and o compare the toxicity of petroleum diesel
emissions o those of other engine and fuel
technologies. :

DEVELOPMENT OF RAPID-RESPONSE
TOXICITY ASSAYS

Shon-tenm toxicity assays based on cultured cells
and instillation of material into rodent lungs have
been used o compare the toxicities of different
materials and to explore mechanisms of {oxicity,
but there has not been a concerted effort o
compare the wvalue of these systems for
demonstrating subile differences in toxicity
among samples of generally similar foxicity.

* Cultured slices of other organs have been used

for similar purposes, but there has been little
exploration of the utility of lung slices as an assay
of patticle toxicity. A preliminary report by Monteil
et al. (1997) suggested thai rat lung slices might
provide a useful assay for diese] soot toxicity.
This project explored the relative values of a
cultured cell line of human lung origin (A548),
cultured rat lung slices, and instillation of material
into intact rat lungs for determining gradations of
toxicity among particle samples. The cellline has
ihe advantage of using a single, standardized cell
type that is readily available, but is the least
representative of the aciual complex lung lissue
among the three assays. The lung slices have
the advantage of consisting of several cell types
organized nommally inio tissues, but are
technically complex to manage and have the least
background of previous information among the
assays. Instillationinto rodent lungs requires live
animals, and does not exactly duplicate
inhalation, but thete is considerable experience
with the assay, and it is the most realistic
biological system among the three assays. There
is not a substantial difference in cost among the
three assays.

Methods

The variables explored included the biest markers
of toxicity and the optimum sampling time for
each assay, and the ability of the assays to
discriminate among different test patticles
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comprising a range of toxicity. A key measure of
toxicity for all the assays was the concentration of
several different chemical signais elaborated by
cells either during normal metabolism or n
response to challenge with foreign material,
These agents are thought to include some of the
earlisst and most sensitive signals of cellular
responses to loxic materials. Some of these
chemical signals, such as protein synthesis or
adenosine triphosphate. content, indicated the
general health of the cells. Others, commonly
termed acylokinese constifute the chemical
signaling among cells for activation of defense or
repair mechanisms, such as reciuitment of
inflammatory cells from the blood, or stimulation
of cell division and growih. These cytokines
included interleukin-8, growth-reguiated
oncogene  alpha, macrophage inflarnmatory
protain-2, and tumor necrosis factor alpha.
Measuremenis also included the sarly gene
transcription factor NF-kB and the cytoplasmic
enzyme, lactate dehydrogenase. These agenis
were measurad in the culture medivm for cell and
lung fissue cultures, and in the bronchoalveclar
lavage (lung washing) fluid of instilled lungs. For
instiled lungs, the number and iype of
inlammatory cells entering the lungs and the
histopathology of the lungs were also evaluated.

A range of pariicle types were used for these
studies, withthe goal of comparing the responses
of the assays to particles of differing type and
toxicity, Diesslsoot particles (DEP) were scraped
fromfilters collected from General Molors LHE 6.2
L V-8 engines burning EPA certification fuel and
operated on the FTP light-duty cycle at the
Institute. The carbon black (CB) was Elftex-12
furnace black obizinedfrom Czbol. Boththe DEP
and GB would have been very similar, if not
identical, 1o the materials used a2t Lovelace in a 2-
year inhalalion carcinogenesis bicassay of rais
(Nikulz et al.,, 1995). Residual oil fly ash {(ROFA)
was obtained from the heat exchangs section of
the Boston Edison Mystic River power plant, and
was provided by D1. John Godleski of Harvard
University. Nickel subsuifide {Ni;S,) was provided
by Mlidwest Research Institute. and was identical
to material used at Lovelace in a 2-year inhalation
carcinogenesis bioassay (U.S. NTP, 1994).
Ambient particulate {Ottawa) collected in Otftawa,
Canada (dust EHC-93) was provided by ihe
Health Ministry of Canada. Silica (8) (5 Fm Min-
U-8Sil) was obtained from U.S. Silica. Titanium
dicxide (TiQ,} was obtained from Fischer
Scientific.

Results

Ab48 Ceill Culture: The methods and esults from
the AS49 cell culture studies are presented in
detail by Westhouse et gl. (1998a). Overall,
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although the cultured cells detected large
difierences in particle toxicity, there was a
disappointing degree of variabilily among
individuai cultures, and they did notdisplay a very
fine or consistent gradation of toxicity among the
different particie types. Two examples serve to
ilustrate this response. Figure 1 illustrates
differences in pretein synthesis, a measure of cel
health, in cultures treated with 40 rg particles/om?
of sinrface and analyzed 20 hours later. The data
are the means and standard deviations of three
cultures for each patticle. As seen in the figurs,
only ROFA and Ni,8, reduced protein synthesis
markedly. These particles have high chemical
toxicity related to soluble metals. The rasponses
1o the other particles varied somewhal, but were
not distinguished by the assay. Thus, silica,
which is known to have high shori-tenm toxicily in
the lungs of rats (Benson et al, 1985), was not
distinguished from Ottawa, TiO,, CB, or DEP.

Figure 2 illustrates differences in ihe secretion of
IL-8, a cytokine which recruiis inflammatary cells,
by A549 cell culures treated with 40 Fg
particles/em? of surface and analyzed 20 hours
laier. The data are the means and standard
deviations of four cultures for each particle. The
figure shows that ROFA caused a shriking
rasponse and Ottawa caused a slight responss,
but the assay did not distinguish among the
toxicities of the other particles. In this case, the
responges to ROFA and Ni,S, were very different,
but the responses to NiyS, and silica were nearly
identical.

Cultured Rat Lung Slices: Results of the lung
slice studies are presented in delail by
Westhcuse st al. {1998b). After considerabie
effort to optimize and standardize the culture and
particle treatment conditions for the assay, its
responses to DEP, CB,-and ROFA were
comparad. The assay indicated a graded toxicity

. Trom CB with the least toxicity to ROFA with the

greatest. Anexample is given in Figure 3, which
illustrates differences in secrelion of macrophage
inflammatory protein=2 (MIP-2). MIP-2 recruits
inflammatory cells, by slices cuftured for 11 days
after instillation with 1 mg particles/ml incubation
medium. The data are means and standard
deviations of thres cullures for each particls,
expressed as perceniages of the mean control, or
unireated, response.

Althoughthe lung slice assay appeared to provide
a greater distinction between CB and DEP than
the A549 cell culture, there was only slightly
greater distinction between DEP and ROFA,
which has been shown by many investigators to
be highly toxic. In addition, there was
considerable variability in the control data, and



the assay was more complex, time-consuming,
and costly to perform than either cell culture or
animal instillation. )

Intratracheal Instillation in Intact Animals: Nine

week old male F344 rats were anesthefized with

halothane, a cannula was placed in the trachea
"via the mouth, and 3 mg of particles suspended in
0.5 mi saline was instilled into the lower trachea
via a smaller ube. The rats recovered, then
groups of five were killed at either 4, 8, 12, or 24
hours or 1 week after instillation. The lungs were
removed and lavaged using a common and weli-
standardized technigue (Henderson, 1981)viathe
trachea with saline, which was then analyzed for
cytokines, lactate dehydrogenase, and
inflammatory celis.

Although the ahility of the rat instillation assay to
distinguish among particies having slightly
different, but generally low toxicily is still being
explored, preliminary results suggest that the
integraied response of intact animals may give
better results than the two in vitro-assays. Figure
4 jllustrates the levels of the enzyme, laciate
dehydrogenase, in lavage fluid at 6 and 24 hours
and 1 week after instiflation of CB or DEP. This
ehzyme is present in the cytoplasmt of lung cells,
and its presence in the lung lining fluid is a
reflection of cell toxicity and death {Henderson,
1991). The data represent the means and
standard errars from 5 rats/group. The enzyme
was slightly elevated by-both particles at 6 hours.
The levels at both 24 hours and 1 week indicated
that CB was more toxic 1o lung celis than DEP.
This finding Is consistent with the resulls of an
earlier long-term inhalation study (Nikula et al,,
1995), which also indicatad that this CB was
slighily more toxic than DEP from the same type
of engine per unit of material retained in the lung.

Figure 5 illustrates the influx of neutrophils,
inflammatory cells from the blood, into the lung
lining fluid of rats at differenttimes afier instiliation

ot DEP or CB. Inflammation is a common early .

response to toxic matetialg, is important in
eliciting asthmatic responses, and is also a
common feature of the early siages of several
other lung diseases. Although it is assumed that
celis secrete cyiokines before neutrophils are
calledt into the lung, the influx of neutrophilsisan
indication that the body has recognized a
significant intrusion by forelgn material. The data
reprasent the means and standard arrors of 5
rats/group, Both DEP and CB atiracted
neutrophils into the lung, but the time course and
magnitude of the responses to the two particles
differed. The neutrophil response to CB was
apparent by 4 hours, peakedat 6 hours, and was
stilf evident at 1 week, The neutrophil response

to DEP was not sigriificant until 12 hours and was
nat significant at 1 week. The CB elicited a
greater response than DEP at il times.

-Summary

The results of this development work suggested
that overall, intratracheal instillation into the lungs
of intact rats followed by bronchoalveclar lavage
and histopathology was likely o give a more
realistic and cosi-efiective assay of relative
particle toxicity than efther the cell culture or lung
slice aulture assays. The comparison between
cell cultures and lung instillation is still being
completed, and it remains possible that cell
cultures may still prove to be a useful ool for
rapid toxicity comparisons. At this time, it does
not appear that the lung slice assay offers any
advaniage over lung instiliation. Responsas of

.lung slices may resemble those of intact lungs

more closely than do responses in cell culiures,
but the assay is just as costly as lung instillation
and is more fechnically demanding and more
difficult to interpret. The lung instillation assay
has the great advantage over the other assays of
allowing the full interplay among the various
biological responses present in intact individuals.
Because the assay does not involve inhalation,
the exposure route of concem, it is not likely to
produce data useful for quarititative estimates of
risk to humans. K appears that it can, however,
meet the need for a rapid, low-cost assay of
relative toxieity of particles in the lung, and
especially if posiive and negative contrelparticles
are included for comparison wilh the test
particles,

DISPOSITION OF INHALED ULTRAFINE
PARTICLES:

The work on ultrafine particle disposition is
continuing, and few definitive results are yet
available. This effort required considerable
technical development to enable the detection
and quantiation of very small amounts of tiny
particles dispersed in various fissues and fluids.
The lack of detection ability has largely been
responsible for the lack of previous work in this
area. Another major difficulty due to the high
surface area to mass ratio of ultrafine particles is
ensuring that the material- does not dissolve
before it is measured in the body. Qur research
approach was to: 1) produce radiolabeled
particles that could be aerosolized in uniform
sizes; 2) determine the time course of the
dissolution of the particles; and 3) measure the
time course of the distribution of particles in rats
and monkeys. Work to date has focused on the
use of radiclabeled silver particles (*'“"Ag),
because of our previous experience in generating
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this material in the appropriate size range and
because silver particlesin sma!l quantities should
be inert in the lung.

The "'"Ag particles were generated by heating
radiclabeled foil and allowing the vapor io
condense info particles under controlled cooling
and dilution conditions. After trials defining the
conditions necessary to reproducibly generate
2 aq in fine and ultrafine sizes, tne solubilily of
the particles in simulated body fluid was tested
using a dialysis bag systern. These resulls
indicated that a sufficient portion of the material
would remain in patticulate form to evaluate
disposition in the body during times up to a few
days after inhalation.

An Initial inhalation study in rais has been dons,
and the results are being analyzed. Twelve week
old male F344 rats were exposed by inhalation ie
"mag particles having a count median diameter
of 25 nanometers. A 38-minute exposure
produced a lung burden of approximately 130
kiloBeguerels of radicactivity representing a
deposited padicle mass of lessthan 1 nanogram.
Rats were Killed at 2, 8, 24, and 72 hours afterthe
end of exposure, and the radioactivity in various
fissues was analyzed. The '""Ag cleared rapidly
from the lung, with only 535% and 25% remaining
at 24 and 72 hours, respectively, Most of the
"10mp g excreted fromthe body was excreted in the
feces. A tissue digestion and ultracentrifugation
procedure was used 2o determine if the remaining
mAg was in patticulate or dissolved form.
Preliminary data indicate that the material was
primarily in particulaie form in the lung and tiver,
and in solubilized form in the blood. Tissue
sections will be evaluated by autoradiography to
visualize the particles and their location.

The inifial results confirm the factthat a significant
portion of pooriy soluble ultrafine patticles leaves
the lung rapidly afier deposition. Pending
completion of the rat study and conclusion that
the "*aAg inhalation technique is deemed
acceptable, a similar study will be performed
using mankeys. Gurrent information suggests
that the majority of the ulrafine particulate
material in emissions from new diese! engines
consists of organic condensate. Therefore, the
nexi siep will be 1o evaluate the behavior of
ultratine organic particles after inhalation.
Together, these results should provide a much
improved understanding of the behavior of
ultrafine particles after deposition in the lung by
inhalation.
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Figure 1. Protein synthesis of A549 celis at 20 hours after incubation with seven types of
particles, or no particies (Ctrl).
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Figure 2. Secretion of the pro-inflammatory cytokine, 1L-8 by A543 cells at 20 hours aiter
incubation with seven types of particles, or no particles (Ctrl).
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Figure 3. Secretion of the pro-inflammatory cytokine, MIP-2 by rat lung slices at 11 days after
incubation with three types of particles.
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Figure 4. Levels of lactate dehydrogenase in lung lavage fiuid of rais at different times after
intratracheal instillation of saline or 3 mg of DEP, or CB.

250 ~
200 —

150 —

Millions of Neutrophils ( XtSE)

50 -
-+
E
=
723
0 - ‘ S —
4 Hour 6 Hour 12 Hour 24 Hour | 1 Week

3805-5

" Figure 5. Numbers of neutraphils In lung lavage fiuid at different times after infratracheal
nstillation of 3 mg of DEP or CB.
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